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Abstract 
Fundamental issues and engineering application aspects of Pressure-Assisted Injection 

Forging (PAIF) of thick-walled tubular components were studied experimentally and 

analytically. Achievements from this study met its pre-defined goals and are demonstrated 

with the following facts: 

Pressurising materials were selected and qualified under six different loading conditions, 
based on which a simplified configuration for confined compression tests was proposed, and 

particularly, a unique biaxial testing machine was developed and used satisfactorily. The test 

data were subsequently used to establish constitutive descriptions of the materials and to 

facilitate the FE modelling to simulate the forming processes. 

An upper bound analysis of Pressure-assisted injection forging of thick-walled tubular 

components with hollow flanges was conducted and formulated solution for the forming 

process was developed, by which the maximum forming-force for a given component 

geometry can be predicted with sufficient accuracy. 

Failure modes and process range for pressure-assisted injection forging of thick-walled 

tubular components were studied experimentally and numerically, as a result, eight standard 
failure forms were categorized and three forming limit diagrams were established, which 

were validated experimentally and can be used as a guidance for the process design. 

By combining above results achieved, an approach for synthesising concurrent design and 

manufacture of thick-walled tubular components with pressure-assisted injection forging was 
developed, in which technical details of the process and step by step procedure towards 

producing sound tubular components were provided. The development represents a 

significant progress towards engineering and industrial applications of the pressure-assisted 
injection forging (PAIF) technology. 

Using the forming limit diagrams as a design guideline and following the approach for 

synthesising. concurrent design and manufacture, an engineering component - hollow gear 

shaft was formed successfully. 

V 



List of the publications 

The following publications were prepared based on, (fully or partially) the work 

presented in this thesis. 

[1] Y. Ma, Y. Qin and R. Balendra, "Experimental and FE investigation of 

performance of polymers under confined compression conditions by using a 

simplified configuration", Advances in Manufacturing Technology, XVI, 

The 18th NCMR, 2002, pp. 203-208. 

*** Based on the part of the contents of Chapter 3. 

[2] Y. Qin, Y. Ma and R. Balendra, "Performance of pressurising-materials and 

process design considerations for the forming of thick-walled tubular 

components", Proc. of the 9th ISPE Conference on Concurrent Engineering 

(CE2002), July, Granfield, UK, pp. 251-262,2002. 

*** Based on the part of the contents of Chapter 3. 

[3] Y. Ma, Y. Qin and R. Balendra, "Clamping design for the biaxial tension test 

of rubbers", Advances in Manufacturing Technology, XVII, The Ist ICMR 

and 19th NCMR, 2003, pp. 329-333. 

*** Based on the part of the contents of Chapter 4. 

[4] Y. Qin, Y. Ma and R. Balendra, "Pressurising materials and process design 

considerations of the Pressure-assisted Injection Forging of thick-walled 

tubular components", Journal of Materials Processing Technology, Vol. 150, 

No. 1-2, pp. 3 0-3 9,2004. 

*** Based on the part of the contents of Chapter 3. 

[5] Y. Ma, Y. Qin and R. Balendra, "Process ranges of pressure-assisted injection 

forging of thick-walled tubular components", Advances in Manufacturing 

Technology, The 2 °d ICMR and 201x' NCMR, 2004, pp. 25-29. 

*** Based on the part of the contents of Chapter 6. 

vi 



[6] Y. Ma, Y. Qin and R. Balendra, "Concurrent design and manufacture in 

pressure-assisted injection forging of tubular components", Advances in 

Manufacturing Technology, The 2°d ICMR and 20`x' NCMR, 2004, pp. 139- 

144. 

*** Based on the part of the contents of Chapter 3,4 and 5. 

[7] Y. Qin, Y. Ma and R. Balendra, "Mechanics of Pressure-assisted Injection 

Forging of tubular components", Proc. Instn Mech. Engrs. Vol. 218 Part C: J. 

Mechanical Engineering Science, 2004, pp. 1-18. 

*** Based on the part of the contents of Chapter 3,4 and 6. 

[8] Y. Ma, Y. Qin and R. Balendra, "Upper Bound analysis of Pressure-assisted 

Injection Forging of Thick-Walled Tubular Components with Hollow 

Flanges", submitted. 
"' Based on the part of the contents of Chapter 5. 

vii 



Contents of Volume I 

Title Page i 

Declaration of author's rights ii 

Dedication iii 

Acknowledgements iv 

Abstract of the thesis v 

List of the publications vi 

Contents of volume I viii 

Chapter 1 Introduction 1 

1.1 Background 2 

1.2 Definition of the Project 3 

1.2.1 Objectives 3 

1.2.2 Methodology 4 

1.2.3 Programmes 5 

1.3 Scope of the Thesis 6 

1.4 References 6 

Chapter 2 Literature Review 8 

2.1 Demands on Tubular Components 10 

2.2 Methods and Technologies for Manufacturing Tubular Components 11 

2.2.1 Classification of tubular components 11 

2.2.2 Methods and technologies for manufacture of tubular 

components 12 

2.2.2.1 Tube hydroforming 13 

2.2.2.2 Tube rubber forming 13 

2.2.2.3 Tube bending 14 

2.2.2.4 Tube rotary-piercing, extrusion and drawing/sinking 15 

2.2.2.5 Tube spinning 16 

2.2.2.6 Tube swaging/rotary swaging 17 

2.2.2.7 Injection forging with the support of mandrel 

viii 



and combined radial with axial forging 17 

2.2.2.8 Injection forging with the support of the 

pressurising material (PAIF) 18 

2.3 Injection Forging Process Configurations and Applications 18 

2.3.1 Definition of injection forging 19 

2.3.2 Configurations of injection forgoing 19 

2.3.2.1 Injection of solid billets 20 

2.3.2.2 Injection of tubular billets with mandrels 20 

2.3.2.3 Injection of tubular billets with a pressurising medium 22 

2.3.2.4 Classification of injection forged component-forms 25 

2.4 Definition of Formability and Component Defects 27 

2.4.1 Classification of formability and component defects of injection 

forging 32 

2.4.1.1 Injection forging of solid billets 32 

2.4.1.2 Injection forging of tubular billets with the support of 

mandrel 34 

2.4.1.3 Injection forging of tubular billets with the support of 

pressurising materials 35 

2.4.2 Extension of formability and process ranges 35 

2.4.2.1 Extension of formability of injection forging of solid billets 35 

2.4.2.2 Extension of formability of injection forging of tubular 

billets 37 

2.5 Process Modelling 38 

2.5.1 Experimental and physical modelling 38 

2.5.2 Analytical modelling 38 

2.5.3 FE modelling 39 

2.6 Testing of Pressurising Materials 41 

2.7 Summary Comments from the Literature Review 43 

2.7.1 Opportunities and challenges 44 

2.7.2 Development of injection forging 45 

2.7.3 Development of pressure-assisted injection forging (PAIF) 45 

2.7.4 Process modelling 45 

ix 



2.7.5 Forming of engineering components 46 

2.7.6 Testing of pressurising materials 46 

2.8 References 47 

Chapter 3 Selection of Pressurising Materials 60 

3.1 Introduction 62 

3.2 Materials and Equipment 63 

3.2.1 Engineering aspects of PAIF applications 63 

3.2.2 Requirements on the properties and criteria for selecting 

pressurising materials 64 

3.2.2.1 Requirements 64 

3.2.2.2 Criteria 65 

3.2.3 Selection of pressurising materials 65 

3.2.3.1 Review of the use of polymers 65 

3.2.3.2 Materials selected for PAIF 66 

3.2.4 Equipment 66 

3.3 Procedures 68 

3.3.1 Simplified configuration for the confined-compression tests 

of compound cylinders 68 

3.3.2 Specimen design and testing considerations 68 

3.3.2.1 Specimen design 68 

3.3.2.2 Testing considerations 70 

3.3.3 Experiments 71 

3.3.4 FE simulations 72 

3.4 Results 73 

3.5 Discussion 74 

3.5.1 Selection of the pressurising materials 74 

3.5.2 Design of the experiment 76 

3.5.3 Performance of the pressurising materials 77 

3.5.3.1 Under the conditions of compression of compound 

cylinders 77 

3.5.3.2 Under the conditions of forming of the hollow flanges 78 

X 



3.5.4 Concurrent design and manufacture 81 

3.6 Conclusions 83 

3.7 References 84 

Table 3.1 Materials selected for testing 87 

Table 3.2 Dimensions of pressurising material rods and tubular billets 88 

Chanter 4 Qualification of Mechanical Properties of Pressurising 

Materials 89 

4.1 Introduction 91 

4.2 Materials and Equipment 92 

4.2.1 Materials 92 

4.2.2 Equipment and development 92 

4.2.2.1 Equipment for uniaxial compression, uniaxial and 

planar tension tests 92 

4.2.2.2 Equipment for biaxial tension tests 93 

4.3 Procedures 104 

4.3.1 Specimen preparation 104 

4.3.2 Uniaxial tension tests 105 

4.3.3 Uniaxial compression tests 106 

4.3.4 Planar tension tests 107 

4.3.5 Planar compression tests 108 

4.3.6 Biaxial tension tests 109 

4.4 Results 110 

4.5 Discussion 111 

4.5.1 Validation of the test results 111 

4.5.2. Material behaviour under uniaxial/planar tension 113 

4.5.2.1 General behaviour 113 

4.5.2.2. Influences of specimen shapes and dimensions on the 

material behaviours 114 

4.5.2.3. Qualification of the selected materials 115 

4.5.3. Material behaviours under biaxial tension 116 

4.5.3.1 General behaviour 116 

xi 



4.5.3.2. Qualification of selected materials 117 

4.5.4 Material behaviours under uniaxial and planar compression 117 

4.5.4.1 General behaviours 117 

4.5.4.2 Influences of lubrication conditions 119 

4.5.4.3 Qualification of the selected materials 119 

4.5.5. Material behaviours under different loading conditions 120 

4.5.6 Summary of the material properties 121 

4.6 Conclusions 122 

4.7 References 122 

Appendix 4.1 Biaxial-tension test machine component design 125 

Appendix 4.2 Biaxial-tension test machine construction 127 

Appendix 4.3 Ultimate strain and stress computed from the experimental data 130 

Table 4.1 Main machine components bought from the market 131 

Table 4.2 Selection of the bearings 132 

Table 4.3 Comparison of deflections with different frame sections 133 

Table 4.4 Specimens for the tests 134 

Table 4.5 Thicknesses and applications of the materials 135 

Chapter 5 Upper Bound Analysis of Pressure-Assisted Injection 

Forging 136 

5.1 Introduction 140 

5.2 Materials and Equipment 141 

5.2.1 Materials 141 

5.2.2 Equipment and development 141 

5.2.2.1 Two existing machines 141 

5.2.2.2 Three new sets of tools developed 141 

5.3 Procedures 144 

5.3.1 Upper bound analysis 144 

5.3.1.1 Assumptions for the analytical model 144 

5.3.1.2 Formulas derived for the upper bound solution 146 

5.3.1.3 External power requirements 146 

5.3.1.4 The upper bound solution 147 

X11 



5.3.2 Experiments 148 

5.4 Results 150 

5.5 Discussion 150 

5.5.1 Validation of the upper bound solution 150 

5.5.2 Parametric analysis of tube forming 152 

5.5.3 Application of the algorithms 153 

5.6 Conclusions 154 

5.7 References 155 

Appendix 5.1 Velocity fields for work material 157 

Appendix 5.2 Internal deformation powers 162 

Appendix 5.3 Internal shear powers 166 

Appendix 5.4 Friction power rates 171 

Appendix 5.5 Power dissipation due to external pressures 173 

Table 5.1 Velocity fields of the deformation zones 175 

Table 5.2 Strain-rate fields of the deformation zones 176 

Table 5.3 Power dissipations due to the internal deformations 177 

Table 5.4 Power dissipations due to the velocity discontinuities 178 

Table 5.5 Power dissipations due to the friction between die/work-piece and 

W-MM-M 179 

Table 5.6 Definition of the Model A and B for analysis 180 

Table 5.7 Comparison of the ratios of applied pressures to flow stress of 

W-M 181 

Chapter 6 Failure Modes and Forming Limits of Pressure-Assisted 

Injection Forging 182 

6.1 Introduction 184 

6.2 Materials and equipment 184 

6.3 Procedure 186 

6.3.1 Preparation of the specimens 186 

6.3.2 Considerations for experiments 186 

6.3.2.1 Overall loading path design 186 

6.3.2.2 Specification of the loading path design 187 

Xlii 



6.3.2.3 Specimen arrangements 188 

6.3.3 Forming-limit experiments and FE simulations 189 

6.4. Results 189 

6.5 Discussion 190 

6.5.1 Experimental results 190 

6.5.2 Standard failure modes 191 

6.5.3 Forming limit diagrams 192 

6.6 Conclusions 194 

6.7 Reference 194 

Table 6.1 Specifications of the specimens 197 

Chapter 7 Forming of an Engineering Component with Pressure-Assisted 

Injection Forging 198 

7.1 Introduction 200 

7.2 Materials and Equipment 202 

7.2.1 Materials 202 

7.2.2 Equipment 203 

7.3 Procedures 204 

7.3.1 Preparation of the specimens 204 

7.3.2 Design of the testing procedures 204 

7.3.2.1 Pattern of loading 204 

7.3.2.2 Magnitudes of loading 205 

7.3.3 Forming experiments 206 

7.4 Results 206 

7.5 Discussions 207 

7.5.1 Overall evaluation on the components formed 207 

7.5.1.1 General dimensional and defect check 207 

7.5.1.2 General profile check 207 

7.5.1.3 Forming load requirement 208 

7.5.2 Effect of the process parameters 208 

7.5.3 Effect of the pressurising materials 209 

7.6 Conclusions 210 

xiv 



7.7 References 211 

Table 7.1 Material geometries for the forming of gear-shafts 214 

Chapter 8 Suggestions to the Future Work 215 

8.1 Summary Achievements from the Research 216 

8.2 Suggestions for Future Work 216 

8.2.1 Process configuration development 217 

8.2.2 Forming equipment development 217 

8.2.3 Design/analysis-related issues 217 

8.2.3.1 Selection and qualification of the P-Ms 217 

8.2.3.2 Process ranges and forming limit diagrams 218 

8.2.3.3 Forming of engineering components 219 

8.2.3.4 Process modelling 219 

8.2.4 Other research and engineering-application related issues 219 

8.2.4.1 Approach for synthesising concurrent design and 

manufacture 219 

8.2.4.2 Dissemination and exploitation 219 

xv 



Contents of Volume II 

Title Page 

Declaration of author's rights 
Dedication 

Acknowledgements 

Abstract of the thesis 

List of the publications 
Contents of volume II 

Figures of Chapter 2 

Figures of Chapter 3 

Figures of Chapter 4 

Figures of Chapter 5 

Figures of Chapter 6 

Figures of Chapter 7 

1 

11 

111 

iv 

V 

vi 

xvi 

221 

247 

270 

387 

415 

429 

xvi 



Chapter 1 Introduction 

Chapter 1 

Introduction 

In this chapter, following a brief 

review of the background of the 

research in Section 1.1, definition 

of the project, including objectives 

achieved, methodology used and 

programmes planned, is described 

in Section 1.2. Scope of the thesis 

and references used in this chapter 

are given in Sections 1.3 and 1.4, 

respectively. 
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Chapter 1 Introduction 
.............................................................................................. _......................,........,,...............................,.......,.........................,.........,..........,............,..,.,.................., 

1.1 Background 

Developing manufacturing technologies, by which tubular components can be 

manufactured in a manner that they are light in weight and strong in structure, has 

been a target for the automotive and aerospace industries over the last century. As a 

result, manufacturing of tubular components has taken a firm root with 

manufacturing industries. 

