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Abstract 

Owing to its high specific strength, low density, outstanding corrosion 

resistance and excellent bio-compatibility titanium and its alloys are a material of 

choice in many aerospace, military, chemical and biomedical applications. Ti-6Al-4V 

is the most widely used alloy for medical device applications such as in total 

replacement implants, where higher strength characteristics are generally a 

requirement. However, research has suggested that alloying elements such as 

aluminium and vanadium present in that alloy can be toxic in the long term and are 

therefore undesirable for full bio-integration. Commercially pure titanium (CP-Ti) has 

superior biocompatibility but it lacks the strength required for most load bearing 

implants. One viable solution is to abandon the use of alloying elements and to 

improve the mechanical strength and performance of CP-Ti by nano-structuring or 

grain refinement. 

Severe plastic deformation (SPD) is an established method for introducing 

extreme grain refinement in metals. The technique imparts high plastic strain to the 

material without significantly changing the sample dimensions and is capable of 

achieving ultrafine grain (UFG) structure in metals. UFG materials are characterized 

by an average grain size of <1 µm and with mostly high angle grain boundaries. These 

materials exhibit exceptional improvements in strength, superplastic behaviour and in 

case for titanium, improved corrosion resistance and enhanced biocompatibility. 

Among the various available SPD methods, equal channel angular pressing (ECAP) is 

the most widely used method for obtaining bulk UFG materials. However, ECAP (in 

its classical form) suffers from low productivity and is not a practical option for 

commercialization. 

Therefore, lately the interest is in the development of continuous SPD 

techniques, capable of processing very long or continuous billets for use in commercial 

applications. Incremental ECAP (I-ECAP) developed at the University of Strathclyde, 

offers such possibility. This promising technique has a strong potential of obtaining 

the much-needed high strength CP-Ti for biomedical implants on an industrial scale. 

The aim of the present research work is to investigate the feasibility of the I-ECAP 

process in improving the mechanical performance of CP-Ti by refining its grain 
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structure. However, before processing CP-Ti on the I-ECAP experimental rig, it was 

necessary to eliminate the some existing limitations of the rig and improve the overall 

process efficiency. Major upgrades and enhancements were implemented as part of the 

present work. These include: automation of material feeding system, elevated 

temperature capability, press controller upgrade, data acquisition and process control 

during experiments. Moreover, finite element analysis was performed to optimize the 

tooling geometry by studying the billet deformation behaviour and subsequently new 

I-ECAP dies were designed and manufactured suitable for processing CP-Ti billets. 

Using the considerably improved I-ECAP experimental facility, CP-Ti billets 

were subjected to multiple passes of the I-ECAP process at elevated temperatures. To 

investigate the effect of different levels of induced shear strain per pass, billets were 

processed using two separate dies with channel intersection angles of 120 and 90°. 

Microstructural evolution and textural development in the material was tracked and 

examined using high-resolution electron backscatter diffraction (EBSD) technique. 

Twinning and continuous dynamic recrystallization (CDRX) have been observed to 

act as a grain refinement mechanism during subsequent passes of I-ECAP. Analysis of 

the microstructure shows that UFG structure was successfully obtained with mostly 

high angle grain boundaries (HAGB) in the processed billets using the two dies. 

Room temperature tensile tests carried out before and after processing show 

significant increase in strength with some loss in ductility in the processed material. 

The yield strength and ultimate tensile strength (UTS) of the material after I-ECAP 

processing using the die angle of 120° was increased by 81% and 25%, respectively. 

The material processed using the die angle of 90° exhibits an even higher increase in 

yield strength and UTS i.e. 118% and 33%, respectively. Compression tests conducted 

at different strain rates at room temperature show increase in strength with a three stage 

hardening behaviour, though the severely deformed UFG material suffers a loss in its 

strain hardening ability. Detailed microhardness measurements also show the increase 

in hardness after processing with a reasonable level of homogeneity. Finally, 

workability characteristics of UFG titanium is determined by compression testing at 

room and warm temperature conditions (400 to 600 °C). The work has successfully 

demonstrated that I-ECAP process is effective in improving the mechanical 

performance of titanium and has a potential for commercialization. 
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Chapter 1 

1 Introduction 

1.1 Background 

Titanium has high strength, low density, good creep performance and 

outstanding corrosion resistance. Its strength is comparable to steel but is almost half 

of its density and therefore titanium has a high specific strength (defined as a ratio of 

strength to density). This explains its preferential use in many applications such as: 

aerospace (aero-engines, airframes etc.), chemical processing, power generation, 

marine applications, automotive components and sports equipment [1, 2]. 

Titanium is also known for its biocompatibility, compared to other metals, it 

offers a range of favourable properties. It has good corrosion resistance because of the 

formation of TiO2 layer on its surface. It has a lower elastic modulus (compared to 

stainless steel) which leads to less stress shielding and better compatibility with the 

bone [3]. Moreover, it is lighter compared to other surgical metals and therefore 

produces fewer artefacts on computer tomography (CT) scans. Titanium and its alloys 

are therefore widely used in bio-medical applications [4]. Some of the most common 

applications include: dental implants, joint replacement implants (for hip, knee, 

shoulder etc.) and fixation parts (screws, nails etc.).  

Ti-6Al-4V (Ti-64), is currently widely used as medical implants due to its good 

corrosion resistance and high strength, however, long-term performance of Ti-64 has 

some concerns. This is because, the alloying elements such as Al and V, which are 

added to enhance the mechanical characteristics of titanium, are considered toxic in 

the long run and therefore undesirable for full bio-integration [5]. Unalloyed titanium 

(commercially pure form, CP-Ti) has superior biocompatibility and therefore is an 

attractive option. However, because of comparatively inferior strength, it is not used 

in load bearing implants and is only used in very limited applications, such as in 

dentistry [6]. 
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If CP-Ti is to replace titanium alloys as a major implant material, its strength 

must be increased without adding harmful alloying elements. One viable solution to 

abandon the alloying elements but still improve the mechanical performance of CP-Ti 

is by nano-structuring or grain refinement. Strengthening of metals by reducing the 

grain size has been demonstrated by numerous studies [7, 8]. Especially in CP-Ti, after 

attaining ultrafine grain (UFG) structure not only improves its yield and tensile 

strength but also improves the fatigue and corrosion resistance considerably [9-12]. 

Grain refinement is also understood to enhance cell response due to changes in 

titanium surface morphology [13] and grain orientation [14]. Research has also shown 

that compared to coarse grain titanium, UFG structure in titanium accelerates 

osseointegration and therefore further enhances its biocompatibility [15, 16]. 

Severe plastic deformation (SPD) is an established technology for achieving 

extreme grain refinement and obtaining ultrafine grain (UFG) structure in metals, 

thereby significantly improving their mechanical properties [17-19]. The technology 

involves imparting large plastic strain in material, without significantly changing the 

sample dimensions. Among the various available SPD techniques, equal channel 

angular pressing (ECAP) is by far the most widely used technique. It is capable of 

producing bulk UFG material, large enough for practical applications [20]. However, 

despite the success of the ECAP process, it is not an ideal option from the 

commercialization viewpoint. Its inability to process very long or continuous billets, 

due to very high force resulting from friction, is the main limitation. Therefore, there 

is considerable interest in developing techniques that can overcome the low 

productivity limitations of the ECAP process. 

Incremental ECAP (I-ECAP) process [21], offers the possibility in obtaining 

UFG structures in long or continuous billets. This promising technique has a strong 

potential for obtaining the much-needed high strength CP-Ti for biomedical implants 

on an industrial scale. Investigating the effectiveness of the I-ECAP technique in 

refining the grain structure in titanium and thereby influencing its mechanical 

properties is therefore the primary motivation for the present research work. 
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1.2 Research aim and objectives 

Based on the discussion in the previous section it is clear that grain refinement 

in CP-Ti for the purposes of improving its mechanical performance is crucial to replace 

the existing titanium alloys in medical applications. It is also essential to use an 

industrially scalable method such as I-ECAP for processing long or continuous billets 

of titanium. 

The aim of the present research work therefore is: 

‘To investigate the feasibility of I-ECAP process in improving the mechanical 

performance of CP-Ti by refining its grain structure’. 

 The following five objectives were set to achieve this aim: 

 Demonstrate the I-ECAP process as a commercially viable method for grain 

refinement in titanium. To enable this, the processing capability of the existing I-

ECAP rig required some major upgrades and improvements. These includes: (i) 

automatic material feeding, (ii) addition of elevated temperature processing 

capability, (iii) commissioning of digital servo press controller, (iv) 

implementation of process control and instrumentation for data acquisition (v) 

general rig upgrades including safety controls. 

 Demonstrate the I-ECAP process as an effective method of obtaining defect free 

titanium billets with UFG structure. For this purpose two separate dies with 

varying channel intersection angles (Φ = 120° and 90°) are used and compared. 

 Understand the complex nature of grain refinement mechanism in titanium during 

I-ECAP process by studying the evolution of microstructure and texture. 

 Characterize the mechanical properties of the processed billets in detail and 

compare with the unprocessed condition. 

 Study the post I-ECAP workability characteristics of UFG titanium by cold and 

warm compression testing. 
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1.3 Organization of the thesis 

The thesis contains eight chapters in total; following is the brief description of 

each chapter. 

Chapter 1 presents the motivation of the research work, aim and objectives and 

organization of the thesis. 

Chapter 2 introduces the topic of grain refinement in metals and the synthesis 

techniques for obtaining UFG structure. Severe plastic deformation (SPD), as a 

method of introducing extreme grain refinement is discussed along with several other 

SPD techniques, including equal channel angular pressing (ECAP). Principles of the 

incremental ECAP (I-ECAP) process used in the present work is discussed in detail. 

The chapter also contains, general background on titanium, its crystal structure and its 

deformation behaviour. Finally, current state of the art in the grain refinement research 

work on CP-Ti titanium using ECAP is presented. 

Chapter 3 presents the finite element modelling results to study the deformation 

behaviour of titanium billets during I-ECAP. The chapter also includes the details of 

optimized die design following FE simulations. 

Chapter 4 includes description of the work carried out to improve the processing 

capability of the I-ECAP experimental rig facility. It defines various elements of the 

I-ECAP rig and the procedure used to perform experiments using two separate dies 

with channel intersection angles (Φ) of 120 and 90°. The chapter also includes detail 

of the test methods and the equipment used to characterize the material. 

Chapter 5 attempts to track the evolution of microstructure and texture development 

using electron backscatter diffraction (EBSD) in titanium during I-ECAP processing. 

Phenomena such as twinning and continuous dynamic recrystallization (CRDX) are 

discussed. It also includes the comparison of grain refinement results for the material 

processed using dies with channel intersection angles (Φ) of 120 and 90°. 

Chapter 6 presents the influence of I-ECAP processing using two dies (Φ = 120 and 

90°) on the mechanical response of titanium. Results show the enhancements in tensile 

and hardness properties. Detailed discussion on the ductility and strain hardening 
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behaviour is also presented. A comparison of mechanical properties in UFG titanium 

produced by classical ECAP processing is also given in this chapter. 

Chapter 7 discusses the workability characteristics of UFG titanium at room and 

warm temperature conditions during compression testing for various strain rates. Flow 

stress curves, normalized strain hardening plots, strain rate sensitivity and deformed 

microstructure for various temperature and strain rate conditions are presented and 

discussed. 

Chapter 8 presents a summary of the research work. It contains important conclusions 

from the results and discussions presented in chapters 5-7. The chapter also outlines 

the achievement of the objectives and contribution to knowledge. Finally, 

recommendations are suggested for future work. 
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Chapter 2 

2 Methods of grain refinement and their application to 

titanium 

2.1 Introduction 

Although the mechanical and physical properties of all polycrystalline metals 

are determined by several factors, the average grain size of the metals generally plays 

a very significant and often a dominant role in determining the mechanical behaviour 

of metals, in particular the yield strength. The strength of polycrystalline metals at low 

temperatures can be derived from Hall – Petch relationship as follows: 

𝜎𝑦 = 𝜎𝑜 + 𝑘𝑦𝑑𝑔
−1

2⁄  Eq. 2.1 

where σy is the yield strength, σo is the friction stress, ky is a constant known as Hall – 

Petch slope and dg is the average grain size [22, 23]. The relationship predicts an 

increase in the yield stress with decreasing grain size as shown in Fig. 2.1 [24]. 

 

Fig. 2.1: The variation of Hall – Petch relationship with varying grain size [24]. 

However for grains below a critical size (less than ~25 nm), the relationship 

may lose its validity leading to a yield strength plateau or even an inverse Hall – Petch 

k 

𝜎𝑦 = 𝜎0 + 𝑘𝑦𝑑𝑔
−1

2⁄  

100 nm 10 nm ~1 μm 

Grain size, dg 

σy 

dg -1/2 
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relationship [25] but this still remains to be proved. Nevertheless, for larger grains, the 

relationship has been investigated for a number of metals and alloys, and good 

agreement with Eq. 2.1 has been found [26, 27]. 

The empirical validity of Eq. 2.1 has led to an ever increasing interest in the 

research and development activities to increase the strength of polycrystalline 

materials by refining their grain size, which in today’s industrial materials can be 5 – 

10 μm or even smaller [28].  

Grain refinement provides an important tool for improving the properties of 

metallic materials. The research activities related to ultrafine grain metals began in the 

1960s by Embury and Fischer [29], Armstrong et al. [30] and by Erbel in 1970s [31]. 

The driving force behind this research was the possibility of synthesizing materials 

with higher strength [7] by reducing their grain size to sub-micron level, a reasonable 

assumption from the Hall – Petch relationship. A great deal of effort was also geared 

towards achieving ‘superplasticity’ in materials, since it is a well-known fact that for 

finer grain materials, superplastic forming can be performed at higher strain rates and 

at lower temperatures. 

2.1.1 Ultrafine grained (UFG) materials 

 According to Prangnell et al. [32, 33], materials having an average grain size 

of less than ~1 m in all directions and having mostly high angle grain boundaries 

(misorientation angle greater than 15°) are known as ultrafine grained (UFG) 

materials. 

UFG materials are structurally characterized by a large volume fraction of grain 

boundaries which may significantly alter their physical, mechanical and chemical 

properties in comparison with conventional coarse-grained polycrystalline materials 

[34-36], which usually have grain sizes in the range of 10 – 300 μm. Typically, the 

grain size within UFG materials varies from 100 – 1000 nm and the ratio of high angle 

grain boundaries to the total boundary area in the material is greater than 70%. The 

presence of a high fraction of high-angle grain boundaries is important in order to 

achieve advanced and unique properties, for example, superplasticity [37]. UFG 

materials are also sometimes referred to as nanocrystalline materials or nanostructured 

materials, where the grain size is less than 100 nm (0.1 m). 
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2.2 Synthesis of UFG materials 

Two basic approaches have been developed for the synthesis of UFG materials 

and these are known as the “bottom-up” and the “top-down” approach [38]. 

2.2.1 Bottom-up approach 

In the “bottom-up” approach, nanostructured / UFG materials are fabricated by 

assembling individual atoms or by consolidating and sintering of nano-particulate 

solids. Examples of these techniques include inert gas condensation [39, 40], 

electrodeposition [41, 42], chemical and physical deposition [43], ball milling with 

subsequent consolidation and cryomilling with hot isostatic pressing [44, 45]. In 

practice, these techniques are often limited to the production of fairly small samples 

that may be useful for applications in fields such as electronic devices but are generally 

not appropriate for large-scale structural applications. 

Furthermore, the finished products obtained by these techniques inevitably 

contain some degree of residual porosity due to insufficient consolidation, which 

adversely affects the mechanical properties of the materials [46, 47] and some level of 

contamination which is introduced during the fabrication procedure. There is also a 

possibility of imperfect bonding between particles. Finally very fine powder, as 

produced by ball milling, is difficult to handle and can be perceived as a health hazard. 

2.2.2 Top-down approach 

The “top-down” approach is based on taking a bulk solid with a relatively 

coarse grain structure and breaking down its internal structure to produce a UFG 

microstructure through imposing large strain. This approach is capable of producing 

bulk quantities of UFG material and also has an advantage of applying it to wide range 

of metals and their alloys. 

Methods of producing UFG materials should meet the following requirements [18] 

1. Firstly it is important to obtain ultra-fine grained structures with prevailing high 

angle boundaries since only in this case can a qualitative change in properties of 

materials occur. 
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2. Secondly, the formation of homogenous nano or UFG structures within the 

whole volume of a sample is necessary for providing uniform properties of the 

processed materials. 

3. Thirdly, though samples are exposed to large plastic deformations they should 

not have any mechanical damage or cracks. 

Conventional procedures of plastic deformation in metal-working, such as 

rolling or extrusion, do not meet these requirements as they are restricted in their 

ability to produce UFG microstructure for two reasons. First, the strains are non-

uniform and also insufficient to introduce homogenous UFG structures, as the cross-

sectional dimensions are normally changed during conventional processing. Secondly, 

these processes are generally carried at high temperatures which promote grain growth. 