During the last few decades, a lot of work have been published, with regard to the 

development of process configurations, extension of process limitations and 

optimisation of process parameters etc. in metal forming, which contributed a lot to 

the development of manufacturing technologies. However, development of methods 

and technologies for manufacturing tubular components with high strength to weight 

ratios, and high cost-effectiveness is still insufficient. For example, to date, the 

manufacture of tubular components for the NASA space shuttle, which would 

require the highest degree of the perfection and reliability to withstand excessive 
forces, still involved multiple processes, such as bending, curving and forging of the 

tube separately first, then the complex shapes could only be achieved by the 

subsequent welding or other assembling processes. Obviously, such a manufacturing 

approach not only costs too much, but also takes longer time. On the other hand, 

these shapes and performance requirements of the parts reflect the demands on the 

effectiveness of the manufacturing and provide the new opportunities/directions to 

develop manufacturing processes to meet these challenges. 

To-date, research and applications in the forming of tubular components have 

concentrated on the forming of thin-walled tubes. These components are usually 

unable to sustain heavy working-loads. Under such circumstances, industry still 

largely uses solid components, which are of low strength-to-weight-ratios. Thick- 

walled tubular components would be an ideal option to provide a balance between 

the strength and the weight of the component-structure. Manufacture of this type of 

components is currently effected largely by forging, cross rolling, rotary 
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Chapter 1 Introduction 

swaging/radial forging or cold extrusion plus welding. These processes, however, 

either require complex machinery or increased numbers of operations. An alternative 

to the processes named above for manufacturing thick-walled, tubular components 

was, therefore, proposed and proven to be a more efficient means to produce this 

type of tubular components [1-31. The process is so called Pressure-assisted Injection 

Forging (PAIF). 

It is clear that PAIF is the latest development of injection forging with many new 

areas to be explored. Fundamental studies and engineering application aspects of 

pressure-assisted injection forging of thick-walled tubular components were, 

therefore, planned. As it will be introduced in the following Chapters 3 to 7, 

respectively, the studies include: (1) selection of pressurising materials (P-Ms) for 

PAIF; (2) qualification of mechanical properties of the selected P-Ms for PAIF; (3) 

development of analysis methods for PAIF; (4) definition of the failure modes and 

forming limit diagrams for PAIF and (5) forming of engineering components with 

PAIF. 

1.2 Definition of the Project 

1.2.1 Objectives 

The overall objective of the proposed study is to establish systematic theory and 

technical details of Pressure-assisted Injection forging (PAIF) of thick-walled tubular 

components. Based on the analysis of insufficiencies of previous research and 

technology development of PAIF, the following measurable objectives have been 

defined for this project: 
(1) Evaluation of aspects of the engineering of the PAIF with reference to 

pressurising materials (P-Ms). 

(2) Qualification of mechanical properties of P-Ms, and development of new 

constitutive-descriptions of these materials. 
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Chapter 1 Introduction 

(3) Development of new methods, including upper bound solution, FE and 
experimental procedures for the analysis of PAIF. 

(4) Definition of the process ranges of PAIF as a function of forming sequences, 
P-Ms and work-materials (W-Ms). 

(5) Testing methods and procedures to form an engineering component. 

1.2.2 Methodology 

By combining fundamental research in mechanical properties of pressurising 

materials (P-Ms), forming experiments with FE simulation, research was conducted 

to analyse the feasibility of P-Ms, define application-ranges of PAIF and develop an 

approach for synthesising concurrent "design and manufacturing" of engineering 

components. 

Initially, a wider range of investigation on the polymers as possible P-Ms was carried 

out, which was followed by initial tests on the all possible P-Ms (available from the 

market) under different confined pressures, with a view to qualifying the feasibility 

of the materials as the P-Ms for PAIF. Subsequently, mechanical properties of the 

selected P-Ms were qualified with five types of the tests i. e., uniaxial tension, 

uniaxial compression, planar tension, planar compression and bi-axial tension tests. 

Based on the above tests, mechanical properties of the selected P-Ms were defined 

using the known constitutive models. The FE modelling was initiated based on the 

measured material-constants. The developed FE simulation models were further 

conditioned with forming experiments. In addition, an upper bound solution for PAIF 

was also developed with a view to delivering a quick tool for process analysis. By 

combining experiments, FE simulations and analytical calculations, with reference to 

the stability of tubular billet and initiation of forming defects, the process range was 
defined as a function of forming sequences, P-Ms and W-Ms. Based on these 

exercises, a general approach for design and manufacture was defined. Using this 

approach, tubular components with secondary elements - hollow-gear-shafts were 
formed. 
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Chapter 1 Introduction 

1.2.3 Programmes 

The PhD study was planned to cover the research in four major areas: 

Qualification of pressurising materials 

P-Ms were selected from all possible sources. These were subjected to initial tests 

under confined pressures to establish their feasibility as a P-M for PAIF, for which a 

simplified configuration for testing was developed. Three selected P-Ms were 

subjected to further tests to establish descriptions of their mechanical properties with 

reference to confined pressures. 

Design, construction and trials of research equipment 

In order to carry out the further qualification of mechanical properties of the selected 
P-Ms under biaxial tension conditions, a biaxial tension test machine was needed. 
The development included design review, patent search, concept development and 

detailed design. Test trials were carried out before the construction was finalised. 

Development of analysis methods 

FE Modelling and analytical procedures were defined for PAIF. Both numerical and 

analytical models were then verified experimentally. With respect to the forming of 
hollow flanges, the conditioned FE models were used for two groups of analyses: (a) 

to examine material deformation, strain and stress distributions for variations of die- 

cavity geometries, and (b) to compare different pressurising and injection schemes 

for each combination of the selected P-Ms and W-Ms. The analytical model -upper 
bound solution, was used to predict the maximum forming load and to analyse the 

process parameters for PAIF. Based on the analysis-results, a synthesis algorithm for 

deriving forming-sequences for, complex component-forms was developed. 

Forming experiments 

5 



Chapter 1 Introduction 

Different lubrication schemes were studied with a view to establishing an "optimal" 

lubrication scheme for PAIF. With reference to the forming of hollow flanges, 

further experiments were conducted respectively for: (a) conditioning FE models, (b) 

examining effectiveness of P-Ms, (c) verifying the process-range defined, and (d) 

verifying the forming-sequences designed. 

1.3 Scope of the Thesis 

In this thesis, following the introduction to the PhD study in Chapter 1, literatures 

concerning the relevant work, with regard to the methods, components, formability 

and defects in the manufacture of tubular components are reviewed in Chapter 2. 

The selection of pressurising materials is described in Chapter 3. The experimental 

equipment, materials and techniques, with reference to the qualification of 

mechanical properties of the selected pressurising materials, are introduced in 

Chapter 4. Theoretical analysis methods developed for pressure-assisted injection 

forging are depicted in Chapter 5. Based on both, experimental and theoretical 

analysis results, failure modes and forming limit diagrams for pressure-assisted 
injection forging of thick-walled tubular components are defined and presented in 

Chapter 6. With the design and manufacture approaches developed in Chapters 3,5 

and 6, forming of a gear-shaft was presented in Chapter 7. Suggestions to the future 

work are given in Chapter 8. 

1.4 References 

[1] R. Balendra and Y. Qin, "Pressure-assisted Injection Forging of thick-walled 

tubes", Int. J. of Mach. Tools Manf., Vol. 35, No. 11,1995, pp. 1481- 

1492. 
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[2] Y Qin and R. Balendra, "Technical evaluation of pressure-assisted injection 
forging of thick-walled tubes", Advan. In Manuf. Tech. IX, London, 1995, 

pp62-66. 
[3] R. Balendra and Y. Qin, "Technical feasibility and processing limitations of 

pressure-assisted injection forging of thick-walled tubes", Proc. 5`h ICTP, 

1996, pp327-330. 
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Chapter 2 

Literature Review 

In this chapter, after identification of the demands on 
tubular components in Section 2.1, the development of 
both methods and technologies of manufacturing tubular 

components is concisely reviewed in Section 2.2. 

Injection forging process is described in Section 2.3, 

including the latest development of Injection Forging, 

i. e., Pressure-Assisted Injection Forging (PAIF), which 
is reviewed in detail with respect to the forming process 

classifications. Definitions of formability, component 
defect-forms and extension of process ranges of 
injection forging are addressed in Section 2.4. 

Following the discussion on the modelling of injection 

forging processes and testing pressurising materials in 

Sections 2.5 and 2.6, respectively, the main research 
issues identified during the literature review are 

summarised in Section 2.7. References are given in 

Section 2.8. 
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.................. ................ ý............... ........... ý ................... ý. ý .. w..........................,....,.,..............,..............,...,......,..................... ......,.,....,.................,.,,...,,,...,.......,,,,..........,......,...,. w.,.. 

Nomenclature 
d diameter of billet 

w wallthickness of tube 

t thickness of flange or free-gap height of pdz 

r exit-radius of injection chamber 
1 length of billet 

p punch pressure component 

L specific length of billet, l/do 

D specific flange diameter di/do 

T specific flange thickness or aspect ratio of pdz, t/dp 

R specific exit-radius, r/do 

P total punch pressure 

Cr stress/strength 

s strain 

It coefficient of friction 

Subscripts 

0 original/outer 

1 current 

i injection 

a applied (at the punch/billet interface) 

b transmitted (at the injection-chamber/die-cavity interface) 
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......,.... w... _ .............. ...... .......... ... w.......... »................. ........... ......... .....,....................................................... ,......,,................... ..,,.....,......,.,.......................... ..,.,,,....................... 

2.1 Demands on Tubular Components 

Tubular components are those products having a hollow section with or without 

secondary elements (flanges etc. ). The use of this type of components can not only 

save the engineering materials, but also reduce the weight of the structures and/or, at 

the same time meet some specific requirements. It is well known that tubular 

components are among the variety of the products of manufacturing technologies, by 

which one or more than one raw material can be converted into products to serve and 

satisfy our society and people's increased demands. The start of such manufacturing 

technologies can be dated back to the 5000 to 4000 BC with the production of variety 

of articles made of either metallic or non-metallic materials [1-2]. The subsequent 
development of manufacturing technologies has historically influenced the 

civilization of every human society and improved people's daily life greatly. Their 

products have, therefore, been firmly bounded with us and widely used in many 

areas. As described by Kalpakjian "A ballpoint pen, for example, consists of about a 
dozen parts, a lawnmower about 300 parts, a grand piano12,000 parts, a typical 

automobile 15,000 parts, a C-5A transport plane more than 4 million parts, and a 

Boeing 747-400 about 6 million parts. " [1]. Tubular components as one family of the 

many products of these manufacturing technologies are, of course, not exceptional. 
Tubular components had been manufactured 200 years ago by the basic extrusion 

process. The first hydraulic press was used to produce lead pipes to meet people's 

requirement at that time [2]. Nowadays, tubular components are used in almost 

everywhere, from house hold utilities (such as central heating pipes, wire covers and 
daylight lamp tubes) to industrial applications (such as tubular drive shafts, tubular 

steering columns and tubular stabilizer bars manufactured by cold extrusion, radial 
forging or swaging) for vehicles etc. [3-5]. In addition, many hydroformed tubular 

components, as those shown in Figs. 2.1 to 2.3 [6-14], are also successfully used by 

industries. 

Automotive and aerospace industries are, however, still under pressures to produce 

environmentally friendly cars and airplanes. It means that these vehicles should be 
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lighter in weight and less in consumption of fuels, as a result, to reduced the 

pollution to the environment. To achieve such a goal, more tubular components, 

which are of high strength to weight ratios, have to be manufactured to replace the 

still largely used solid components, which are of low strength to weight ratios. 

Since capability of manufacturing tubular components is largely prescribed by the 

levels of the development of the technologies, it is of great interest, for the defined 

research, to carefully examine what have been achieved in this field during the last 

decades. 

2.2 Methods and Technologies for Manufacturing Tubular 

Components 

In order to carry out a wider range of investigation on the development of the 

technologies for manufacturing tubular components, a classification of the tubular 

components is required. 

2.2.1 Classification of tubular components 

Tubular components can be classified using several different criteria, such as by 

component feature (seamless or seamed), by its use (for structural materials or for 

transportation of radio signals) and by its special quality (precision forged or not) etc. 
[15]. According to their geometric axis, tubular components also can be classified 
into two types of the tubular components with straight axes and the tubular 

components with bent axes [9]. Based on the different materials used, the tubular 

components can also be divided into metallic and non-metallic tubular components, 

etc. 

In this thesis, attention is paid to the tubular components made of metallic materials 
by means of tube forming. Further to the several classifications made by Dohmann 
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and Avitzur [9,15] for tubular components, a systematic classification of the tubular 

components has been developed, which is presented in Fig 2.4. This classification 
takes into account the dimensions of the tubular components (i. e., from thin-walled 

to thick-walled), shapes of the tubular components (i. e., from the simplest form, a 

plain tube, to the complex form, the tube with hollow flange), as well as suitable 
forming methods (i. e., from the ancient tube extrusion to the newest PAIF). 

2.2.2 Methods and technologies for manufacture of tubular components 

As shown in Figure 2.4, the methods and technologies of manufacturing (forming in 

particular herein) tubular components are well related to their dimensions and 

shapes. For example, for a thin-walled T tube, shown as component-form (1), it can 
be manufactured by either tube hydroforming [8-10] or tube rubber-forming [16-19]. 