As a consequence, attention has been directed towards development of 

alternative processing techniques, based on the application of severe plastic 

deformation (SPD), where extremely high strains are imposed at relatively low 

temperatures without incurring any significant changes in the cross-sectional 

dimensions of the samples. Processing bulk UFG / nanostructured materials using SPD 

is a more economical and practical approach. It results in overcoming a number of 

difficulties associated with bottom-up approach like residual porosity in compacted 

samples, impurities from ball milling and addition of costly alloying elements during 

solidification. Moreover, it enables processing of large scale billets suitable for 

practical application. 
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2.3 Severe plastic deformation (SPD) 

Formally, processing by severe plastic deformation (SPD) refers to a class of 

mechanical deformation processes that imparts very large plastic strain in materials 

[48-50] leading to exceptional grain refinement. A unique feature of SPD processing 

is that this very large plastic strain is imposed without any significant change in overall 

dimensions of the work piece. In some SPD techniques, application of high pressure 

is essential for achieving high strains and introducing the high densities of lattice 

defect necessary for exceptional grain refinement [51]. To avoid any restoration 

processes, like recovery and grain growth taking place, SPD processes generally have 

to be carried out at relatively low temperatures [52-54]. However, in the case of hard 

to deform materials, SPD is carried out at elevated temperatures, so as to improve 

ductility and allow the plastic deformation process to take place without fracturing the 

material. 

Developments in processing by SPD were first started at Harvard University in 

1935 due to extensive work of Bridgman. In his experiments, metals were subjected 

to large deformations under high applied pressures in attempt to improve mechanical 

properties of materials that were inherently brittle. For example, in a series of detailed 

experiments, subsequently described in a classic text [55], Bridgman subjected thin 

metal disks (usually thinner than 0.1 mm) to differing high pressures and to 

simultaneous torsional straining using a methodology that would now be regarded as 

a classic SPD procedure known as ‘high pressure torsion’. However, although his work 

demonstrated the potential for achieving improved deformability, it did not shed much 

light on the microstructural changes taking place in severely deformed metals. 

Accordingly, despite the evidence of successful potential trends in this early work, the 

principles of processing by SPD received little attention either in academic sector or 

in industrials operations to make use of this new technology. Since this early work, 

many different SPD processing techniques have been proposed, developed and tested 

(see Table 2.1 [56]). Since the focus of this thesis is ECAP and I-ECAP, these process 

are described in detail. 
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Table 2.1: Batch SPD processes [56]. 

Process name and origin Schematic representation Equivalent plastic strain 
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2.4 Equal channel angular pressing (ECAP) 

The process of equal channel angular pressing (ECAP), known also as equal 

channel angular extrusion (ECAE) was first introduced by Segal and his co-workers 

in the late 70s and early 80s at an institute in Minsk in the former Soviet Union [57, 

62]. The basic objective at that time was to develop a metal forming process capable 

of imparting high plastic strain to metal billets by simple shear. This early development 

of a new pressing operation received only limited attention in the scientific 

community. However the situation changed, when in 1990s reports and reviews began 

to appear documenting the potential of using ECAP to produce UFG and sub-

micrometre metals with new and unique properties [49, 50]. 

 

Fig. 2.2: Illustration of the ECAP process [63]. 

The principle of ECAP is depicted schematically in the illustration in Fig. 2.2 

[63]. ECAP tooling consists of a solid die containing two channels, an inlet and an 

outlet channel having the same cross-sectional area intersecting at an angle near the 

centre of the die. The billet, which is machined to fit within these channels, is pressed 

via the inlet channel into the outlet channel using a plunger or punch. As the billet 

passes through the channel intersection, it changes direction and is subjected to a high 

level of simple shear strain. In the final stage the billet exits the outlet channel. The 

Plunger 
(punch) 

Billet Inlet 
channel 

Outlet 
channel 

Die 

Pressed billet 
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three orthogonal planes are shown in Fig. 2.2, where the X plane is the transverse plane 

perpendicular to the flow direction and Y and Z planes are the flow and the longitudinal 

planes parallel to the side face and the top face at the point of exit from the die. 

It is evident in the illustration (Fig. 2.2) that the cross-sectional dimensions of 

the billet are preserved at both inlet and outlet channels. It is important to highlight 

here that preservation of the cross-sectional dimensions, differentiate processing by 

the ECAP process in a very significant way from conventional industrial metal 

working process of rolling, extrusion and drawing, where the dimensions are changed 

with each consecutive pass. This feature of the ECAP process permits repetitive 

pressing of the same billet through the die. The grains in the billet are mainly refined 

due to activation of the slip system, and further passes of the material through the die 

produce ultrafine grains with high angle grain boundaries. The process is generally 

carried out at low temperature to avoid grain growth. 

Among all SPD techniques developed so far, ECAP has especially drawn a lot 

of attention from the academic sector as well as from the industrial sector. It is the 

most promising technique which is capable of producing fully dense bulk billets 

containing UFG structure in the submicron or nanometer range [64-66] and which are 

large enough for structural applications [67-69]. Valiev et al. [70] has listed the 

following reasons why ECAP is specially an attractive processing technique among 

the other various SPD processes. 

1. First, it can be applied to bulk billets so that there is the potential for producing 

materials that may be used in a wide range of structural applications. 

2. Second, it is a relatively simple procedure that is easily performed on a wide 

range of alloys and, except only for the construction of the die, processing by 

ECAP uses equipment that is readily available in most laboratories. 

3. Third, ECAP may be developed and applied to metals with different crystal 

structures and to many other materials ranging from precipitation-hardened 

alloys to inter-metallic and metal–matrix composites. 

4. Fourth, reasonable homogeneity is attained through most of the as-pressed billet 

provided the pressings are continued to a sufficiently high strain. 
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2.5 Fundamental parameters in ECAP 

ECAP is characterized by several fundamental parameters such as strain 

imposed in each pass on the billet through the die, processing routes, the slip systems 

operating during the pressing operation and the resulting shearing patterns present 

within the as-pressed billets. Taken together, these various parameters uniquely define 

the precise nature of the pressing operation and play a critical role in the resulting grain 

refinement achieved during ECAP. 

2.5.1 The strain imposed in ECAP 

A high value of strain is imposed on the material during each pass of the 

workpiece through an ECAP die. The magnitude of this strain can be computed using 

an analytical equation which was derived by Iwahashi et al. [71], using the various die 

configurations illustrated schematically in a two dimensional representation shown in 

Fig. 2.3. 

Here 𝛷 is the angle between the two channels and 𝛹 represent the angle 

associated with the arc of curvature where the two parts of the channel intersect. Three 

conditions are shown in Fig. 2.3, Fig. 2.3(a) corresponds to a limiting case where 𝛹 = 

0, Fig. 2.3(b) corresponds to a second limiting case where 𝛹 = (𝜋 - 𝛷) and Fig. 2.3(c) 

represent an intermediate condition where 0 < 𝛹 < (𝜋 - 𝛷). To simplify strain 

calculation frictional effects have not been taken into account, and so it is assumed that 

the workpiece is very well lubricated. 
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Fig. 2.3: Principle of ECAP where 𝛷 is the angle of intersection between the two channels and 𝛹 

is the angle subtended by the arc of curvature at the point of intersection: (a) 𝛹 = 0, (b) 𝛹 = 𝜋 - 𝛷, 

(c) an arbitrary value of 𝛹 lying between 𝛹 = 0 and 𝛹 = 𝜋 – 𝛷 [71]. 

For the situation where 𝛹 = 0 in  Fig. 2.3(a), a small square element in the 

entrance channel, labelled abcd, passes through the theoretical shear plane and 

becomes distorted into the parallelogram labelled a’b’c’d’. Using notations from Fig. 

2.3 (a) it can be shown that the shear strain, 𝛾, is given by 

𝛾 =  
𝑎′𝑞

𝑞𝑑′
 

where 𝑞𝑑′ = 𝑎𝑑 and 𝑎𝑏′ = 𝑑𝑐′ = 𝑎′𝑝 = 𝑝𝑞 = 𝑎𝑑 𝑐𝑜𝑡 (
𝛷

2
) so that 𝑎′𝑞 =

2 𝑎𝑑 𝑐𝑜𝑡 (
𝛷

2
) 
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Therefore for this condition, where 𝛹 = 0, 

𝛾 = 2 cot (
𝛷

2
) Eq. 2.2 

Using the same approach for Fig. 2.3(b), the shear strain is given by 

𝛾 =
𝑟𝑐′

𝑟𝑏′
 

𝑟𝑏′ = 𝑑𝑎 = (𝑜𝑎 − 𝑜𝑑) and 𝑎𝑏′ = 𝑑𝑐′ = 𝑜𝑎𝛹 = (𝑟𝑐′ +  𝑜𝑑𝛹) so that 𝑟𝑐′ = (𝑜𝑎 −

𝑜𝑑)𝛹. 