The component-form (2) is a thin-walled tube with bent axis (sub-frame for Ford 

Mondeo), which is preferably manufactured by tube hydroforming [8-9,12,14]. The 

component-form (3) is a thick-walled bend, which can be formed by three tube 

bending methods (stretching bending, draw bending and compression bending). The 

component-form (4) is a thick-walled plain tube, which can be produced by more 

than three tube forming methods (rotary tube-piercing, tube extrusion and tube 

drawing/sinking). The component-form (5) is a thick-walled tube with locally wall- 

thicken profile, which can be manufactured by tube spinning. The component-form 
(6) is a thick-walled tube with local or end portion reductions in diameters of the 

tube, which can be formed by tube swaging or tube rotary swaging. The component- 
form (7) is a thick-walled tube with both inward and outward solid flanges, which 

can be produced by two different methods (injection forging with the support of 

mandrel and combined radial with axial forging. The component-form (8) is a thick- 

walled tube with hollow flange which may only be manufactured by pressure- 

assisted injection forging (PAIF). All of these tube forming methods and 

technologies are described in the following, Sections 2.2.2.1 to 2.2.2.8, respectively. 
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2.2.2.1 Tube hydroforming 

Tube hydroforming is one of the relatively new metal-forming processes. "About 30 

years ago, the first hydroformed parts, fabricated by expanding a straight or pre-bent 

tube, were manifold elements and components of similar geometry for sanitary use. " 

[9,20]. Nowadays, it is gradually gaining more importance as its potentials and 

benefits are being realised by industries [8-14,21]. In tube hydroforming, the tubular 

billet or pre-bent tubular billet is placed between the desired top, bottom and 

movable side forming dies first. Then one end of the tube is sealed by a punch and 

the other end may be connected to a hydraulic horizontal cylinder. When the cylinder 

pumps the liquid into the tubular billet, it is pressurised. As a result, the tubular billet 

deforms gradually and locally within the expected zones, as the movable die over the 

selected zone is moved away radially from the original shape of tubular billet. 

During such a tube hydroforming process, no axial compressive force is applied to 

feed in the tubular billets into the deformation zone and the tubular billets are mainly 

subjected to a radial internal pressure applied by the pumped liquid. Hence, the 

forming of tubular billets is mainly accompanied by thinning the thickness of the 

tubular billet radially and locally. Fig. 2.5 illustrates such a similar process in which 

a side movable die is not involved [12]. 

Although such a tube hydroforming process offers several advantages as compared 

with the conventional manufacturing via stamping and welding [8,22-25], it also has 

some drawbacks, such as low cycle time, very expensive equipment and high skill 

requirement to the operators [8]. It is also only suitable for the manufacturing of the 

thin-walled tubular components, with a specific wall thickness of w/da<0.13 [8-10, 

26]. 

2.2.2.2 Tube rubber forming 

As Thiruvarudchelvan pointed out [ 18], "Rubber-forming had its beginnings in the 

latter part of the 19th century. Rubber was used over metal dies to eliminate 

scratching of the sheet-metal surfaces during blanking or forming. In the early part of 
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the 20th century, rubber pads were used to bulge metal barrels. By 1925 many 

possibilities of rubber forming such as shearing, forming, bulging and embossing, 
had been explored" [18]. In the second quarter of the 20th century, several rubber- 
forming processes were used industrially. One of these processes is the Guerin 

process [27-28], which was used during the Second World War (1939-1945) for the 

forming of aircraft panels. The development of the polymer-industry since the 1960s 

[29-30] has promoted the research and development work of the techniques of rubber 
forming (flexible-tool-forming) worldwide over the last four decades [18]. The 

process of rubber-forming tubular components is, in principle, similar to the tube 

hydroforming, except that the radial forming load is applied by the internally filled 

and compressed rubber, rather than by liquid. Since the drawback of the leakage 

accompanied with tube hydroforming can be avoided in rubber-forming, the tooling 

and equipment used for rubber tube forming cost less than those for hydroforming. 

However, tubular components that can be formed by rubber forming technique is 

even thinner (with a specific wall thickness of w/da S 0.083) than those (with a 

specific wall thickness of w/da<0.13) by the tube hydroforming [16-19,26,31]. 

2.2.2.3 Tube bending 

There are three tube bending methods, i. e., stretch bending, draw bending and 

compression bending as shown in Fig. 2.6 [1-2], that can be used to produce 

component-form (3) in Fig 2.4 and the similar components. In stretch bending, the 

form block (die) is fixed and two chucks are used to apply the forming load to bend 

the tube into the desired shape. In draw bending, the form block is rotational. A 

pressure bar and a clamp are used to effect the bending process. In compression 
bending, the form block similar to that used in stretch bending is fixed. A wiper shoe 

and a block are used to carry out the work. Although these three tube bending 

processes are somewhat different from each other and the tooling is specialised 
individually, they are characterised by two common features. One is that the tubular 

billets for all three tube bending processes have to be prepared in a same manner 

prior to the bending processes. Another is that the components produced after the 

bending processes have the same diameters as originally. In other words, all the 
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tubular billets prepared to be bent are equally and internally packed with some loose 

materials or flexible mandrels to prevent the collapse and buckling of the tubes 

inwardly during the bending processes. All the tubular components produced after 

these tube bending processes have only changed the geometrical axis shapes from 

straight lines into curved ones. But it doesn't alter the outside diameters of the 

tubular billets after bending processes, due to the constant tooling conditions. 
Therefore, the methods of tube bending might be only used in the circumstance, 

where the geometric shape of tubular billets need to be altered but without the 

change of their outside diameters. 

2.2.2.4 Tube rotary-piercing, extrusion and drawing/sinking 

In order to produce thick-walled tubular components similar to the component-form 
(4) as shown in Fig 2.4, three forming technologies, rotary-tube-piercing, tube 

extrusion and tube drawing/sinking, as shown in Fig. 2.7 (a), (b) and (c), respectively 
[1-21, may be used. The forebears of these tube-forming technologies plus the tube 

bending, spinning and swaging technologies can be traced back to the Neolithic, in 

Mesopotamia and other areas around the Mediterranean. When gold was found by 

early man, it was in relatively pure form in nature and could be hammered into shape 
[2], which evoked the subsequent evolution and development of metal forming 

technologies throughout human history. "The rotary-tube-piercing process (the 

Mannesmann process, developed in 1880s) is carried out by an arrangement of 

rotating rolls [1]", as shown in Fig. 2.7 (a), where two rolls and a mandrel are used. 

This process is based on the principle that when the solid rod is subjected to cycling 

compressive stresses, a cavity begins to form at the centre of the rod. It is a hot- 

working process starting from a solid billet and it is suitable for producing long, 

thick-walled, plain and seamless tubes. "Extrusion as an industrial process was 
invented around 1800 in England during the Industrial Revolution when that country 

was leading the world in technological innovations. The invention consisted of the 

first hydraulic press for extruding lead pipes. " [2]. In tube extrusion process, a 

container and a ram with a mandrel (for direct extrusion) or with a punch/die (for 

indirect extrusion) of a tube are normally used Fig. 2.7 (b). Indirect extrusion is also 
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called backward extrusion or reverse extrusion. According to different working 

temperature of the work-piece, tube extrusion can also be divided into hot, warm and 

cold extrusion. When cold extrusion is conducted at a high speed, the process is also 

called impact extrusion. Extrusion process can start either from a tubular billet or a 

solid billet, and can be used to produce not only the circular tubes, but also the other 

components with hollow or semi-hollow cross sections, as well as the solid cross 

sections. The PhD study is mainly focussed on the extrusion of the circular tubes. In 

tube drawing process Fig. 2.7 (c), a die and a mandrel are involved. When the tube 

drawing, sometimes, is conducted without the use of a mandrel, the process is also 

called tube sinking. This process begins from a tubular billet produced originally by 

some other processes, such as tube extrusion and rotary-tube-piercing, and can be 

used to reduce the diameters or wall thicknesses of the seamless and plain tubes. 

2.2.2.5 Tube spinning 

The manufacture of thick-walled tubular components with locally wall-thicken 

profiles, similar to the component-form (5) as shown in Figure 2.4, is related to the 

use of tube spinning. Similar to tube drawing, tube spinning process starts with a 

tubular billet produced by either tube extrusion or rotary-tube-piercing. In tube 

spinning, a roller tool and a mandrel (to support the inside wall of the tube for 

external spinning) or a die (to surround the tube for internal spinning) are used (Fig. 

2.7 (d)). This process can be used to reduce the wall thickness and increase the length 

of a tube by means of the roller tool applied to the work-piece over the cylindrical 

mandrel or die. Unlike injection forging with the support of mandrel, both inward 

and outward local wall thicken profiles can not be formed simultaneously in a single 

tube spinning process. In other words, the products produced by the tube spinning 

can only have either an inward wall thicken profile (by internal spinning) or an 

outward wall thicken profile (by external spinning) after a single spinning process. 
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2.2.2.6 Tube swaging/rotary swaging 

Tubular components similar to the component-form (6), as shown in Fig. 2.4, 

normally have local or end portion reduction in diameters of the tube and can be 

manufactured by tube swaging [1-3]. Tube swaging is also known as tube rotary 

swaging, as shown in Fig. 2.7 (e). In this process, a mandrel and a set of rollers as the 

rotational forming tools caged are usually used. When the rotation of the rollers 
(dies) is instead with the rotation of work-piece to feed it into the hammering dies, 

this process is also called rotary forging or rotary forming [2-5]. Similar to tube 

drawing and spinning, it starts with a tubular billet and can be used to reduce the 

diameter of a tube locally or at the end of the tube to create a tapered section. By 

taking advantage of the specially shaped mandrels, such as longitudinal or spiral 

grooves on them, both internally and externally shaped tubes can be swaged. In 

addition, without using the internal mandrel, this process also can be used to reduce 

the diameter of a solid stock. The process for swaging tubular billet is, however, 

usually limited to the manufacturing of the tubular components whose diameter is 

less than 50mm and whose length is smaller than that of the mandrels used in the 

process. Although the products produced by swaging have improved mechanical 

properties and good dimensional accuracy, the tooling and machinery used in this 

process are quite complex and expensive. 

2.2.2.7 Injection forging with the support of mandrel and combined radial with 

axial forging 

The thick-walled tubular components with solid flanges (inward, outward or both) 

, similar to the component-form (7) in Fig 2.4, may be formed with two different 

methods starting with tubular billets. One is the process which combines radial 
forging with axial forging [5], whose tooling and machinery costs are very high. 

Another is the radial extrusion process plus an inner support provided by a mandrel 
to prevent the tubular billet from collapse [32-34]. Although the latter is cheaper than 

the former, neither of the two tube forming technologies can be used to produce the 
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thick-walled tubular components with hollow flanges, similar to the component-form 
(8) as shown in Fig 2.4. 

2.2.2.8 Injection forging with the support of the pressurising material (PAIF) 

Considering the deficiencies with the above methods and technologies of 

manufacturing tubular components, many efforts were devoted to the development of 

new methods and technologies to manufacture the tubular components, similar to the 

component-form (8) in Fig. 2.4. Early attempts showed that injection forging with 

the support of a pressurising medium may be a solution for producing thick-walled 

tubular components efficiently [35-37]. It is, therefore, necessary to review the 

research and engineering applications of the injection forging of engineering 

components. 

2.3 Injection Forging Process Configurations and Applications 

Although earlier interests in injection forging were generated in the early 1960s [38- 

40], as a new configuration was proposed to achieve a nett-shape definition for 

complex component-forms, further development of this concept was somewhat 

restrained until the 1970's [41-43]. Such a delay was caused by the insufficient 

development of tool-materials (particularly cold-forged steels), work-materials, 
lubrication procedures and tool construction techniques. The significant progresses in 

this technology were only made during the 1980's when some complex component- 
forms, such as cruciforms for universal joints [44-45] were produced successfully 

with this processing option. Although forming of these component-forms has since 
breached the conventional formability limits and extended the ranges of nett-shape 

manufacture, to date, injection forging of tubular components is still a relatively new 

process [46-47]. There are several names, such as injection forming, injection 

upsetting, radial extrusion, side extrusion, transverse extrusion and lateral extrusion 
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used to describe the similar process configurations [48-52]. The name of injection 
forging is used throughout this thesis. 

2.3.1 Definition of injection forging 

Injection forging is a process being recognised as an efficient method to produce 

engineering components with low cost in machinery and tooling, high quality in 

component-performance and dimensional accuracy among the other metal forming 

technologies [41]. Injection forging is, usually, defined as a nett-shape or near nett- 

shape manufacturing process, in which work-material is contained in an injection 

chamber and injected into a die-cavity to form a desired engineering component- 
form. A simplified process model of injection forging is shown in Fig. 2.8. The 

work-material-flow in this process is characterised by the simultaneous movement of 

work-material along both radial and axial directions to fill the die-cavity which is 

largely prescribed by the exit-geometry [53-54]. When injection forging is conducted 

without the use of the flange-ring-die, refer to Fig. 2.8, it is, alternatively, called 
injection upsetting. When injection forging is combined with other metal forming 

processes, such as backward or forward can extrusion, it is also called combined can 

with radial extrusion, and so on [55]. 

2.3.2 Configurations of injection forgoing 

As mentioned previously in Section 2.3, injection forging has been developed 

significantly over the last three decades. Ultimate goal is to achieve the nett-shape or 

near-nett-shape components without the post-processing. For example, in addition to 

the development of cold and warm forging technologies with this objective in mind 

[56-63], configurations of injection forging processes have been developed gradually 
from the injection of solid billets to the injection of tubular billets [32-41]. Three 

popularly used configurations of injection forging are shown in Fig. 2.9, which 

respectively uses a solid billet, a tubular billet with a mandrel and a tubular billet 

with a pressurising medium [64]. 
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2.3.2.1 Injection of solid billets 

Early development of injection forging was mainly in the forming of solid 

components. In 1963, Cogan [38] attempted to produce solid flanges from solid 
billets by injection forging. For the similar configuration, other attempts, such as 

those reported by Pugh in 1964 [65], Alexander in 1965 [39], and Parsons in 1973 

[66], were conducted by applying an active counter-pressure, which was being 

achieved using fluids and matrix materials, with a view to preventing the initiation of 
fractures on the front edge of the flanges. The fundamentals of these developed 

configurations were based on the assumption that the superimposed hydrostatic 

pressure would extend the threshold of formability of the flanges. As a result, a 

multi-axial extrusion configuration of a solid billet was attempted in 1974, in which 
the billet contained in a closed die was extruded along several axes to produce solid 

or hollow branched components in a single operation [67]. Following this process 

configuration, the L, T and X-shape component-forms were cold-extruded from 

cylindrical aluminum billets on a special testing machine [64]. 

With reference to die-structure-forms and component-forms produced, injection 

forging of solid billets was further divided into four groups [44], i. e., solid radial 

extrusion, tubular radial extrusion, radial can extrusion and radial extrusion of a 
flange, as shown in Fig. 2.10. With reference to tool-kinematics, another 

classification was made by Aliev [50], shown in Fig. 2.11, from which, deformation 

mechanisms and forming forces associated with different configurations were 
initially compared. A more detailed classification of injection forging solid billets 

was conducted with respect to the direction of work-material-flow relative to tool- 

movement, loading arrangement and the type of products produced [68] and it was 

suggested that radial extrusion can be applied to open-die, semi-open-die and closed- 
die extrusions. 