Therefore, for this condition, where 𝛹 = (𝜋 – 𝛷), 

𝛾 =  𝛹 Eq. 2.3 

Finally, Fig. 2.3(c) where 𝛹 represent an intermediate situation, the shear strain is 

given by 

𝛾 =
𝑎′𝑢

𝑑′𝑢
 

where 𝑑′𝑢 = 𝑎𝑑 and 𝑟𝑏′ = 𝑑𝑎 = (𝑜𝑎 − 𝑜𝑑) 

Therefore for this intermediate condition where 0 < 𝛹 < (𝜋 - 𝛷), 

𝛾 = 2 𝑐𝑜𝑡 (
𝛷

2
+
𝛹

2
) +  𝛹 𝑐𝑜𝑠𝑒𝑐 (

𝛷

2
+
𝛹

2
) Eq. 2.4 

 

The equivalent strain, 𝜀eq, is represent by 

𝜀𝑒𝑞 =

{
 
 

 
 2(𝜀𝑥
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3

}
 
 

 
 

1
2

 
Eq. 2.5 

 

So the strain, 𝜀, after one pass through the ECAP die is 

𝜀𝑒𝑞 = {
2 cot (

𝛷
2 + 

𝛹
2) +  𝛹cosec (

𝛷
2 +

𝛹
2)

√3
} Eq. 2.6 

 

Eq. 2.6 provides a simple and direct way for estimating the strain for any selected die 

having different values of 𝛷 and 𝛹. 
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Because the same amount of strain is accumulated in the material in each pass 

through the die, the total strain after N number of passes, 𝜀N, is given by 

𝜀𝑁 =
𝑁

√3
[2 cot (

𝛷

2
+ 
𝛹

2
) +  𝛹cosec (

𝛷

2
+
𝛹

2
)] Eq. 2.7 

Fig. 2.4 shows a plot of the variation of 𝜀𝑒𝑞 after the first pass, with the channel angle 

(𝛷) from 45° to 180° and for 𝛹 lying in the range of 0° to 90°. 

 

Fig. 2.4:Variation of the equivalent strain, with the channel angle (Φ) over angle of the arc of 

curvature (Ψ) for the first pass of ECAP (N=1) [72] 

2.5.2 Processing routes 

Since ECAP allows multiple passes of the billet through the die, the direction 

and number of billet passes are very important for microstructure refinement. Segal 

[73] first noted that the use of repetitive passes may provide an opportunity to develop 

different microstructures by rotating the billet about the longitudinal axis between 

consecutive passes, thereby modifying the shear planes and shear directions. 

In particular, four distinct processing routes have been identified for use in 

ECAP. These routes are designated as route A, route BA, route BC and route C and are 

illustrated in Fig. 2.5. Route A in which the billet is processed repetitively without any 

rotation, route BA in which the billet is rotated by 90° clock wise and counter clock 
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wise alternatively between consecutive passes, route BC in which the billet is rotated 

by 90° in the same direction between consecutive passes and route C in which the billet 

is rotated by 180° between passes. 

 

Fig. 2.5: Four possible processing routes in ECAP [74]. 

These four processing routes were examined in detail in [75]. The distinction 

between these routes is important, as each route has a different shearing characteristic 

and therefore each route introduces different shearing patterns [76]. 

Two more hybrid routes have been proposed in [77], namely, route E and F. 

Route E represents rotation pattern of 180° after pass one, 90° after pass two and 180° 

after pass three and so on. While route F consists of rotations about 90°, 180° and 270° 

after first, second and third pass, respectively. These route are very rarely used in 

ECAP process and have not been reported much in the literature. Another route R has 

been recently proposed in [78] and applied to magnesium alloy AZ61. In route R the 

billet is inverted/reversed with respect to the original position after each pass. 
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2.5.3 Multiple turn ECAP 

In an attempt to reduce the number of passes, a two turn channel design can be 

used. Fig. 2.6(a) represent the so called S-shaped channel, one pass using this channel 

is equivalent to two passes following route C in conventional ECAP die. Similarly, 

Fig. 2.6(b) shows the U-shaped channel design which is effectively two passes 

following route A. The Fig. 2.6(c) shows a two-turn shaped design following route BC 

and finally Fig. 2.6(d) represents a three-turn design following route BC.  

 

Fig. 2.6: Channel design for multi-turn ECAP: (a) S-shaped two-turn route C, (b) U-shaped two-

turn route A, (c) two-turn route BC and (d) three turn route BC [79]. 

Rosochowski and Olejnik [80] performed extensive FE simulation supported 

by physical modelling to analyse the two-turn S-shaped channel design. Their results 

show that although a high plastic equivalent strain of 2.3 is induced using this design, 

the force requirement more than doubles as soon as the billet reaches into the second 

intersection. Multiple turn ECAP is practically very challenging and therefore multiple 

passes using a single turn channel as opposed to multiple turn is more widely reported 

in literature. 

2.5.4 Slip systems and shearing patterns for the different processing routes 

Each route has a different slip system associated with it. These slip systems are 

depicted in Fig. 2.7 for different ECAP routes when using a die with (a) Φ = 90° and 
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(b) Φ = 120°. In route C, for example, the direction of shear is reversed in each pass 

and the strain is restored after every even number of passes; that is why route C is also 

called redundant strain process [70]. 

 

Fig. 2.7: The slip systems during consecutive passes for different ECAP routes using die with (a) 

Φ = 90° and (b) Φ = 120° [81]. 

The implications of these slip systems are illustrated in Fig. 2.8 [75], which 

shows the ideal distortions introduced in a cubic element on the X, Y and Z planes, 

following the four processing routes (A, BA, BC and C), up to a total of eight passes 

using 90° ECAP die. It is apparent that the cubic element is restored to its original 

form, after every four passes using the route BC and after every second pass using the 

route C. Whereas using route A and BA, the distortions mostly continue to acute [70]. 

Also notice that no distortions take place in the Z plane when route A and C is used. 

Another approach in examining the effect of ECAP is by studying the shearing 

patterns as shown in Fig. 2.9. The lines are colour coded to represent different passes. 

These drawings represent that there is considerable variation in the angular range of 

slip on each plane during ECAP using different routes. Notice that route BC imposes 

the largest angular range after four passes. 
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Fig. 2.8: The distortions introduced into a cubic element when viewed on the X, Y and Z planes 

when processing using different ECAP routes [75]. 

 

 

 

Fig. 2.9: (a) The distortion of a cubic element after a single pass [82] and (b) the shearing pattern 

on the X, Y and Z planes for different processing routes for up to four passes [76]. 

(a) 

(b) 
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2.5.5 Mechanism of grain refinement in ECAP 

Although the true nature of the grain refinement mechanism in SPD is still not 

fully understood [17], it is generally believed that the grains are refined by introducing 

large number of dislocations. These dislocation accumulates and arrange themselves 

into a low energy configuration forming sub grains with low-angle grain boundaries 

(misorientation angle less than 2 degrees). Upon further straining of the material in 

subsequent passes, the sub-grains continue to evolve and arrange themselves into 

reasonably homogenous formation of ultrafine grains with high angle grain boundaries 

(misorientation angle greater than 15 degree) [83]. 

Fig. 2.10 shows a schematic illustration of a grain refinement model for FCC 

metals during ECAP processing [84]. FCC was selected because it mainly deforms by 

slip due to the abundance of slip systems available in its crystal structure. It represents 

the appearance of the microstructure on the longitudinal (Y) plane. The three rows in 

the illustration represent the condition after first (1p), second (2p) and fourth (4p) pass 

of ECAP process while the columns represents the A, BC and C processing routes. The 

four colours of red, mauve, green and blue; depict the slip introduced in the first, 

second, third and fourth pass, respectively. The figure also contains the value of 

angular range of slip, η, corresponding to each processing route after the representative 

pass. Furthermore, the width of the sub-grain is set to d for each pass through the die. 

The model captures the shearing system introduced in each pass and is 

consistent with the shearing pattern presented in Fig. 2.9(b). It is readily apparent the 

route BC imposes several intersecting slip systems. This results in a high density of 

dislocations which can rearrange and annihilate in a manner consistent to earlier 

theories on plastic deformation based on dislocations [85, 86].  
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Fig. 2.10: Model of grain refinement in FCC metals processed using ECAP for first pass, second 

pass and fourth pass corresponding to processing route A, BC and C [84] on longitudinal (Y) 

plane. 

In order to observe experimentally the grain refinement mechanism, Fig. 

2.11(a-d) [74] presents the evolution of microstructure during ECAP processing in 

pure aluminium (FCC structure) on the X, Y and Z planes of the samples. All samples 

were processed using a 90° die following BC for a total of one, two, three and four 

passes. As can be seen, the microstructures obtained are consistent with the model 

presented in Fig. 2.10, for example, after first pass along the Y plane, the initial large 

grains (~1.0 mm) have been divided into array of sub-grains which are elongated and 

form a banded structure (Fig. 2.11(a)). The SAED pattern shows that the grain 

boundaries have mostly low angle misorientation after the first pass. Similarly, Fig. 

2.11(d) shows that after four passes the microstructure is mostly equiaxed and 

homogenous on all planes, the SAED pattern demonstrates that the grain boundaries 

have mostly high angles of misorientation. 
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Fig. 2.11: Microstructures and SAED patterns obtained in the X, Y and Z plane in pure 

aluminium samples after ECAP using 90° die following route BC, for a total of (a) one, (b) two, (c) 

three and (d) four passes [74]. 

 

1p 2p 
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Z plane 

Y plane 

X plane 
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2.6 Continuous SPD methods 

Despite the success of the ECAP process, it is not an ideal option from the 

commercialization perspective in its classical form. Its inability to process very long 

or continuous billets, due to very high force resulting from friction, is the main 

limitation. Short billets result in poor utilization of the material due to billet’s ends 

remaining undeformed (so-called end effects).  

The important requirement for commercialization of any SPD method is the 

reduction in processing costs, which includes reduction in the material wastage [87]. 

This requirement can be fulfilled by developing SPD methods capable of processing 

continuous billets. Therefore, lately the interest has been focusing on the continuous 

SPD methods capable of refining very long or continuous billets containing UFG 

structures.  

Several techniques, listed in Table 2.2 [56], have been proposed to enable 

continuous processing of billets. These include: accumulative roll bonding (ARB) 

[88], continuous repetitive corrugation and straightening (CRCS) [60], continuous 

SPD (CSPD) [89], ECAP-Conform (ECAP-C) [90] and Incremental ECAP (I-ECAP) 

[21]. Some other techniques include: ECAP rolling (ECAR) [91], coshearing [92] and 

continuous frictional angular extrusion (CFAE) [93]. ECAP-based continuous 

processes such as CSPD, ECAP-C, ECAR and conshearing do not fundamentally 

change the nature of ECAP. On the other hand I-ECAP presents a different approach, 

and attempts to tackle the inherent problem of friction in classical batch ECAP and its 

continuous variants. 
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Table 2.2: Continuous SPD processes [56] 

Process name and origin Schematic representation Equivalent plastic strain 

Accumulative roll bonding 

(ARB) 

Saito et al. [88] 
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2.7 Incremental ECAP (I-ECAP) 

The incremental ECAP (I-ECAP) process has been developed after extensive 

FE simulations [94]. The schematic illustration of the process is shown in Fig. 2.12. In 

the incremental ECAP (I-ECAP) process, the material feeding stage is separated from 

the deformation stage, as opposed to conventional ECAP where the material feeding 

and deformation take place simultaneously. Separating the pressing and deformation 

stages facilitates the material flow and reduces feeding force. Developed by 

Rosochowski and Olejnik [21], the process is capable of processing very long or even 

continuous billets, a distinct advantage over the conventional ECAP. I-ECAP can be 

used for refining grain structures in long bars [95], plates [96] and sheets [97], which 

makes it an attractive option for industrial implementation. 

 

Fig. 2.12: Schematic of the I-ECAP process (A1 & A2 - die, B – feeding rod and C – punch) 

There are three main tools in I-ECAP; die – A1 and A2, feeding rod – B and 

punch – C. During processing, the punch is oscillating with a certain frequency and 

therefore comes cyclically in contact with the billet top surface. In the material feeding 

stage, while the punch is retracting, the billet is fed into the deformation zone in 

increments of ‘a’ by the feeding rod, which is known as feeding stroke. In the 

deformation stage, the punch comes down and deforms the billet. The blue colour 

outline of the billet in Fig. 2.12 represents the feeding stage whereas the red colour 

outline represents the deformation stage with the dashed outline representing the 

plastically deformed zone. The mode of deformation is similar to that in ECAP, i.e. 

simple shear, provided the feeding stroke ‘a’ is not too large. 

C 

A1 

A2 
B 

a 

Outlet 
channel 

Inlet channel 

 Φ 
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Studies [98, 99] have shown that the contact friction during ECAP plays a 

critical role with respect to homogenous deformation and good surface quality of 

processed billets. It is desirable to reduce the contact friction during processing to 

facilitate optimum processing conditions. However in classical ECAP, it is challenging 

to provide low friction especially along the bottom wall of the exit channel due to high 

contact pressure and lubricant removal during processing [98]. The load on pressing 

tool is mainly dependent on the material shear flow stress, die configuration, billet 

shape and friction. When a single lubricated billet is processed through a fixed ECAP 

die, contact friction is present on almost all surfaces of the billet during processing. 

This contact area increases with increase in billet length. Therefore, the force required 

to carry out ECAP process not only increases when processing higher strength 

materials but also increases when the billet length is increased. Consequently, in order 

to prevent the load on feeding rod (plunger) not to exceed beyond its yield strength, 

the billet length to width (c/a) ratio is normally limited to 6~10. Thereby limiting the 

capability of ECAP to process longer billets. 

I-ECAP process eliminates this limitation by separating the feeding and 

deformation stages during processing. This greatly reduces the friction and allows for 

processing of very long or continuous billets. More information on I-ECAP is provided 

in the following chapters. 
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2.8 Titanium – background 

Titanium is the ninth most abundant element in the earth’s crust (about 0.6%) 

and the fourth most abundant structural metal after aluminium, iron and magnesium. 

However, despite being available in such abundance, it is seldom found in high enough 

concentration and rarely found in pure state. Thus the difficulty of processing it makes 

titanium expensive. The most important mineral sources of titanium are rutile (TiO2), 

ilmenite (FeTiO3) and leucoxene (an alteration product of ilmenite). 

Titanium was first discovered in 1791, by a clergyman and amateur geologist 

William Gregor in Cornwall, England and named the metal ‘manaccanite’ [100]. Later 

in 1795, Martin Heinrich Klaproth, a well-known German chemist, analysed rutile (Ti 

ore) from Hungary and identified an oxide of an unknown element. He named the new 

element titanium, after the Titans in Greek mythology. 

Many attempts were made by scientists to isolate titanium from its ore but it 

was not until in 1910 an American chemist Matthew Albert Hunter finally succeeded 

in isolating titanium in a laboratory. He did this by heating sodium with titanium 

tetrachloride (TiCl4) in a pressure cylinder to red heat [101]. This marked the birth of 

the titanium industry. In 1936, Dr. William Justin Kroll, a metallurgist from 

Luxembourg extended Hunter's technique and invented the first viable, large scale 

industrial method of reducing titanium. This process involved the reduction of TiCl4 

with magnesium in an inert gas atmosphere. The resulting titanium is called “titanium 

sponge” because of its porous and spongy appearance. This famous Kroll process 

remained essentially unchanged and is the dominant process for titanium production 

today. 
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2.8.1 Titanium as a commercial material 

Titanium did not become widely used until the second half of the twentieth 

century. Interest in the properties of titanium started mainly after the Second World 

War in the 1940’s and early 1950’s as potential use in high temperature, high 

strength/weight material in aerospace applications. In the USA, government initiated, 

large capacity titanium sponge production plants were established. Other counties like 

UK, France, Japan and Russia (formerly Soviet Union) also started producing titanium 

in large quantities around that time as well. By late 1970’s Russia became the world’s 

leader in titanium sponge production. 

With the recognition of adding alloying elements in titanium for strengthening 

purposes, titanium alloy development progressed rapidly, from about 1950. A major 

breakthrough was the appearance of the Ti-6Al-4V (Ti64) alloy in the USA in 1954, 

becoming soon the most important α + β alloy, combining excellent properties and 

good producibility. Today, Ti64 is still the most widely used alloy. 