2.3.2.2 Injection of tubular billets with mandrels 

Although engineering components are usually manufactured from solid billets, 

because of the well developed processing technologies, many engineering products 
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may also be produced from tubular raw material to meet all the performance 

requirements in such a manner that the specific energy consumption is reduced and 

the work-material utilization efficiency is improved. With this intention, research in 

the ° injection forging of tubular billets was initiated in 1977 [43] with a view to 

investigating the failure-forms and energy requirements. In this investigation, a solid- 

mandrel was used (similar to Fig 2.9 (b)), by which either the entire length or the 

length contained by the injection chamber of the tubular billet could be supported to 

either prevent the inward flow or allow the inward flow of the work-material 

respectively during the process. 

Another effort was made to classify the failure-forms and define the process-ranges 
for similar process configurations [32-33,43,51,69], with reference to the number 

of injection punches used, constraints to the tubular billets and flow-directions of the 

work-materials [32,69]. Fig. 2.12 shows such a classification [32] by which the 

forming of solid annular flanges from tubular billets was addressed. In this 

classification, the terms of "one end constraint" and "both end constraint" were used. 
The former is for the free-ended injection and the latter is for end-constrained or 

double-ended injection forging. The mandrel-forms of both a plain rod and a rod 

with locally reduced diameter were also used as a criterion to allow the sub-division 

of the process into the outward-flow-forming, inward-flow-forming and free-flow 

forming (Fig. 2.12). 

In the later 1980's, injection forging of tubular billets was progressed to produce 

solid-flanged-tubular-components with axially varied geometries, as shown in Fig. 

2.13. In this process configuration, the combination of the radial extrusion and the 

axial extrusion of the tubular billets was conducted simultaneously. The results 

obtained demonstrated the feasibility of using a single-stage injection forging to 

replace a multi-stage forming of a similar engineering component [47]. The ratio of 

work-material-flow in the radial direction and that in axial direction at any stage of 

the forming was controlled by the die-cavity geometry and friction conditions 
between the work-material and the die-surfaces. 
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In 1993, another effort was made to combine the radial extrusion with inside ironing 

process with a view to preventing the non-uniform diameters of the tubular 

components [70]. In this process, radial-extrusion was conducted at a point along the 

length of a tubular billet, while a punch was used to iron the billet, by which the 

forming of components from thin-walled tubes was addressed. Using this 

configuration in the forming of thick-walled tubes may prove to be more difficult due 

to the unacceptable high pressure produced at work-material and die-surfaces. 

2.3.2.3 Injection of tubular billets with a pressurising medium 

Although some of the engineering components (thin-walled) might have been 

successfully injection forged from the thin walled tubular billets with the support of a 

pressurising medium, injection forging of thick-walled tubular billets into the thick- 

walled engineering components with the support of a pressurising medium, to date, 

was not well explored. More attention will, therefore, be paid to the injection of 

thick-walled tubular billets with the support of a pressurising medium, in the 

following Section 2.3.2.3.1. 

2.3.2.3.1 Configuration and development of injection of thick-walled tubular 

billets with the support of a pressurising medium 

Injection forging of thick-walled tubular billets, with the support of a pressurising 

medium is the latest development of the technologies. It is developed with a view to 

producing the tubular components similar to the component-form (8) (Fig. 2.4) and 

(Fig. 2.9 (c)). In this process, pressurising medium is inserted into the tubular billet 

and the compound billet is then contained in the injection chamber before being 

injected into the die-cavity. The injection chamber provides additional stability to the 

compound billet and larger amount of both work-material and pressurising-material 

can, therefore, be injected into the die-cavity by the forces applied by both injection 

and pressurising punches. Hence, thick-walled tubular components with hollow 

flanges can be produced. The principle of using the pressurising medium can be 
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traced back to the early of 1960s, when metal-forming had been conducted with the 

assistance of fluids [71] and elastomers (polyurethane) [72]. More recent progresses 
in this process have been made since 1985 when more complex tubular components, 
like tee-forms, have been formed by elastomers [16-19] (Fig. 2.14 (b)). In this 

process, the T-piece was formed using a number of urethane plugs [ 16,18], a stepped 

punch as well as a tubular billet, which was pre-chamfered at each of the two ends of 

the billet and following a designed forming sequence of the operation. These 

configurations may be regarded as injection forging, since the process configuration 

was characterised by the simultaneous injection of the tubular billet and radial 
bulging of the tubular billet to form hollow flanges [18]. These successful examples 
have encouraged the research in the field of metal forming technologies to introduce 

the pressurising media into injection forging to form thick-walled and hollow flanged 

tubular components, which used to be considered being unachievable, with the 

conventional metal forming technologies. In the latest process configuration, two 

concentric punches may be required and independently controlled in order to apply 

much higher pressures to both work-and pressurising-materials [35-37]. 

2.3.2.3.2 Forming processes and classifications 

As mentioned in Section 2.2.2.8, pressure assisted injection forging (PAIF) was 

proven to be a feasible solution for producing thick-walled tubular components with 

hollow flanges. Such component-forms can not only overcome the drawbacks with 

either thin-walled tubes, which are unable to sustain heavy working load or solid 

components, which are sometimes material-wasteful, but also provide a balance 

between the strength and the weight of the components. This process configuration, 
however, may involve different forming sequences and parameters to those which 

are used in the forming of thin-walled tubes, since bulk flow of the work-material is 

inevitable in the forming of thick-walled tubes. The success of this process would, 

therefore, largely depend on the understanding of the technical details, such as 
forming process classifications, formability, and component defect-forms of the 

process, etc. Efforts were, therefore, devoted to address these issues subsequently. 
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Actually, there are many metal forming processes, such as rolling, bending and so 

on, for which many classifications were proposed, such as those proposed by Lange, 

Kalpakjian and Mikell [1-2,73], respectively. For example, using the predominant 

stresses of forming processes as the criterion, Lange classified metal forming 

processes into five groups, i. e., compressive forming, tensile forming, combined 

tensile and compressive forming, forming by bending and forming by shearing [73]. 

Other efforts were also devoted to further classify forming processes for more 

specific metal forming fields, such as radial extrusion and injection forging. For 

instance, with reference to the number of the punches, movement of the dies and 

mandrel-forms, radial extrusion was further classified into radial extrusion, radial 

extrusion combined with die movement and upsetting [32]. According to billet 

forms, configurations of injection forging were also further divided into injection 

forging of solid billets and tubular billets, respectively [74-75]. However, no 
literature has been found with the attempt to address the process classification of 

pressure-assisted injection forging (PAIF). 

According to different pressurising media used, processes of pressure-assisted 
injection forging of engineering tubular components may be further classified into 

tube injection-hydroforming [8-10,21,76], tube injection-rubber forming [16-19,28, 

31,77] and tube pressure-assisted injection forging [35-36]. In tube injection- 

hydroforming, a liquid pressurising medium is used, which is similar to that used in 

the tube hydroforming. In the tube injection-rubber forming, a rubber medium, which 
is similar to the one used in the tube rubber forming, is used. In pressure-assisted 
injection forging, a polymer medium is preferred. With reference to the different 

thicknesses of tubular components produced, the processes of pressure-assisted 
injection forging may also be classified into two groups. One is the pressure-assisted 
injection forging of thin-walled tubes with the specific wall thicknesses of 

w/do50.13 [16-19,26,31]. In this group, the processes of tube injection- 

hydroforming and tube injection-rubber forming are included. 

In the tube injection-hydroforming, tube injection-rubber forming and pressure- 
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assisted injection forging (PAIF), the work-material flows are characterized by the 

simultaneous axial injection and radial expansion. Therefore, tube hydroforming may 
be further classified into tube hydroforming and tube injection-hydroforming. 

Similarly, tube rubber forming may also be further divided into tube rubber forming 

and tube injection-rubber forming. The later (both tube injection-hydroforming and 

tube injection-rubber forming) from both further classifications is treated as the 

pressure-assisted injection forging, in this thesis. 

2.3.2.4 Classification of injection forged component-forms 

Injection forging, may be used to manufacture various engineering components in a 

manner, by which the components produced are of high quality, low cost and 

complex forms, such as components with symmetric or asymmetric flanges, branches 

and other secondary elements. Owing to its feasibility to achieve nett-shape or near- 

nett-shape definition of component-forms [62], it was reported that when a four- 

pronged cruciform (also called universal joint) was produced by injection forging, 

the manufacturing cost was two-thirds of the cost by conventional hot-forging [78], 

mainly due to the reduction of work-material consumption - from 133g to 53g 

(component-weight reduced by 40%) and the elimination of the post-forming 

machining requirements. In addition, the combination of injection forging with other 

forming processes also enables the forming of complex component-forms in a single 

operation [44,50,78-80], rather than multi-stage operations with conventional cold 

forging to achieve similar component-forms. 

2.3.2.4.1 Component-forms with the configuration of injection forging of solid 

billets 

The main component-forms produced by this configuration are the backward- 

/forward-can-shaped and multi-branched components when this process 

configuration was combined with other metal forming-processes, such as backward 

can extrusion, forward can extrusion as well as radial can or rod extrusion [51,55-56, 

79,81]. Also, when injection upsetting combined with subsequent forward can 
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extrusion [71,73-74,82] and solid back extrusion, a multi-branched and flanged 

component can also be produced [83]. The sound results from these combinations 

showed the feasibility of producing complex component-forms and enabled the 

reduction of intermediate forming operations, the number of tools and, hence, the 

reduced cost of manufacturing these components. 

2.3.2.4.2 Component-forms with the configuration of injection forging of 

tubular billets with the support of a mandrel 

Regarding to this process configuration, the main component-forms produced are the 

tubular components with solid flanges in a manner of improved work-material 

utilization and component performance [32-33,43]. By using different types of 

mandrels, the flange can be formed inwardly, outwardly and both. According to 

different die-arrangements, the flange can also be formed at one of the two ends of 

the tubular billet or away from the end of the tubular billet [32-33,43,46,51, and 

84]. 

2.3.2.4.3 Component-forms with the configuration of pressure-assisted injection 

forging 

Using the configuration of injection forging of thick-walled tubular billets with the 

support and pressure transmission of the pressurising media, the main component- 

forms are similar to the component- form (8), as shown in Fig. 2.4 and 2.9 (c) [35-37, 

74,82]. 

Classification of such a variety of engineering components produced/achievable by 

injection forging was promoted by two facts: one was the deficiencies with the 

previous classifications of the component-forms produced by cold forging; another 

was the dramatic achievements with the injection forging technology its self. For 

example, Lange [73] classified the cold-forged and only axis-symmetric components 

without addressing the components produced by injection forging. Later, some 

components, which were considered to be difficult or impossible to produce by 
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conventional cold forging, were also grouped by Keller [83]. However, with the 

development of injection forging technologies, some of them, such as spiders for 

universal joints [62,78], bodies for diesel injectors [59], pipe flanges [47], solid 

flanges with square cross-sections [85], alternator pole parts with claws [80] and 

staggered branches [86], have already been formed by injection forging or its 

combination with other metal forming processes. In addition, extruded helical gears 

without shafts were also reported by King [87]. Some components formed by the 

Manufacturing Engineering Research Group at the University of Strathclyde, are 

shown in Fig. 2.15. Among these, forming of hollow-gear-shafts is a latest effort to 

produce engineering components. With the consideration of all possible variables, 

such as billet-geometry, tool-constraint, tool-kinematics, and the combination of 

injection forging with other forming processes, a new and more systematic 

classification of component-forms, which are formable by injection forging, was 

proposed, as shown in Fig. 2.16 [74]. 

2.4 Definition of Formability and Component Defects 

There are many metal forming processes [1-2,73] by which raw work-materials can 

be converted into various engineering component-forms. The capability of these 

forming processes is largely prescribed by the factors, such as process 

configurations, forming tool geometries and work-material properties. Several terms, 

such as "ductility", "formability" and "workability" are associated with the definition 

of the capacity of the forming processes [88]. 

"* Ductility is the ability of work material to deform plastically without fracture 

in a standard test, which is usually expressed by some measure of limiting 

strain. 
* Formability is the ability of a material to deform plastically without the 

occurrence of a defect in a forming process. 
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* Workability is also the ability of a material to deform plasticity without the 

occurrence of any defect in a bulk forming process. " 

It is clear that the above three definitions were originally different from each other. 
For example, the term of "formability" was mainly used for the sheet metal forming 

[88-89], where localised thinning and wrinkling of the work-material are two major 
defect-forms, and which were used to define the ability for sheet metal forming. The 

term of "workability" was largely used for bulk metal forming processes [89]. 

Although several other similar definitions were discussed by Hosford and Dieter [90- 

91], the term of "formability" is currently widely used to all forms of work-materials 
in metal forming analysis. 

The formability of a metal forming process is prescribed by the initiation of forming 

defects, which are invariably influenced by several factors, such as work-material 

properties, process conditions and process configurations. Regarding the work- 

material only, the formability usually refers to the initiation of ductile fracture of the 

work material, in bulk forming, which can be determined by the formability test- 

methods [ 15,73,90-91 ]. A defect within a component may be further defined as that, 

due to which, the properties of a component do not conform to the design 

specifications and makes it less suitable or unsuitable for the purpose for which it 

was designed [77]. In metal forming, a variety of defect-forms may be developed. In 

order to classify such defect-forms and define formability, several attempts were 

made with such objectives in mind. Devedzic, in 1986 [92] proposed some 
formability limit criteria in which possible defect-forms were classified into seven 

types as shown in Fig. 2.17. This classification, however, only referred to general 
defect-forms and did not consider the influences of different characteristics of 

forming process operations. In order to establish further sub-classifications, which 

are able to address the differences between forming processes, as was attempted for 

the forming process classifications [73], classifications of the defects in cold and 

warm forged components were attempted [88,93]. In these classifications, the work- 

material fractures of both internal and external ductile cracks of the components, 
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surface imperfections (like surface roughening, scratching and laminations), flow 

imperfections (like dimensional errors, folding, under-filling, non-concentricity, fins, 

flashes and buckling), and other undesirable changes in physical properties of the 

work-material were considered. These may be the general inclusions of the defects 

which may occur in cold and warm forging. In addition, two more detailed 

classifications were also reported by Kudo and Arentoft [94-95] with reference to 

either a particular defect-form (similar to the classification of fractures with reference 
to cold forging [95]), or a particular process (similar to the classification of die- 

filling flaws with reference to closed-die forging of H-shape profiles [95]). 

Definition of a "defect" in a component/workpiece may vary with different 

processes. Even if within one process, it may also vary with different machine-tools, 

work-materials and other auxiliary media used. An accurate definition of defects is, 

therefore, required with reference to either different forming processes or different 

manufacturing requirements. For example, the term of "accuracy" of a component 

usually has relative meaning for different processes. A given form-error may be 

treated as a defect in a nett-shape manufacturing process, but it may not be a defect 

as for other forming processes. 

In one word, many factors could determine the initiation of the defects in a 

component during a forming process. A forming process may, therefore, be 

considered as operations conducted in a system, in which the operations are 

conducted under designed working conditions (such as friction and temperature) [64, 

96-98] and for achieving the designed manufacturing requirements. Defects may be 

initiated due to any undesirable factors in the system, such as equipment, materials 

and process conditions. The correctness of a procedure, including the preparation of 

billet and the design of forming sequences for performing an operation, is also 

another key factor. All the factors, which may influence the formability of the 

component formed, may be classified as following five groups: 

Equipment 
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Machine and tools: Both static and dynamic behaviors of the machine used would 
influence the behavior of tooling and consequently the component-quality [98], such 

as the concentricity of component and dimensional errors. The performance of the 

tools would directly influence the forming capability of a process and component- 

quality, in particular, the die-cavity-geometry [53-54], tool material property, tool- 

surface-quality like coating and wear. With a wider perspective, the formability of a 

component should also refer to the state of a tool, specifically, any defects, like 

fracture of the die, because the defects in the forming tool will definitely result in the 

failure of a forming process and a component-defect [88]. 

Work-materials 

It is clear that, except for billet geometry (including preformed), work material 

properties, such as its metallurgical property (composition), mechanical and physical 

properties always have significant influences on the initiation of defects [42]. For 

instance, when a work material possesses a better ductility, the onset of a defect 

would be delayed or avoided and the work material would present a better 

formability during a forming operation than that for a work material possessing a 

worse ductility [42]. 

Process conditions 

Friction, temperature and velocity: Friction always influences material flow and tool 

deflections. Some times it facilitates a metal forming operation and the component- 

quality, such as using friction to improve the stability of the work-piece during 

upsetting or injection upsetting [96-97]. Some times, it, reversely, undermines a 

forming process' efficiency, such as extra applied force is required to overcome the 

friction losses and more commonly the damage of the work-piece surface due to 

friction [64,96]. Temperature also influences material deformation and tool 

deflections in such a manner that when a proper temperature range is set, mechanical 

properties of the work material' will be improved and component form-errors will be 

reduced [97]. The deformation of a rate-dependent material would also be 
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significantly influenced by the velocity of the loading on the work material [99]. 

Process operations 

Preparation of the billets and forming procedure: one of the process operations is to 

prepare the billets including design, manufacture, billet lubrication and relative 
location of the billets [40]. Another one is the design of the forming procedures in 

which forming sequences of the work material, number of forming stages and the 

nature of each of the stages [35,82,98], e. g., the loading and unloading which may 
be involved in each stage of the forming operation. Any incorrect step would result 
in the initiation of the component-defects [35,82 and 98]. 

Pressurising-materials 

Liquid, rubber or polymers: Factors mentioned above which could influence the 

onset of component-defects, may be applicable to any metal forming operations. 
Factors of this group of influencing the onset of component-defects herein may only 
be applicable for the pressurising-medium-assisted forming processes, such as tube 

injection-hydroforming, tube injection-rubber forming and pressure-assisted injection 

forging (PAIF). The proper timing and amplitude of the pressurisations in 

pressurising-medium-assisted forming would result in the defect free components. 
For the processes of using rubbers or polymers as the pressurising media, their 

mechanical properties also have a direct influence on the initiation of component- 
defects. For example, when the pressurising material could perform effectively 
beyond certain levels of the radial strains [35-37,75] (refer to Fig. 2.9 (c)), the 

corresponding hollow flanged components would be formed without defects. 

Otherwise, diameter of the hollow flange must be restricted or the result in of the 

defects within the components [75]. 

Obviously, information on the formability is essential to the design of any metal 
forming processes. In this thesis, much attention was paid to injection forging, for 

which past work on the definition of the formability, component failure forms and 
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process ranges is reviewed in the following Sections 2.4.1 to 2.4.2 

2.4.1 Classification of formability and component defects of injection forging 

With reference to different process configurations i. e., injection forging of solid 

billets, injection forging of tubular billets and pressure-assisted injection forging of 

thick-walled tubular billets (Fig. 2.9), efforts have been devoted to identify failure- 

forms of the components and define the process ranges. 

2.4.1.1 Injection forging of solid billets 

With respect to injection forging of solid billets (bulk work-materials), three types of 

component defect-forms, i. e., folding, fracture and ©-shear, were well examined. For 

example, earlier efforts could be traced back to the 1960s, when some early 

experiments illustrated several kinds of the defect-forms for larger aspect ratios ((die 

cavity gap/flange) height/billet diameter, i. e., T=t/do) of the primary deformation 

zone (pdz) as shown in Fig. 2.8 [40,42,48,100-101], from which, a predominant 

cause of the component defect-forms was found to be the instability of the free 

length of the solid billets. The critical aspect ratios for the development of the 

component defects were also defined to be the range of T=1.5-1.64 [42,50,81,101]. 

Such an understanding of the process, however, didn't address the influence of the 

variation of process conditions, with the aspect ratios of the pdz. Subsequent 

experimental and FE simulation results on the injection forging of solid billets 

revealed that geometrical, metallurgical and interfacial conditions would either 

individually or combinationally influence the stability of the free-standing solid 

billets and, therefore, the stable process ranges [64,102-103]. The FE simulation 

results showed that when the interface friction condition between billet and anvil was 

similar to that for conventional forging, instability of solid billet initiated, when 

aspect ratio beyond a certain value of T>1.64 for injection upsetting. When injection 

upsetting was conducted on a smooth anvil (p <0.03), instability (lateral sliding of 

the base of the solid billet) was always occurred and resulting in the asymmetric 

deformation of the billet. In addition, with the increases of the radius of the exit- 
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geometry of the injection chamber, the instability of the billet increased accordingly. 
The dimension of the exit-geometry of the injection chamber was, therefore, another 
factor influencing the instability of the billet. Other research also showed that an 

annular folding occurred when the aspect ratio beyond T=1.4 during double-ended 

injection forging [104-105]. More recent research revealed that even under stable 

condition, folding could occur as well, due to the simultaneous rotation of the work 

material issuing from the injection chamber and radial expansion of the base of the 

billet. Due to which, the stable pdz aspect ratios were further reduced to T=1.2-1.3 

[75,106-1071. 

For injection forging of solid billets, another component defect-form is fracture 

associated with the injection forging of flanged components, due to the high tensile 

stresses imposed on the front edge of the issuing flange [40,50,75,101,105]. The 

onset of this component defect-form imposes a limit on the dimensions of the 

flanges, i. e., D=2.0-3.0. The value of D is a function of pdz aspect ratios, flange 

geometries and the characteristics of the work materials [42,100-101,54,108]. 

Experimental investigation was also conducted to compare the fractures and 
deformation profiles for aluminum, pure lead, and plasticine [109]. Small exit radii 

and poor friction conditions also cause the initiation of the fracture of the work 

material at the exit of the injection chamber [54-55]. 

The intermittent 0 -shear surface is the incidence-occurrence of which is dependent 

on the severity of the exit geometry of the die cavity and the subsequent die-filling 

constraints [53-54]. During closed-die injection forging, more than one intermittent 

© shear surfaces may initiate [53-54], due to the lateral constraints to the flow of the 

issuing work-material and the development of the folds on the free surface [107]. In 

addition, "Macrographic examination of test specimens revealed that the shear is of 

relatively high intensity in comparison to that which occurs in the remaining shear 

zones: the severity of shear would work-harden the material to a level at which the 

performance of the injection-forged product could be impaired; however, hardness 

tests conducted along the path of the O -surface and FE analysis did not confirm 
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these observations. " [75]. 

Based on all the studies [40,42,48,50-51,53-55,64,81,100-109], with respect to 

different component defect-forms, a forming failure diagram for injection forging of 

solid billets was proposed which is shown in Fig. 2.18. 

2.4.1.2 Injection forging of tubular billets with the support of mandrel 

Component defect-forms were studied through years regarding this process 

configuration [32,43,50-51,79]. Research results showed that work-material 
folding was one of the major component defect-forms. Particularly when the specific 

wall thickness T (free gap height of the die-cavity/wall-thickness of the tubular 

billet) was bigger than double of the wall-thickness of the tubular billet, a folding 

defect was most likely to initiate [51,79]. With the decrease of the free gap heights 

of the die-cavity, the initiation of this type of component defect-forms was delayed 

but unavoidable. When the free gap height gets further smaller (t«w), other 

component defect-forms-local reduction and fracture would occur at the front edge of 

the flange. Investigations on the component defect-forms for the free-ended and 

constrained forming processes also showed the similar results [33,110-111]. These 

results concluded that the main limitations to the radial extrusion of tubular 

components resulted from the tendency of the work-material to develop convolution 
defect-forms. The studies also revealed that a major factor which limited the 

application of this technology was the reduction of the flange thickness. Because 

these component defect-forms reported originally referred only to the free injection 

upsetting of tubular billets, it was, therefore, suggested that a further injection 

forging of the work-material may help to eliminate some of the defined defect-forms, 

such as irregular peripheral surfaces, irregular plane surfaces and non-uniform flange 

thickness, but at the expense of a higher die-surface stresses [75]. The nature of the 

folding in the issuing work-material also has been studied. The results illustrated that 

several mixed process parameters, such as inner diameter of the tubular billet, inner 

diameter of the flange, thickness of the flange and the extent of injected work- 

material, influenced the nature of the defect-form of folding [32,46,69,112-113]. 

34 



Chapter 2 Literature Review 

The results also showed that during injection forging, the tendency of work-material 
folding was reduced with the increases of the inward flow of the work-material. 
Owing to the further development of FE simulation, engineering and physical 

modeling techniques, the forming limit diagrams with reference to different defect- 

forms for this process configuration were defined [32,46,69,112-1131, from which 

an upper threshold ratio (t/w =1.6-1.8) for the flawless injection forging of tubular 

components was determined. One of the formability limit diagrams for this process 

configuration is shown in Fig. 2.19. 

2.4.1.3 Injection forging of tubular billets with the support of pressurising 

materials 

The formability for the forming of thin-walled tubular components by PAIF was 

studied [31,114-115]. Results showed that the tendency of the work-material to 

collapse was the main limitation to the process. The component defect-forms with 

the forming of thick-walled tubular components by PAIF are different from that with 

the forming of thin-walled tubes [36-37]. Component defect-forms of folding, 

buckling, necking, thinning and weakened sections may occur, with reference to 

different forming sequences, pressuring materials and aspect ratios. For example, 

when an incorrect forming sequence was used, defect-forms of necking, thinning or 

work-material accumulated might occur [35,64]. If a pressurising material had a low 

capability to produce enough diametrical strains, force transmission efficiency of the 

process could be reduced [36,75]. When either a too small (T<0.5) or a too big 

(T>1.64) aspect ratio of pdz was used, defect-forms of either fracture/folding or 
buckling might occur, respectively [35-37,64,75,102-1031. 

2.4.2 Extension of formability and process ranges 

2.4.2.1 Extension of formability of injection forging of solid billets 

To date, many efforts have been made to study the formability of injection forging 

processes and to classify the component defect-forms, with a view to extending the 

formability and process ranges. Back to the 1960s, in order to eliminate the major 
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component defect-forms of fracture with cold extrusion of solid billet to form solid 

flanges, a hydraulic compensating pressure was applied to the leading-edge of the 

flange to prevent the initiation of the fracture, and hence, to extend the process 

formability. This concept was attempted with a number of experiments. The method 

proposed and the experiments conducted were based on a good understanding of the 

mechanism of the initiation of the fracture, i. e., the excessive tensile stress promoted 

the onset of the fracture on the circumference of the flange [39]. In the 1970s, in 

order to overcome the limitation (fracture initiated in the periphery of the issuing 

work-material) with single ended injection forging, a multi-axial tooling 

configuration was used and a branched component was formed. Due to the refined 

control of the tool movement in both axial and radial directions during this process, 

billet instability and particularly fracture on the periphery of the issuing work- 

material was suppressed, and therefore extending the process range [67]. A similar 

effort was made by changing the forming-tool kinematics (relative movement 

between forming-dies, punches and work-piece) to regulate the work-material 

deformation and the force parameters, from which the formability of the process was 

extended [50]. The principle of the approach may be interpreted by the follows. 

When the process begins with a small aspect ratio of the pdz, the stability of the billet 

could obviously be improved. With the progresses of the process, the aspect ratio of 

the pdz could be increased progressively by the relative retraction of the injection 

chamber from the forming die. A component with large flange-thickness could 

therefore be formed under a more stable condition of the billet throughout the 

forming process [50,75]. The research also reported that, based on an extra cost for 

the use of double ended tooling, formability of the process could also be improved 

[50]. In 1988, another attempt was made to eliminate the fracture in the leading edge 

of the flange by using a "truncated-conical" forming-die to replace the use of 

hydrostatic pressure on the rim of the issuing flange [108]. This attempt was 

conducted based on the understanding of the relationship between the component 

defect-form (fracture), die-cavity geometry as well as work-material flow state [108]. 

In 1993, some shaped anvils, such as anvils with radial grooves or concentric steps, 

were used to prevent both the instability of the billet and the initiation of the fracture 
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in the rim of the issuing flange. This alternative approach demonstrated the 

feasibility of the improvement of formability of the process [52,116]. Recently, 

based on further understanding of the process (free-ended injection forging of solid 
billet), i. e., even if under a stable work-material flow condition, component defect- 

form of folding was initiated due to the combination of work-material rotation in the 

die cavity and the radial expansion of the billet base, approaches of using either a 

pre-shaped billet or a two-stage forming sequences were proposed and used to extend 

the formability of the process [107,117-118]. For instance, using the approaches 

proposed, the process range of injection forging of solid billet could be extended 
from T=1.2-1.3 to T=1.4-1.5 using pre-shaped billets and to T=1.5-1.64 using 

preformed billets [117-118], as shown in Fig. 2.20. 