Besides these successful alloy developments and the increasing usage of 

titanium alloys in aerospace application, there was a steady demand of commercially 

pure titanium (CP-Ti). Because of its excellent corrosion resistance it was (and still is) 

increasingly employed in non-aerospace applications. 

2.8.2 General properties 

Titanium is a strong, low density, nonferrous metal. It’s strength is two times 

that of aluminium, but has approximately only 40% of the density of steel or nickel-

base superalloys. It can be strengthened greatly by alloying with elements like 

aluminium and vanadium and by deformation processing. It is nonmagnetic and has 

good heat transfer properties. Its coefficient of thermal expansion is somewhat lower 

than that of steel and less than half of aluminium. Titanium and its alloys have a 

melting point in excess of 1660 °C (higher than those of steels), although most 

commercial alloys operate at or below 538 °C to 595 °C [2], depending on the chemical 

composition. Some of the other physical and mechanical properties of titanium are 

shown in Table 2.3. 
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Table 2.3: Physical and mechanical properties of elemental titanium [2] 

Property Value Property Value 

Crystal structure 

   Alpha α (≤882.5°C) 

   Beta β (≥882.5°C) 

Colour 

Density 

Melting point 

Specific heat (25 °C) 

Heat of fusion 

 

HCP 

BCC 

Dark grey 

4.51 g/cm3 

1668 ± 10 °C 

0.5223 kJ/Kg . K 

440 kJ/Kg 

Heat of vaporization 

Thermal conductivity 

Hardness 

Tensile strength 

Young’s modulus 

Poisson’s ratio 

Thermal expansion co-

efficient 

9.83 MJ/kg 

11.4 W/ m ⋅ K 

70 to 74 HRB 

240 MPa (min) 

120 GPa 

0.361 

8.41µm/m ⋅ K 

2.8.3 Crystal structure 

The physical structure of solid materials mainly depends on the arrangements 

of their atoms and the bonding forces between them. The atoms within solids are 

normally arranged in a pattern that repeats itself in three dimensions. This most basic 

and least volume consuming repeating structure of a solid is known as ‘unit cell’ and 

the solid itself is said to have a crystal structure, also referred to as a crystalline solid 

or crystalline material. 

Titanium is an allotropic element i.e. it exists in more than one crystallographic 

form depending upon the temperature. It has got two elemental crystal structures: in 

the first, atoms are arranged in a close-packed hexagonal (HCP) array; in the second, 

the atoms are arranged in a body-centred cubic (BCC) array (Fig. 2.13(a) and (b) 

respectively). These two crystal structures of titanium are also commonly referred to 

as alpha (α) and beta (β) titanium, α being any hexagonal titanium, pure or alloyed, 

while β being any cubic titanium pure or alloyed. 

Pure titanium, as well as majority of titanium alloys, crystallizes into α titanium 

at low temperatures. However, it transforms into β titanium at temperatures above 

882°C. This transformation temperature from α to all β is known as the β transus 

temperature (lowest equilibrium temperature at which the material is 100% β) and is 

of critical importance in deformation processing and heat treatment. Therefore the β 

titanium or cubic structure is only found above β transus temperature, unless titanium 

is alloyed with other elements to maintain the cubic structure at lower temperatures. 
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The exact transformation temperature of titanium is strongly influenced by interstitial 

and substitutional elements and therefore depends on the purity of the metal. 

(a) 

 

(b) 

 

Fig. 2.13: Crystal structures of titanium at the atomic level. (a) HCP - Hexagonal close packed; 

(b) BCC - Body centered cubic [2]. 

The isolated HCP unit cell of α titanium (Fig. 2.14(a)) has an equivalent of six 

atoms per unit cell. Three atoms form a triangle in the middle layer. There are six 1/6 

atoms on both top and bottom corners making an equivalent of two more atoms (2 x 6 

x 1/6). Finally there is one half of an atom in the centre of both the top and bottom 

layer, making an equivalent of one more atom. The total number of titanium atoms in 

HCP crystal structure unit cell thus is 3 + 2 + 1 = 6. 

(a) 

 

(b) 

 

Fig. 2.14: Unit cell of (a) alpha (α) and (b) beta (β) phase. 

Illustrated in Fig. 2.14(a), are values of the lattice parameters a (0.295 nm) and 

c (0.468 nm) at room temperature. The resulting c/a ratio for α titanium is 1.587, 

smaller than the ideal ratio of 1.633 for the HCP crystal structure. Also indicated in 

this figure are the three most densely packed types of lattice planes, (0001) plane, also 
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called the basal plane, one of the three { 1 0 1 0 } planes, also called prismatic planes 

and one of the six { 1 0 1 1 } planes, also called the pyramidal planes.  

The isolated BCC unit cell of β titanium (Fig. 2.14(b)), on the other hand, has 

an equivalent of two atoms per unit cell. One complete atom is located at the centre of 

the unit cell and there are eight 1/8 atoms at each corner of the unit cell, making an 

equivalent of one more atom (8 x 1/8). The total number of titanium atoms in bcc 

crystal structure unit cell thus is 1 + 1 = 2. Illustrated in Fig. 2.14(b), are the values of 

the lattice parameter a (0.332 nm) at 900 °C. Also indicated in this figure is one of the 

variant of the six most densely packed { 1 1 0 } lattice planes. 

 The existence of the two different crystal structures and the corresponding 

allotropic transformation is of vital importance since they are the basis for the large 

variety of properties achieved by titanium alloys. The HCP crystal lattice in particular 

causes a distinctive anisotropy of mechanical behaviour for the α titanium, this has 

specially important consequences for the elastic properties of titanium and its alloys. 

The modulus of elasticity (elastic modulus, E) of pure α titanium single crystal varies 

between 145 GPa for a load perpendicular to basal plane (along c-axis in Fig. 2.14(a)) 

and 100 GPa parallel to this plane. A similar variation is observed for the modulus of 

rigidity (shear modulus, G). However the variations in elastic properties are less 

pronounced for polycrystalline α titanium with crystallographic texture. The actual 

variation in properties depends on the nature and density of the texture [100]. 

2.8.4 Commercially pure titanium (CP-Ti) 

The exceptional corrosion resistance of commercially pure titanium (CP-Ti) 

compared to stainless steel has made it an attractive material for construction of 

chemical and petrochemical processing equipment [102]. It has also become popular 

for heat exchangers and other piping applications because of its weld-ability and good 

general fabricability [103]. Although CP-Ti is more expensive than stainless steel, 

components made from it often have lower life cycle cost because of the superior 

durability of CP-Ti in service [104]. 

CP-Ti is α titanium in structure and as discussed earlier it is based on the low 

temperature, hexagonal allotropic form of titanium. It is also sometimes called 
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“unalloyed grade” but can still contain some interstitial alloying elements like oxygen, 

iron, carbon or nitrogen that are soluble in hexagonal α phase. 

There are four materials classified in this group, the grade designations are 

taken from the American Society for Testing and Materials (ASTM). They include 

grade 1 (99.5% Ti), grade 2 (99.3% Ti), grade 3 (99.2 Ti) and grade 4 (99.0% Ti). 

Table 2.4 lists these alloys together with their mechanical properties and composition 

ranges. Although each material contains slightly different levels of nitrogen, iron and 

oxygen; carbon and hydrogen are specified at <0.10 wt% and <0.015 wt%, 

respectively. Hydrogen content above that level will make the metal susceptible to 

stress corrosion cracking (SCC) and hydrogen embrittlement [105]. 

A brief description of each of the grades is given below. 

 Grade 1: is the lowest strength unalloyed titanium with a slightly lower residual 

content. Although lower in strength, it has the highest ductility with an excellent 

cold formability. Common application areas include chemical processing, 

architecture and medical implants. 

 Grade 2: is regarded as the “workhorse” of the CP-Ti and is the most frequently 

selected titanium grade in industrial service having moderate strength with 

excellent weld-ability and fabricability. The strength levels are very similar to 

those of common stainless steel and its ductility allows for good cold formability. 

 Grade 3: possesses a slightly higher strength compared to grade 2 due to its 

slightly higher residual content (primarily oxygen and also nitrogen) with slightly 

lower ductility. Common application areas include chemical processing, marine 

and medical implants. 