2.4.2.2 Extension of formability of injection forging of tubular billets 

In addition to the attempts made to extend the formability for injection forging of 

solid billets, efforts were also devoted to the extension of the process ranges of 
injection forging of tubular billets. For example, based on the experimental and FE 

simulation results for quantifying the forming limit of injection forging of tubular 

billets with the support of the mandrels, a two-stage forming procedure was proposed 

to extend the formability of the process [112-113,119]. Design rules for the pre- 

forms of the flawless forming flanged tubular components were established. That is, 

the mandrel was designed with a conical re-entrant geometry by which the work- 

material inward flow was allowed when a pre-forming ring was used to restrict the 

outward flow of the work-material during the pre-forming stage. After filling the 

conical die-cavity around the mandrel, the pre-forming ring was removed and the 

flange was formed by the subsequent injection of the work-material. It was reported 

that, using this process configuration/procedure, tubular components with large- 

flange-thickness were produced successfully, e. g., the limiting ratio of t/w was 

successfully extended from 1.8 up to 3.6 [75,113] as shown in Fig. 2.21. 
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2.5 Process Modelling 

Metal forming processes may be modelled using several different methods, such as 

experimental and physical modelling, analytical and numerical methods. 

2.5.1 Experimental and physical modelling 

Experimental modelling method may be referred to physical modeling method, by 

which the work-material deformation was simulated [120]. Subsequently, in order to 

investigate the initiation of component defect-forms for radial extrusion of tubular 

billets with the support of mandrels, modelling materials (waxes) were used to 

simulate the process. The results showed good agreement with metal forming 

experiments [32,69], as shown in Fig. 2.22. Physical modelling method might also 
have the capability to simulate more complex component-forms, for which either 

analytical or numerical methods might be difficult or impossible to deal with at the 

present [121]. 

2.5.2 Analytical modelling 

Analytical methods include Slab, Slip-line field and upper bound methods. Slab 

method was used to analyse the approximate stress of radial extrusion [122], in 

which, the work-material was assumed to be rigid-plastic; the Tresca's yield criterion 

was used and that the friction in both injection chamber and die-cavity was 

considered using a constant friction factor. The work-material was divided into four 

zones that were analysed using equilibrium-equations, respectively. Slip-line field 

method is mostly suitable for investigating sheet metal forming processes, such as 

sheet drawing, extrusion, rolling and forging. A number of applications of this theory 

are shown in [123]. It also was used in the analysis of injection forging/upsetting 

processes [39,49], as shown in Fig. 2.23. The upper bound method seems to be the 

quite popular one to be used in the analysis of injection forging processes over the 

past few decades. Tracing back to the 1960s, the initial application of upper bound 

theorem was the analysis of a hydrodynamic compression forging of a flange. During 
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this analysis the flange was treated as an expanded thick-walled tube and the power 

requirement due to the plastic deformation of the work material was defined [38]. 

Other early theoretical models for analysing injection upsetting were also developed 

based on some assumptions, i. e., both the work-material flow within the die cavity 

was in a steady state and the friction losses along the injection chamber were 
insignificant, throughout the injection processes [39,49]. Further effort was made 

with a view to extending the previous upper bound solutions [39,49] in the following 

two aspects: one was to take into account the friction losses along the tool-workpiece 
interfaces; another was the incorporation of the velocity discontinuities along the 

internal shear surfaces, i. e., the interface between any two of the adjacent zones of 

the work-material divided. From this modelling, the maximum force requirement for 

the injection upsetting of a solid flange against a hydrostatic pressure was derived, 

although the external hydrostatic pressure was ignored in this analysis [124]. Other 

applications of the upper bound method can also be found in the prediction of 

maximum forming loads for extrusion of solid flanged tubular components and 
forming of multi-branched components [69,111]. One of the analytical models using 

upper bound theorem is shown in Fig. 2.24. Forming of rotationally asymmetric 

segmented flanges was also analysed using an upper bound method to study the 

effect of the segment angle on the load characteristic of the process. It was found that 

with the increase of the segment angle, the extrusion load was decreased dramatically 

[85]. Based on two different velocity fields assumed for radial extrusion of a same 

component, after the comparison of the difference between the maximum forming 

loads for the two corresponding velocity fields, the optimal upper bound solution for 

this process was derived [125]. Also, in order to develop a simple and reliable 

analytical model for the heading of engineering material processes, experimental 
data, lower bound solution and upper bound solution were used to predict the free 

surface profiles, strain-stress histories and fractures initiated at the equatorial-free 

surface [100]. 

2.5.3 FE modelling 

Finite element method (FEM) is one of the most powerful numerical methods [73, 
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88,126-130] for engineering analysis. Although the use of the method may rely 
heavily on the expensive software and also may be time-consuming for some 

complex-3D analysis, finite element techniques have been used to simulate bulk 

metal forming since the early 1970s. For example, FEM was used to simulate the 

injection forging of engineering components (flanges), with a view to predicting the 

injection forging pressure under the process conditions of D=1.4, T=0.2 and a flange 

compensation pressure of 154 MPa [131]. The predicted pressure was within 6% of 

the results obtained from the earlier experimental study [38]. Another process of the 

combined radial with forward can extrusion was simulated using a rigid-plastic FE 

code of PLADAN [55]. In this simulation, work-material flow patterns and tool 

stresses were defined for small aspect ratios of pdz (T<0.5) and large radii of the 

injection chamber exit. In the early 1990s, FEM began to be used in the simulation of 

the development of component defect-forms for injection forging of tubular billets 

[32], through which the drawbacks with the existing modelling methods were 

revealed. In order to overcome the deficiencies with the previous research [32], a PC- 

based FE simulation package was subsequently developed for the analysis of the 

injection forging of tubular components when a rigid-plastic work-material 
description was adopted [112-113]. These efforts enabled the simulation of the 

development of component defect-forms with injection forging of tubular billets, that 

were observed experimentally but failed to simulate by previous research [32]. Using 

this FE code, a two-stage forging process of pre-forming plus subsequent forming 

was simulated [112-113,119,132-133] in which the pre-forming stage was designed 

to eliminate the initiation of component-defects. Furthermore, from the significant 
differences between experimental and FE simulation results in punch-force-histories 
for long billets and small exit-geometries, the fact that traditional descriptions of 

friction may no longer be suitable for the friction conditions at the billet and injection 

chamber interface was recognised [134]. As a whole, based on the progresses of 
FEM being able to consider multi-factors, such as friction conditions on the anvil, 

aspect ratios of the pdz, exit-geometry of the injection chamber and inhomogenity of 
the work-material, the initiation of different types of component defect-forms during 

injection forging either solid or tubular components was simulated using ABAQUS 
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[64,82,102-103,107,117-118,134]. Some of the FE simulation results are shown 
in Fig. 2.25 [75]. As a result, with the improvement of FE simulation techniques, not 

only more realistic patterns of work-material flow were modelled, but also the 

qualification of work-material flow patterns for different process conditions was 

conducted. Moreover, the improved FE techniques also enabled the preform-designs 
for extending the formability limits of injection forging as well as to design the 

optimal forming sequences for pressure-assisted injection forging of thick-walled 

tubular components [82,107,113,117-118]. 

It is clearly that FE simulation has been widely used to analyse the bulk metal 
forming processes successfully. Simulation of the development of component defect- 

forms, particularly the defect-forms with pressure-assisted injection forging of thick- 

walled tubular components was, however, not fully explored. 

2.6 Testing of Pressurising Materials 

Efficiency of pressure-assisted injection forging of thick-walled tubular components 
is largely prescribed by the performance of pressurising material used. Since, unlike 

forming thin-walled tubes, in the forming of thick-walled tubes, bulk metal flow 

within the work material and much higher pressurisation within the pressurising 

material are inevitable. Therefore, a fine control on the deformation of both work- 

and pressurising materials are required. In other words, a quantitative understanding 

of the mechanisms of controlling both work and pressurising material flow is 

essential to the process (PAIF) to be used successfully and industrially. Obviously, 

only a wider range of investigation on the mechanical properties of the pressurising 

materials (for PAIF) would be helpful to achieve this goal. The investigation should 
include the examinations of the selected pressurising materials under not only 

uniaxial tension/compression and planar tension/compression conditions, but also 

confined compression and biaxial tension conditions. 
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In order to carry out the initial examination on the selected pressurising materials 

under confined compression condition experimentally for PAIF, an investigation on 

the relevant experimental methods and techniques was conducted. During the last 

few years, some efforts have been devoted to the development of experimental 

techniques and facilities to study the mechanical properties of either metallic or non- 

metallic material under tri-axial loading states [135-138]. An electromechanical tri- 

axial testing facility was developed to test composite materials [135]. It mainly 

comprises three primary subsystems-the reaction frame, test fixture and the computer 

control system. It was successfully used to perform the biaxial and tri-axial tests. 

However, this facility was only suitable for a thin cruciform shape specimen and its 

maximum bearing capacity is only 94kN which is far less than that the forming force 

-300 to 450 kN required by the author's study. Another method for dynamically 

proportional, multi-axial compression tests on RTV630 silicon rubber was also 

reported [136]; a split Hopkinson pressure bar (SHPB) [136-137] was used to 

generate a uniaxial compressive pulse and a standard hydraulic pressure vessel used 

to supply lateral force for a thin rubber disc specimen. In addition, another 

experimental set-up was also introduced [137] for imposing dynamic multi-axial 

compression on a brittle material-ceramic by using a shrink-fit metal sleeve to supply 

the lateral force on the ceramic specimen. All these approaches are, however, not 

suitable for examining materials under larger scale deformations. 

Another investigation was also conducted with a view to finding a suitable machine 

to conduct the biaxial tension tests of the selected pressurising materials for PAIF. 

Several attempts were reported regarding the development of equipment and 

methods in the qualification of mechanical properties of several non-metallic 

materials under biaxial tensile loading conditions [139-140]. For example, four pairs 

of pulleys and eight pairs of ropes were used as a stretcher to pull a biological 

material specimen [139], which was sutured by the ropes separately along each 
loading direction. By this design, loads may not be evenly applied along the 

clamping area of the specimen. Particularly, the clamps used are not suitable for a 
high level stress test, because the tearing failure may occur at the sutured points, 

42 



Chapter 2 Literature Review 

even before the material at the tested area reaches its ultimate strength. A square 
loading-frame and two notched aluminium-plates were also used to test composite 

panel specimens under the biaxial loading conditions (either biaxial compression or 

combined compression with tension along the different loading directions) 

successfully [140]. The device is, unfortunately, unable to carry out biaxial tension 

tests. Also Buet-Gautier and Boisse' s device consisted two cross-placed deformable 

parallelograms and four clamps made up of a solid plate with three cap screws for 

each of them, which were used to hold each side of the cross-shaped woven 

specimen [141]. More closely, a biaxial stretcher designed as an attachment for an 

Instron tensile test machine was used to stretch polymer (PVC) sheet effectively with 

a maximum draw ratio of 4*4 by Hitt and Gilbert [142], which is, unfortunately, 

much more smaller than the draw ratio of 10* 10 which the rubber may undergo in 

the author's study. Moreover, the complex clamps used in their stretcher are not 

effective enough for holding rubber specimens. As a result, a suitable machine for 

testing rubber like materials, which may undergo large-scale deformations under the 

biaxial tensile loading conditions, for the author's PhD study was not found within 

the UK. 

2.7 Summary Comments from the Literature Review 

Injection forging has been developed dramatically over the last few decades due to 

the following facts. Development of physical, analytical and particularly the 

numerical modeling techniques has contributed a lot to the prediction of the 

processing requirements, to the profound understanding of the mechanisms of 

controlling work-material deformations and to the production of the sound 

engineering components. More importantly, the potential advantages of injection 

forging have encouraged and facilitated the development of the technology itself. 

First of all, injection forging as a nett-shape or near-nett-shape manufacturing 

process, has lower work-material consumption and less secondary processing 
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requirements than conventional forging (e. g., intermediate bulk metal-removal is not 

needed for the injection forged components, the amount of the scrap metal can, 

therefore, be reduced). Secondly, energy requirement for injection forging to convert 

the work-material into a component is less than that required for conventional 
forging, particularly for the forming of tubular components. Thirdly, more complex 

component-forms can be achieved by injection forging than that by conventional 
forging, with reduced process-chains. 

Pressure-assisted injection forging (PAIF) is the latest development of injection 

forging. This process configuration possesses not only the above outstanding 

advantages as the other injection forging processes have, but also the feasibility to 

produce thick-walled tubular components with hollow flanges, like the component- 
form (8) in Fig. 2.4 and 2.9 (c), which used to be considered as unachievable by 

conventional forming processes. The successful manufacture of this type of 

components by PAIF would not only breach the formability of the existing forming 

processes, but also provide an ideal balance between the strength and the weight of 

the component structure. However, the engineering application of PAIF is still 
largely limited by the lack of the technical details and the systematic process design 

procedures. Deficiencies of the previous research development regarding this process 

may be summarized as follows: 

2.7.1 Opportunities and challenges 

Although numerous engineering tubular components were produced successfully by 

either forging/extrusion or conventional tube-forming methods over the last few 

decades, industries, particularly automotive and aerospace industries, are still under 

pressure to produce these components more efficiently, with a view to reducing the 

costs. Demands, on the further extensive use of tubular components, which are of 
high strength to weight ratios to replace the still largely used solid components, 

which are of low strength to weight ratios, provide the opportunities and challenges 
to the research and development in the field of injection forging. 
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2.7.2 Development of injection forging 

Injection forging is recognized being one of the most efficient forming processes. 

Configurations of the process have been developed from the injection of solid billets 

to the injection of tubular billets. The corresponding component-forms were achieved 

from the solid components to tubular components successfully. Thick-walled tubular 

components with hollow flanges and flanges with secondary elements, unfortunately, 

have not been tested by industries, due to the insufficiencies of the development with 

this technology, referred to Section 2.3. 

2.7.3 Development of pressure-assisted injection forging (PAIF) 

The previous research suggested that pressure-assisted injection forging (PAIF) 

might be a solution for producing this type of tubular components economically and 

efficiently. The successful application of this process to industries would rely largely 

on the understanding of the process and its mechanics. To date, process 

classifications for the conventional forging have been found from a number of 

sources. A classification for PAIF was, however, not found yet. The similar case was 

also found, for the definition of formability and component defects for PAIF, i. e., 

formability and component defects for injection forging of solid billets and injection 

forging of tubular billets with the support of mandrels were well studied, however, 

limited sources were found on addressing these issues for PAIF. Formability and 

process ranges for injection forging of both solid and tubular billets were extended 

with several different methods, such as using compensating pressures, preformed 

billets, two-stage forming, etc. Nothing has been found for PAIF, on these issues. 

2.7.4 Process modelling 

Although injection forging of both solid and tubular billets was modeled either 

physically or numerically, process modelling would still need to be extended to 

enable the prediction of the forming limits for more complex component-forms. It 

has also been revealed that both numerical and physical modelling of the forming of 

complex component-forms may face some difficulties due to the limitations of 
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currently available FE codes in the modelling of hybrid materials, like in PAIF. 

However, further to the previous physical and numerical modelling, analytical 

modelling seems to be another option for the analysis of injection forging, for 

industrial applications. Analytical modelling, particularly upper bound method, was 

used to analyse injection forging of both solid and tubular billets through years for 

predicting the maximum forming loads. No upper bound solution was found for 

pressure-assisted injection forging (PAIF) of thick-walled tubular components with 
hollow flanges. 

2.7.5 Forming of engineering components 

Separated gears from the shafts may be manufactured by several different means, 
i. e., machining, cold/warm/hot forging and pre-pieced forging, successfully. These 

are, however, based on not only a huge cost for machinery, tooling and heat 

treatment for manufacturing individual components, but also the subsequent 

assembly by welding or keyway-assembly. A method by which an engineering 

component, i. e., a hollow gear-shaft could be formed as one integral part and with a 

single stroke would be desirable. Injection forging, particularly PAIF, could be a 

solution to achieve this goal. 

2.7.6 Testing of pressurising materials 

Over the last few years, many efforts have been made on the development of 

experimental methods and techniques for testing either metallic or non-metallic 

materials under. tri-axial compression conditions. For example, a cylindrical ceramic 

specimen was tested, with a shrink-fit metal sleeve (supplying lateral forces) 

successfully; 'a thin circular (4=19mm*3.15mm/6.35mm) rubber specimen was 

examined with a fluid-filled pressure vessel and a split Hopkinson pressure bar 

(applying axial load) efficiently; and a thin cruciform shaped specimen was 

evaluated with an electromechanical testing facility (applying both lateral and axial 
forces) sufficiently. However, none of these techniques are suitable for the testing of 

rubber like materials under larger scale deformations for PAIF. 
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Some progresses of developing equipment and technologies of testing non-metallic 

materials under biaxial loading conditions were also made during the last few years. 
For instance, a biological material specimen was tested with a biaxial stretcher 
(consisting of four pairs of pullys and eight pairs of ropes) efficiently. Buckling of a 

composite panel (specimen) under combined tension and compression loading 

condition was examined using a square loading frame and two-notched aluminum 

plates successfully. A polymer (PVC) sheet was also evaluated with another biaxial 

stretcher (an attachment of an Instrom tensile test machine) satisfactorily. None of 

these facilities are able to qualify the mechanical properties of the selected 

pressurisng materials under biaxial tensile loading conditions for PAIF. 

2.8 References 

[1] S. Kalpakjian and S. R. Shmid, "Manufacturing Processes for Engineering 

Materials", Fourth Edition, Prentice Hall, 2003, ppl-24,300-368. 
[2] Mikell P. Groover, "Fundamentals of Modern Manufacturing", Second 

Edition, John Wiley & Sons, INC., 2002, pp1-21,429-471. 
[3] F. Schmieder and P. Kettner, "Manufacturing of hollow transmission shafts 

via bulk-metal forging", Journal of Materials Processing Technology, Vol. 

71,1997, pp. 113-118. 

[4] E. Rauschnabel and V. Schmidt, "Modern applications of radial forging and 

swaging in the automotive industry", Journal of Materials Processing 

Technology, Vol. 35,1992, pp. 371-383. 

47 



Chapter 2 Literature Review 
... ............................ ............................ ......................... .................. ........ ,................................. ........................... .................. ................................. ................................................ 

[5] D. Schmoeckel and F. -D. Speck, "Axial-Radial Forming of Tubular 

Components", Annals of the CIRP, Vol. 44, No. 1,1995, pp235-238. 
[6] F. Dohmann and Ch. Hard, "Hydroforming-a method to manufacture 

lightweight parts", Journal of Materials Processing Technology, Vol. 60, 

1996, pp. 669-676. 

[7] B. Viehweger, "With water to the shape", Blech Rohr Profile, 2, (1), 1996. 

[8] M. Ahmetoglu and T. Altan, "Tube hydroforming: state-of-the-art and future 

trends", Journal of Materials Processing Technology, Vol. 98,2000, pp. 25- 

33. 

[9] F. Dohmann and Ch. Hartl, "Tube hydroforming-research and practical 

application", Journal of Materials Processing Technology, Vol. 71,1997, 

pp. 174-186. 

[10] M. Ahmetoglu, K. Sutter, X. J. Li and T. Altan, "Tube hydroforming: current 

research, applications and need for training", Journal of Materials Processing 

Technology, Vol. 98,2000, pp. 224-231. 

[11] T. Nakagawa, K. Nakamura and H. Amino, "Various applications of 
hydraulic counter-pressure deep drawing", Journal of Materials Processing 

Technology, Vol. 71,1997, pp. 160-167. 

[12] F. Dohmann and Ch. Hartl, "Hydroforming-applications of Coherent FE- 

Simulations to the Development of Products and Processes", Journal of 

Materials Processing Technology, Vol. 150,2000, No. 1-2,2004, pp. 18-24. 

[13] S. Tiruvarudchelvan and H. Wang, "Investigations into the hydraulic-pressure 

augmented deep drawing process", Journal of Materials Processing 

Technology, Vol. 105,2000, pp. 161-175. 

[14] Ch. Hard, H. -U. Lücke and T. Abbey, "Hydro forming" J. Mater. Process. 

Technol. Vol. 115,2001, pp87-91. 
[15] B. Avitzur, "Handbook of Metal-forming processes", John Wiley & sons, 

Inc., USA, 1983, Chapter 9, pp457-458. 
[16] L. A. Moreira Filho and H. A. Al-Qureshi, "Unconventional tee forming on 

metal tubes", Sensors and controls for automated forming, The ASME , 1985, 

pp. 123-135. 

48 



Chapter 2 Literature Review 
..... ............................. _............................................................................................................................................................................................................................................. 

[17] T. Wang, S. Sun and D. Mo, "The research of tube bulging using 

polyurethane under compound external forces and its application", Proc. 4`h 

ICTP, 1993, pp494-499. 
[18] S. Thiruvarudchelvan, "Elastomers in metal forming: a review", J. of Material 

Processing Technology, Vol. 39,1993, pp. 55-82. 

[19] L. A. Moreira Filho, J. C. Menezes and H. A. Al-Qureshi, "Analysis of 

unconventional tee forming on metal tubes", J. of Mater. Process. Technol., 

Vol. 45,1994, pp383-388. 
[20] T. Ueda and T. Ogura, "Liquid bulge forming", Metalworking Prod., 24 April 

1968, pp. 73-81. 
[21] Y. Qin and R. Balendra, "Design considerations for hydromechanical deep 

drawing of sheet components with concave features", J. of Mater. Process. 

Technol., Vol. 145,2004, pp163-170. 
[22] K. Brewster, K. Sutter, M. A. Ahmetoglu and T. Altan, "Hydroforming tube", 

The tube and pipe quarterly, Vol. 7, No. 4,1996, pp34-40. 
[23] K. Dengler, "Exploring internal high-pressure forming of metal", The 

Fabricator 7 and 8,1996. 

[24] S. Shah and C. Bruggemann, "Hydroforming products and process 

requirements and implementation", Proc. 2"d Annual Automotive Tube 

Conference, Dearborn, Michigan, 13-14 May 1997, pp85. 
[25] F. Horton, "Using forming simulation in development of complex 

hydroformed shapes", Proc. 2"d Annual Automotive Tube Conference, 

Dearborn, Michigan, 13-14 May 1997, pp173 

[26] F. Dohmann, A. B ohm and K. -U. Dudziak, "The shaping of hollow shaft- 

shaped workpieces by liquid bulge forming" Advanced Technology of 

Plasticity, Proc. 4th ICTP, 1993, pp447-452. 
[27] E. W. Pleines, "Rubber forming processes", Werkstattstechn. Maschinenbau, 

40,1950, pp405-409. 
[28] H. Hermans and F. H. R. F. Vermulen, "Metal forming with flexible tools". 

Met. Work. Prod., 1961, pp69-72. 

49 



Chapter 2 Literature Review 

[29] C. A. Harper, "Modern Plastics Handbook", Published by The McGraw-Hill 
Companies, 1999, p3.1-3.52, Al-C60 

[30] J. Brandrup, E. H. Immerdut and E. A. Grulke, "Polymer Handbook", Fourth 

Edition, Published by John Wiley & Sons, 1999, pVII 688-VIII 24. 

[31] S. Thiruvarudchelvan and F. W. Travis, "Tube bulging with a urethane rod", 
Journal of Materials Processing Technology, Vol. 23,1990, pp 195-209. 

[32] B. Andersen and C. B. Andersen, "Radial extrusion of tubular components" 
(M. Sc. dissertation), Technical University of Denmark and University of 

Strathclyde, 1991. 
[33] B. Lengyel, S. A. Shahmoradi, "Forming flanged components by upsetting", 

Proc. of the 27th Int. MATADOR Conf., 1988, pp. 313-319. 

[34] B. Lengyel, S. A. Shahmoradi and I. A. Chaudhry, "Cold Extrusion of 
Flanges on Cylindrical Hollows", 30`x' Int. MATADOR Conference, 1993, 

pp227-234. 
[35] R. Balendra and Y. Qin, "Pressure-assisted Injection Forging of thick-walled 

tubes", Int. J. of Mach. Tools Manf., Vol. 35, No. 11,1995, pp. 1481-1492. 

[36] Y Qin and R. Balendra, "Technical evaluation of pressure-assisted injection 

forging of thick-walled tubes", Advan. In Manuf. Tech. IX, London, 1995, 

pp62-66. 
[37] R. Balendra and Y. Qin, "Technical feasibility and processing limitations of 

pressure-assisted injection forging of thick-walled tubes", Proc. 5t' ICTP, 

1996, pp327-330. 
[38] R. M. Cogan, "Hydrodynamic Compression Forging", General Electric 

Company, ASD Report 7-890 (111), 1963. 

[39] J. M. Alexander and B. Lengyel, "On the cold extrusion of Flanges Against 

High Hydrostatic Pressure", Journal of the Institute of Metals, Vol. 93,1965, 

pp137-145. 
[40] "Some aspects of the cold extrusion of steel", NEL Report 196, Staff of 

Plasticity Division, Department of Industry, UK, 1965. 

50 



Chapter 2 Literature Review 

[41] R. Balendra and Y. Qin, "Nett-form manufacturing by injection forging", 

Proceedings of 14'h Intern. Conff, on Computer Aided Product. Eng., Tokyo, 

Sep. 8-9,1998, pp301-306. 
[421 J. C. Henry, "An investigation of the injection upsetting of six steels", NEL 

Report 494, Department of Industry, UK, 1971. 

[43] J. C. Hendry and M. T. Watkins, "The Production of Hollow Flanged 

Components from Bar Stock by Upsetting and Extrusion", NEL Report, No. 

628,1977. 

[44] R. Geiger, "Near-nett Shape Forming by Radial Extrusion" Proc. 7`h Int. cold 

Forging Cong., Birmingham. UK, 1985, pp29-38. 
[45] R. Balendra, "Review of Injection Forming", Proc. Of the 9th brazilian 

Congress of Mech. Eng. 1987, pp1077-1081. 
[46] M. Arentoft, S. B. Petersen, J. M. C. Rodrigues, P. A. F. Martins, R. Balendra 

and T. Wanheim, "Review of research into the injection forging of tubular 

materials", Journal of Materials Processing Technology, Vol. 52,1995, 

pp. 460-471. 

[47] A. C. Okafor and R. Balendra, "Stress and energy distributions in injection 

forming of a complex shaped component", Proc. 71h Int. Cold Forging 

Congress, 24-26th, April, Birmingham, UK, 1985, pp. 79-86. 

[48] R. Balendra, "Studies of injection forming", Research report, University of 

Strathclyde, UK, 1971. 

[49] P. R. Milner, "The injection upsetting process", Ph. D. Thesis, Leeds 

University, UK, 1971. 

[50] I. S. Aliev, "Radial extrusion process", Sov. Forg. Met. Stamping Technology, 

Part 3,1988, pp. 54-61. 

[51] W. Osen, "Variation of the transverse impact extrusion process", Wire, Vol. 

35, Part 3,1985, pp. 109-113. 

[52] M. Motomura and K. Inoue, "Improvement of limit deformability of 

aluminium disc by lateral extrusion method (Part I)", Light Metal, Vol. 43, 

No. 12,1993, pp. 678-682. 

[53] R. Balendra, "Injection-chamber to die-cavity interface for Injection 

51 



Chapter 2 Literature Review 
......... w ....................................... w.................,.................... _..... _................,............,........................,................................................,....,..,..,.................................................,,.......... 

Forming", Int. J. Mach. Tools Manufact., Vol. 33, No 6,1993, pp 753 - 760. 
[54] R. Balendra, "Exit-geometry for injection forming", 4th Int. Conf. on 

Manufg. Eng., Brisbane, Australia, 1988, pp. 11 - 17. 

[55] W. Osen, "Possibilities and limitations of cold extrusion processes combined 

with radial extrusion", Advanced Technology of Plasticity, Vol. 1,1986, pp. 
575-582. 

[56] K. Lange, "Cold forging - today and tomorrow", Proc. 7th Int. Cold Forging 

Congress, 24-26th, April, Birmingham, UK, 1985, pp. 3-14. 

[57] R. Geiger, "State of the art and development trends in cold forging 

technology", Proc. of the 2nd ICTP, 1987, pp. 469-477. 
[58] J. A. Pale and R. Shivpuri and T. Altan, "Recent developments in tooling, 

machines and research in cold forming of complex parts", J. of Mater. 

Process. Technol., Vol. 33,1992, pp. 1-29. 

[59] T. A. Dean, "Progress in net-shape forging", Adv. Tech. of Plasticity, Vol. 2, 

1993, pp. 1031-1040. 
[60] K. Lange, "some aspects of the economic production of complex bulk 

components by cold forging and machining", Adv. Tech. of Plasticity, Vol. 2, 

1993, pp. 1144-1156. 

[61] T. A. Dean, "A profile of the market for cold forging", Proc. of the 9th Int. 

Cold Forging Congress, Solihull, UK, 22-26 May, 1995, pp. 17-27. 

[62] R. Geiger, "From near-net-shape to net-shape cold forging - State of the art", 

Proc. of the 9th Cold Forging Congress, 22-26 May, UK, 1995, pp. 59-75. 
[63] Y. Qin and R. Balendra, "Computer-aided design and assessment of tools and 

components for nett-shape manufacturing", IMechE Conference Transaction 

1995-3 (11th Int. Conf. on CAPE, Sept., London, UK), 1995, pp. 35-40. 

[64] Y. Qin, "FE and Experimental analysis of injection forging", PhD Thesis, 

Chapter 1,4,6, The University of Strathclyde, 1997, pp1-21. 
[65] H. L. D. Pugh, "The mechanical properties and deformation characteristics of 

metals and alloys under pressure", NEL Report 142, UK Department of 
Industry, 1964. 