 Grade 4: is the highest strength grade of the CP-Ti series; high interstitial version 

of grade 2 and 3 with reasonable weld-ability and reduced ductility and cold 

formability. It mainly serves the aerospace/aircraft industry; however other 

application areas include heat exchangers, cryogenic and surgical equipment. 
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Table 2.4: ASTM CP-Ti grade classification including their mechanical properties and 

composition 

Designation 
σUTS σy δ Residual contents, wt% (max) 

MPa MPa % N C H Fe O 

Unalloyed grades         

ASTM Grade 1 240 170 24 0.03 0.08 0.015 0.20 0.18 

ASTM Grade 2 340 280 20 0.03 0.08 0.015 0.30 0.25 

ASTM Grade 3 450 380 18 0.05 0.08 0.015 0.30 0.35 

ASTM Grade 4 550 480 15 0.05 0.08 0.015 0.50 0.40 

Where σUTS = tensile strength (min), σy = 0.2% yield strength (min) and δ = elongation 

to fracture 

As can be observed from Table 2.4, strength levels of CP-Ti (grade 1~4) are basically 

controlled by oxygen and iron content. Both of these elements improve the impact 

strength. Oxygen acts as an interstitial strengthener and iron offers moderate 

strengthening capabilities. In higher strength CP-Ti grades, oxygen and iron are 

intentionally added to the residual amounts already in the sponge to provide extra 

strength. On the other hand, carbon and nitrogen usually are held to minimum residual 

levels to avoid embrittlement. 

2.9 Grain refinement in CP-Ti using ECAP 

One of the earliest work on ECAP of titanium was published by Semiantin et al. 

[106]. The objective of that work was to establish the failure mode and deformation 

characteristics of several difficult to work alloys including CP-Ti. Because CP-Ti has 

low ductility among pure metals, the failure was expected to occur due to flow 

localizations or shear cracking due to the simple shear nature of metal flow during 

ECAP. Using a 90° channel die, experiments were conducted at various temperatures 

and processing speeds to determine at which processing conditions uniform flow will 

occur. For this purpose, CP-Ti grade 2 (hot rolled) square cross-section billets were 

subjected to first pass of ECAP between 25 and 325 °C and pressing speeds between 

0.025 and 25 mm/s (effective strain rates between 0.002 to 2 s-1). At room temperature 

(25 °C), CP-Ti billets exhibited failure, characterized by the formation of segments 

along the entire length for all strain rates (see Fig. 2.15(a)). However, when the 
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temperature was increased, a transition was observed from segmented to uniform flow. 

At highest tested temperature of 325 °C, uniform flow was obtained for a pressing 

speed of up to 2.5 mm/s (0.2 s-1), above this speed segmented flow was observed (Fig. 

2.15(b)). The extension of this work was presented in [107], where the same CP-Ti 

billets were subjected to ECAP at 325 °C using route A (no rotation) and route C 

(rotation by 180° between passes). The billets which were processed using route A 

were successfully processed up to five passes, while they failed after just two passes 

when route C was used. 

 
 

(a) (b) 

Fig. 2.15: CP-Ti grade 2 samples after first pass of ECAP at (a) 25 °C and (b) 325 °C. The pressing 

speeds of 0.025, 0.25 and 25 mm/s corresponding to a strain rates of 0.02, 0.2 and 2.0 s-1 were used 

[106]. 

Stolyarov et al. [108] studied more ECAP routes, namely route BC, BA and C. 

Experiments were performed on CP-Ti (exact grade not mentioned) at 450 to 400 °C 

for up to eight passes at a pressing speed of 6 mm/s. To observe the grain morphology 

and microstructural anisotropy, transmission electron microscopy (TEM) was carried 

out on both the transverse and the longitudinal plane of the billets. Tensile tests were 

also carried out on the processed material at room temperature to compare the tensile 

properties. It was reported that the billets processed via route BC yielded much higher 
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surface quality compared to route BA and C. Moreover, it was revealed that route BC 

is the most effective one in terms of grain refinement followed by route C and lastly 

route BA. The latter two produced mostly elongated grains (see Fig. 2.16). However, 

in tensile tests, both the yield and ultimate tensile strength was higher in samples 

processed using route BA. It was concluded that the main advantage of using route BC 

is that it produces higher surface finish billets and the microstructures achieved are 

more equiaxed and homogenous than those produced by routes BA and C. 

  

 

Fig. 2.16: TEM micrographs in the longitudinal (Y) plane of CP-Ti processed billets after eight 

pass using route (a) BC, (b) BA and (c) C. [108]. 

2.9.1 Microstructures and mechanism of grain refinement 

CP-Ti has a hexagonal closed packed (HCP) structure at room temperature. 

Compared to face-centred cube (FCC) and body-centred cube (BCC) metals, it is 

regarded as ‘hard-to-deform’ because of its poor ductility. This presents significant 

challenges in processing this material by ECAP, as it is susceptible to cracking or 

segmentation during processing [106]. The inferior deformability is mainly due to the 

limited number of slip systems available in HCP structure. The most common slip 

modes are the prismatic {101̅0}, pyramidal {101̅1} and basal {0001} planes along 

(a) (b) 

(c) 
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the <1120> slip direction [1]. The three slip planes combined with the slip vector 

constitute a total of four slip systems. However, five independent slip systems are 

required to satisfy the von-Mises criterion [109]. To accommodate plastic strain during 

deformation, Ti exhibits various types of twinning alongside dislocation slips [110]. 

Twinning therefore is an important deformation mechanism, the most observed twins 

are: {101̅1} and {101̅2} also known as compression and tensile twin, respectively 

[111-113]. The deformation behaviour of CP-Ti during ECAP therefore is quite 

complex and is expected to be different from the cubic materials as it involves both 

dislocation slip and twinning. 

Various studies have been performed to describe the microstructure and 

deformation mechanism during ECAP in CP-Ti. These studies have mainly used 

transmission electron microscopy (TEM) for investigation. Kim et al. [114] studied 

the deformation mechanism of CP-Ti during ECAP at 350 °C. TEM micrograph after 

first pass displayed very thin elongated bands, ~80 nm in wide (Fig. 2.17). Detailed 

analysis of this band region revealed {101̅1} twin characteristics features. It was 

concluded that {101̅1} twinning played a critical role in plastic deformation during 

first pass of ECAP.  

 

Fig. 2.17: TEM micrograph of CP-Ti after first pass of ECAP showing twins [114]. 

Later on, the results were also confirmed by higher resolution electron 

microscopy (HREM) [115]. Using the same die and processing conditions, Shin et al. 

[116] showed that prismatic a slip was the main deformation mechanism after second 

pass with route B. In a later work by Kim et al. [117], the effect of processing 

temperature on the microstructure was also studied. It was revealed that the 

deformation mechanism was strongly dependant on processing temperature. For 
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example, processing done at 200 °C resulted in thin parallel bands where slip was the 

dominant mechanism, in contrast to processing at 350 °C where {101̅1} twinning was 

found to be more dominant. Moreover, pressing at 600 °C showed some evidence of 

dynamic recovery and recrystallization alongside twinning. It is important to highlight 

that the CP-Ti impurity levels mentioned in the work is quite low, which might have 

enabled processing, using Φ = 90° at the lowest processing temperature of 200 °C in 

[117]. Although there is no mention in their work about getting defect free billets 

without cracks in the work. 

Some recent works have utilized electron backscatter diffraction (EBSD) 

techniques to investigate the microstructure in CP-Ti during ECAP. Chen et al. [118, 

119] carried out ECAP on CP-Ti at 450 °C using Φ = 90° die angle. Investigations 

were performed using a combination of TEM and EBSD on the 3/4th pass sample. 

Results showed a weak presence of {101̅2} twin type during the fourth pass, however 

the overall fraction of twins was very low. It was concluded that continuous dynamic 

recrystallization (CDRX) was the pre-dominant mechanism of grain refinement. In 

another study by Chen et al. [120], CP-Ti was processed at 450 °C up to eight passes. 

Mainly compressive twins {101̅1} with a small fraction of tensile twins {101̅2}, were 

found to be active during the first pass. After pass two, CDRX played a dominant role 

in grain refinement. And finally more recently, Meredith et al. [121] deformed CP-Ti 

grade 1 at 275 °C for up to four passes. It was concluded that {101̅1} twinning was 

active alongside CDRX during the first pass. However, beyond pass two, slip was the 

dominant deformation mechanism. 
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2.9.2 Mechanical properties 

In one of the early studies in 2001 by Zhernakov et al. [122], the as received CP-

Ti (grade not mentioned), which had a yield strength of 400 MPa, ultimate strength of 

460 MPa and ductility to failure of 27% was processed using route BC and C. After 

ECAP using route BC the same properties were 800, 816 and 16%. With route C the 

properties were 732, 772 and 14%. 

Several investigations have been performed to refine the grain structure of CP-

Ti grade 1 to 4, with the objective of improving the strength characteristics [123-128]. 