[66] B. Parsons, P. R. Milner and B. N. Cole, "Study of the injection upsetting of 

52 



Chapter 2 Literature Review 

.................................................. ................. . w_........ _..... __.... ....................................................................................................................................................................... 

metals", J. Mech. Engng. Sci., Vol. 15, No. 6,1973, pp. 410-421. 

[67] H. Kudo and K. Shinozaki, "Investigation into multiaxial extrusion process to 

form branched parts", Proc. of the Int. Conf. Prod. Eng., Tokyo, Part I, 1974, 

pp. 314-319. 

[68] S. I. Rozhkov and K. A. Kirsanov, "One- and two-directional extrusion of 

parts with one branched rod element", Soviet Forging and Sheet Metal 

Forming Stamping Technology, No. 3,1988, pp. 5-9. 

[69] C. Enghave, "Tvaerflydepresning of roerflanger (in Danish)", Procesteknisk 

Institut, DtH, MM-rapport ny. (91.08), 1991. 

[70] J. Pipan, "Radial extrusion combined with inside ironing of tube", 

UMFORMTECHNIK, 27/4,1993, pp. 262-267. 

[71] J. L. Remmerswaal and A. Verkaik, "Use of compensating forces and stresses 
in difficult metalforming operations", Proc. Int. Conf. Mfg. Technology, 

ASTME, 1967, pp. 1171-1180. 

[72] H. A. Al-Qureshi, "Factors affecting the strain distribution of thin walled 

tubes using polyurethane rod", Int. J. Mech. Sci. Vol. 13,1971, pp. 403-413. 

[73] K. Lange, "Handbook of metal forming", Mcgraw-Hill, New York, 1985, 

pp2.1-2.23. 
[74] Y. Qin and R. Balendra, "Computer-aided design of nett-forming by injection 

forging of engineering components", J. Mater. Proces. Technology, Vol. 76, 

1998, pp62-68. 
[75] R. Balendra and Y. Qin, "Injection forging: engineering and research", J. of 

Mater. Process. Technol., Vol. 145,2004, pp. 189-206. 

[76] T. Sokolowski, K. Gerke, M. Ahmetoglu and T. Altan, "Evaluation of tube 

formability and material characteristics: hydraulic bulge testing of tubes", J. 

of Mater. Process. Technol., Vol. 98,2000, pp. 34-40. 

[77] S. Thiruvarudchelvan, "A theory for the bulging of aluminium tubes using a 

urethane rod", J. of Mater. Process. Technol., Vol. 41,1994, pp. 311-330. 

[78] T. Nakano, "Modern applications of complex forging and multi-action 
forming in cold forging", J. of Mater. Process. Technol., Vol. 46,1994, pp. 
201-226. 

53 



Chapter 2 Literature Review 
................................................................. ý....... ý .... _.............. _...... w...... ........... .................................................... ............................................................................................. 

[79] W. Osen and K. Lange, "Deformation pattern, forces and process limits in 

combined radial and backward can extrusion", Steel Research, Vol. 56, No. 4, 

1985, pp. 211-214. 

[80] V. Krusic and K. Kuzman, "Cold radial extrusion in automotive industry", 

26th ICFG Plenary Meeting, Osaka, 1993. 

[81] W. Osen and W. Schatzle, "Chances and limits of radial extrusion", Proc. 7th 

Int. Cold Forging Congress, 24-26th, April, Birmingham, UK, 1985, pp. 178- 

187. 

[82] Y. Qin and R. Balendra, "Simulation of forming sequence of Pressure-assisted 

injection forging of thick-walled tubes", Trans. NAMRI/SME, Vol. XXIII, 

1995, pp27-32. 
[83] J. Keller, "Optimierung der Fertigungsfolge Kaltmassivumformen und 

spanen",, Neu. Entwicklungen in der Massivumformung, 1989, pp. 8/1 - 8/3. 

[84] D. Colla, S. B. Pertersen, R. Balendra and P. A. F. Martins, "Injection Forging 

of industrial components from thick-walled tubes", J. Manufacturing. Science 

and Engineering, Vol. 119,1997, pp537-541. 
[85] M. Plancak, A. Bramley and F. Osman, "Non-conventional cold extrusion", J. 

of Mater. Process. Technol., Vol. 34,1992, pp. 465-472. 

[86] K. Shinozaki, "Further investigation of cold lateral extrusion to form 

staggered branches from a cylindrical billet", Annals of the CIRP Vol. 38/1, 

1989, pp. 253-256. 

[87] W. King, J. A. Fan and D. Seibert, "Recent developments in the extrusion of 
helical gears", Int. J. of Mach. Tools. Manufact. Vol. 33, No. 4,1993, pp. 599- 

614. 

[88] B. Dodd and A. A. Konieczny, "Limit phenomena in cold forging", Proc. of 
the 9th Int. Cold Forging Congress, May, 22-26th, Solihull, UK, 1995, pp. 
259-268. 

[89] E. M. Mielnik, "Metalworking science and engineering", Mcgraw-Hill, New 

York, 1991. 

[90] W. F. Hosford and R. M. Caddell, "Metal forming - Mechanics and 
Metallurgy", Prentice-Hall, Englewood Cliffs, USA, 1983. 

54 



Chapter 2 Literature Review 

[91] G. E. Dieter, "Mechanical Metalllurgy", McGraw-Hill, London, 1988. 
[92] B. Devedzic, "Evaluation of the plastic workability of metals - possible 

approaches and specific problems", Proc. of the 26th Int. Mach. Tool Design 

and Res. Conf. (ed. by B. J. Davies), Macmillan Ltd., 1986, pp. 443-451. 

[93] B. Dodd, "Defects in cold forging", Plenary Meeting of ICFG, Osaka, 1993. 

[94] H. Kudo, "Material fracture in cold forging - systematic classification of 

working methods and types of cracking in cold forging", The Sumitomo 

Search, No. 9, May, Sumitomo metal Industries, Osaka, Japan, 1973. 

[95] M. Arentoft, P. Henningsen, N. Bay and T. Wanheim, "Simulation of defects 

in metal forming - an example", J. of Mater. Process. Technol., Vol. 45,1994, 

pp. 527-532. 

[96] Y. Qin and R. Balendra, "Optimisation of the lubrication for the extrusion of 

solid and tubular components by injection forging", J. of Mater. Process. 

Technol., Vol. 135,2003, pp. 219-227. 

[97] Y. Qin, R. Balendra and K. Chodnikiewicz, "Analysis of temperature and 

component form-error variation with the manufacturing cycle during the 

forward extrusion of components", J. of Mater. Process. Technol., Vol. 145, 

2004, pp. 171-179. 

[98] Y. Qin and R. Balendra, "Development of a methodology of analysis and 

compensation of component-form errors for high-precision forming", 

IMechE Conference Trans. 2000-5,2000, pp. 363-372. 
[99] P. S. Bate, "Strain path change effects in the local necking of aluminium sheet 

and in the tension of internally pressurised tubes", Metallurgical transactions 

A, Vol. 24A, 1993, pp2691-2699. 
[100] P. Bariani, "Free surface profiles and workability limits in heading process", 

Annals of the CIRP, Vol. 31/1,1982, pp. 185-189. 
[101] R. Balendra, "Process mechanics of injection upsetting", International Journal 

of Machine Tools Manufacture, Vol. 25 (1), 1985, pp63-73. 
[102] R. Balendra and Y. Qin, "FE simulation of the development of flaws during 

injection forging", Int. J. Mach. Tools Manuf. Vol. 34 (8), 1994, pp1091- 
1101. 

55 



Chapter 2 Literature Review 

[103] Y. Qin and R. Balendra, "Development of the flaws during injection forging", 

Proc. 10th NCMR, Loughborough, UK, 1994, pp587-591. 
[104] W. Schatzle, "Transverse extrusion of acollar on solid steel bodies", Wire, 

Vol. 34 (2), 1984, pp7l-74. 

[105] W. Schatzle, "Radial extrusion of flanges on steel cylindrical work-piece", 

Technical report 93, Institute of metal forming, university of Stuttgart, 

Springer, Berlin, 1987. 

[106] Y. Qin and R. Balendra, " The limiting aspect ratio of the PDZ in injection 

forging", Proc. 32 "d Int. MATADOR Conf. Manchester, UK, 1997, pp349- 
354. 

[107] R. Balendra and Y. Qin, "Material-flow considerations for the design of 

injection forging", Trans. ASME, J. Manuf. Sci. Eng. Vol. 119,1997, pp350- 

357. 

[108] J. Richert, "Stability conditions of metal flow in radial extrusion", Z. 

Metallkde., Bd. 79, H. 4,1988, pp. 248-251. 

[109] G. W. Vickers, A. Plumtree, R. Sowerby and J. L. Duncan, "Simulation of the 

heading process", J. Eng. Mat. Technol. Vol. 97,1975, pp126-135. 
[110] K. Dieterle, "Formation of folds during upsetting of hollow bodies", Proc. Of 

the NAMRC, 1975, pp 179-190. 

[111] B. Lengyel, S. A. Shahmoradi and I. A. Chaudhry, "Cold Extrusion of 

Flanges on Cylindrical Hollows", 30`h Int. MATADOR Conference, 1993, 

pp227-234. 
[112] S. B. Peterson, J. M. C. Rodrigues and P. A. F. Martins, "Production of tubular 

components by radial extrusion-a finite element analysis", J. of Mater. 

Process. Technol., Vol. 45,1994, pp. 87-92. 

[113] S. B. Peterson, J. M. C. Rodrigues and P. A. F. Martins, "Extended formability 

limits for tubular components through combined injection forming/upsetting- 

a finite element analysis", Proc. Inst. Mech. Eng., Part B 209 (B2), 

1995, pp 107-114. 

[114] W. J. Sauer, A. Gotera, F. Robb and P. Huang, "Free bulge forming of tubes 

under internal pressure and axial compression", Proc. 5`" North America 

56 



Chapter 2 Literature Review 

Metalworking Research Conference, SME, Florida, 1978, pp. 228-235. 

[115] J. Pipan, "Bulging process of tubes loaded by inside pressure and axial 

pressure force", PhD. Thesis, University of Ljubljana, Slovenia, 1993. 
[116] M. Motomura and K. Inoue, "Deformations pattern of unaxisymmetrical flat 

aluminium products by lateral extrusion method (Part II)", Light Metal, Vol. 

43, No. 12,1993, pp. 683-687. 
[117] Y. Qin and R. Balendra, "Preform design for eliminating folding defects 

during injection forging of engineering components", Proc. 14`x' International 

conference on CAPE, Tokyo, 1998, pp. 307-312. 

[118] Y. Qin and R. Balendra, "An approach for the forming of large-thickness- 

flange components by injection forging", J. of Mater. Process. Technol., Vol. 

145,2004, pp. 153-162. 

[119] S. B. Petersen, R. Balendra, J. M. C. Rodrigues and P. A. F. Martins, "Avoid 

defects in radially extruded parts by performing", J. of Mater. Process. 

Technol., Vol. 69 (1-3), 1997, pp. 155-161. 

[120] T. Wanheim, V. Maegaard and J. Dankert, "The physical modelling of plastic 

working processes", Keynote paper, Ist ICTP, Tokyo, 1984. 

[121] S. Glibbery and T. Wanheim, "Geometrical analysis of 3-D bulk-forming 

processes by physical simulation", Annals of the CIRP Vol. 39, (1), 1990, pp. 

223-226. 

[122] T. P. Ghosh and D. K. Tripathy, "Approximate stress analysis of radial 

extrusion", J. Inst. Eng. India, Vol. 63, Part ME 2,1982, pp. 75-79. 
[123] W. M. Johnson, "Engineering plasticity", Chapter 12, Van nostrand, 1973 

(1975), pp. 381-414. 

[124] W. A. Gordon and C. J. Van Tyne, "Injection upsetting - an upper bound 

analysis", Proc. of 15th NAMRC, Vol. 2,1987, pp. 278-284. 
[125] T. P. Ghosh and D. K. Tripathy, "Upper-bound analysis of radial extrusion", J. 

Inst. Eng. India, Vol. 63, Part ME 6,1982, pp. 218-221. 

[126] B. Avitzur, "Metal forming and processes", McGraw-Hill, New York, 1968. 

[127] R. H. Wagoner and Jean-Loup Chenot, "Fundamentals of metal forming", 

John Wiley & Sons, New York, 1997. 

57 



Chapter 2 Literature Review 

[128] S. Kobayashi, S. Oh and T. Altan, "Metal forming and the finite-element 

method", Oxford University Press, 1989. 

[129] Rowe, G. W., "Principles of industrial metalworking processes", Edward 

Arnold, London, 1977. 

[130] Altan, T., Oh, S. I., and Gegel, H., "Metal forming: fundamentals and 

applications", American Society for Metals, Metals Park, Ohio, 1983. 
[131] A. S. Wifi, "Large strain elastoplastic analysis of some hydrostatic pressure- 

aided deformation processes", Proc. of Int. Conf. Numerical Methods in Ind. 

Forming Processes, 12-16, July, Swansea, UK, 1982, pp. 135-144. 

[132] R. Balendra, D. Colla and S. B. Petersen "Simulation of preform design for 

injection forging of tubes", Proc. 11'hNCMR, Leicester, UK, 1995, pp. 82- 

86. 

[133] R. Balendra, S. B. Petersen and D. Colla, "Preforming considerations for the 

injection forging of tubes", Proc. 11`" CAPE Conference, London, UK, 1995, 

pp. 79-84. 

[134] Y. Qin and R. Balendra, "Friction and numerical modelling in injection 

forging", Proc. 13th NCMR, Glasgow, UK, September, 1997, pp. 470-475. 

[135] J. S. Welsh and D. F. Adams, "Development of an Electromechanical 

Triaxial Test Facility for Composite Materials", Int. J. experimental 

mechanics, 40, No. 3,2000, pp312-320. 
[136] W. Chen and F. Lu, "A Technique for Dynamic Proportional Multiaxial 

Compression on Soft Materials", Int. J. experimental mechanics, 40, No. 2, 

2000, pp226-230. 
[137] W. Chen and G. Ravichandran, "An Experimental Technique for Imposing 

Dynamic Multiaxial-compression with Mechanical Confinement", Int. J. 

experimental mechanics, 36, No. 2,1996, pp155-158. 
[138] W. Chen and X. Zhang, "Dynamic Response of Epon 828/T-403 Under 

Multiaxial Loading at Various Temperatures", Transactions of the ASME, 

Journal of Engineering Materials and Technology, 119,1997, pp305-308. 
[139] Michael S. Sacks, "Biaxial Mechanical Evaluation of Planar Biological 

Materials", Journal of Elasticity, vol. 61,2000, p199-246. 

58 