It was established from the review that after multiple passes of ECAP using different 

die angles (Φ), pressing speeds and temperature conditions, the grain size refinement 

achieved was in the region of 0.20 to 0.70 µm, with the increase in yield and tensile 

strength between 1.2 to 2.0 times of the original strength. In order to achieve even 

higher grain refinement, some additional deformation had also been applied to the 

billets after ECAP processing. 

Zhao et al. [129, 130] have made successful attempts to process titanium at room 

temperature to suppress grain growth occurring at higher processing temperature, 

however, these attempts were limited to grade 1 which is considered to be the softest 

and having the highest formality among commercially available grades of titanium. 

Using die angles (Φ) of 120° (with eight passes) and 90° (with four passes), it was 

reported that the grain size reduction achieved at room temperature was between 0.15 

to 0.20 µm and the increase in ultimate tensile strength was between 765 to 790 MPa. 

Moreover, grain refinement in CP-Ti also improves other properties such as 

fatigue strength [11, 131] compared to the course grain counterparts. 
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2.9.3 Post ECAP deformation 

A number of studies on ECAP of titanium have applied some form of post ECAP 

deformation. The objective was to further refine the microstructure and to improve 

mechnical properties. The first attempt, according to author’s knowledge, was 

performed by Stolyarov et al. [69] in 1999, who combined ECAP and HPT. CP-Ti 

(grade not mentioned) in the form of rod was ECAP processed for seven passes in the 

temperature range of 500~450 °C following route BC using a 90° channel intersection 

die. Disk shaped samples were HPT processed under 1.5 GPa at room temperature or 

450 °C, with three rotations. Following TEM analysis in the transverse plane on the 

ECAP processed samples, the grain size was estimated as 300 nm and was found to be 

uniform at sample edge and centre. However, since in HPT processing, the strain 

across the sample disk is not uniform, the TEM micrographs showed that the grain size 

was refined to 200 nm at the edges whereas in the centre it remained at 300 nm similar 

to after ECAP. The mechanical properties including yield strength (σy), ultimate tensile 

strength (σu), elongation (δ) and hardness (Hv) values reported in the work are shown 

in Fig. 2.18. As can be seen, the properties were increased due to HPT deformation 

following ECAP. 

 

Fig. 2.18: Mechanical properties of CP-Ti after different processing stages reported in [69] 

Since HPT can only produce very small disc shaped sample which are not 

suitable for practical applications, Stolyarov and co-workers in [132] applied cold 

extrusion following warm ECAP processing of CP-Ti. The ECAP increased the yield 

strength to 640 MPa while the second step, cold extrusion introduced higher 

dislocations density and increased the strength to 970 MPa. It was also reported that 

the microstructure was stable upto 300 °C. Similarly in [133, 134] post ECAP 

deformation steps such as cold rolling and cold extrusion on CP-Ti were performed. 
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This yielded significant increase in grain size refinement level through the introduction 

of more dislocations; this subsequently increased the strength characteristics even 

further. It was reported in [135], that after warm ECAP processing of CP-Ti (grade 2) 

and additional cold rolling the increase in yield and tensile strength exceed than that 

displayed by conventional Ti-6Al-4V alloy. However, these post deformation steps 

change the sample dimensions significantly and therefore reduce the freedom and 

flexibility of processing provided by billets produced directly by ECAP. On the other 

hand it is expected that some post ECAP change of billets’ shapes and dimensions 

might be inavitable when producing preforms for further manufacturing operations. 

2.10 Application of UFG titanium in bio-medical implants 

Pure titanium (CP-Ti) has excellent bio-compatibility and therefore is an ideal 

choice for use in bio-medical implants. However, its usage is restricted due to limited 

strength, therefore Ti-6Al-4V and other titanium alloys are used in load bearing 

implants. As discussed in Chapter 1, alloying elements in titanium alloys such as 

aluminium and vanadium can be toxic in the long run. If CP-Ti is to replace the 

currently used alloys in medical implants, its strength must be improved. Improving 

the strength characteristics using SPD methods in particular ECAP, has generated a lot 

of interest [12, 15, 38, 87, 119, 125, 136-138]. It is also worth mentioning that grain 

refinement in CP-Ti improves the corrosion resistance, which is a desirable property 

for implant materials [9, 10]. Examples of some UFG / nano structured titanium 

implants taken from the literature are shown in Fig. 2.19. 
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(a) 

 

 

 

(b) (c) 

Fig. 2.19: Examples of some titanium implants: (a) screw implants made of nano-structured 

titanium [138], (b) plate implants for bone osteosynthesis made of nano-structured titanium [38] 

and (c) normal and reduced diameter dental implant made with strengthened CP-Ti after grain 

refinement [87]. 
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2.11 Summary 

The chapter introduces the topic of grain refinement in metals. The two 

synthesis approaches for achieving ultrafine grain (UFG) structure i.e. bottom-up and 

top-down approaches were presented. Severe plastic deformation (SPD), a top-down 

approach, was discussed in detail as a method of introducing extreme grain refinement 

in metals by inducing large plastic strain. The working principle of equal channel 

angular pressing (ECAP) was presented and it’s fundamental parameters such as: 

strain induced in each pass, processing routes, slips systems and shearing patterns in 

different routes and a simplified model of grain refinement mechanism. It was 

discussed that despite the success of ECAP in grain refinement in metals, the classical 

ECAP method is not suitable for processing of long or continuous billets. The grain 

refinement method used in the present study, the incremental ECAP (I-ECAP) was 

presented and its advantages as a continuous SPD method was discussed.  

Since the present work focuses on processing of titanium, some details including 

general background on titanium, it’s crystal structure and the various available 

commercial grades of pure titanium (CP-Ti) were presented. A brief review on the 

current state of the art in the grain refinement research work on CP-Ti using ECAP 

was also presented.  

As discussed, CP-Ti has superior biocompatibility but it lacks the strength 

required for most load bearing implants. Currently Ti-6Al-4V is widely used in 

medical device applications such as in total replacement implants, where higher 

strength characteristics is generally a requirement. However, research has suggested 

that alloying elements such as aluminium and vanadium present in the alloy can be 

toxic in the long term and are therefore undesirable for full bio-integration. If CP-Ti is 

to replace Ti-6Al-4V in medical application, its strength characteristics has to be 

improved without adding alloying elements. The mechanical strength and performance 

of CP-Ti can be greatly improved by grain refinement. The existing research has 

already shown that achieving ultrafine grain (UFG) structure in CP-Ti can significaly 

improve its strength characteristics. However, majority of the work has utilized 

classical ECAP which suffers from low productivity and is not a practical option for 

industrialisation. For commercial availability of UFG CP-Ti, there exists a need to 
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refine its grain structure and thereby improve the strength characteristics by using a 

industrially viable method such as I-ECAP. 

I-ECAP is a promising SPD technique capable of processing continuous billets 

containing UFG structure. Due to the incremental nature of the process which 

separates the material feeding and the deformation stages, it effectively reduces 

friction considerably. Separation of feeding and deformation stages, essentially allows 

processing of very long or continuous billets. So far I-ECAP technique has not been 

studied in detail for CP-Ti. The present research work is aimed to demonstrate I-ECAP 

as an viable method for industrialisation and to exhibit its effectiveness in processing 

CP-Ti grade 2 billets. 
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Chapter 3 

3 FE modelling of I-ECAP process and design of tooling 

3.1 Introduction 

Creating the tooling for any SPD process which can impart large plastic strain 

to material is a challenging and technically formidable task [17]. It requires a 

considerable investment in tool design, which on one hand should be durable enough 

to sustain repetitive high loads and on the other hand should not cause damage to the 

material. It is therefore crucial to optimize the tooling and select appropriate 

processing conditions during any SPD process by investigating their effects on the 

deformation behaviour of the material. In particular during ECAP several factors such 

as: die geometry, material properties and processing conditions greatly influence the 

shear deformation behaviour during processing. These factors in turn govern the 

microstructure and mechanical properties of the processed materials. 

Although analytical techniques [71, 73] based on slip line and upper bound 

theories can predict an idealized plastic strain during ECAP processing, these 

techniques do not offer flexibility to account for realistic conditions such as friction, 

strain hardening behaviour of material and processing speed. These conditions often 

give rise to complex non-homogenous plastic strain distribution within the billet [139]. 

Numerical modelling based on finite element (FE) analysis can easily take into account 

these factors and therefore it is considered the most appropriate technique to analyse 

the deformation behaviour of processed materials during ECAP. 

Prangnell et al. [140] in 1997 was the first to carry out FE analysis of the ECAP 

process. Using compression test data from an aluminium alloy (Al-0.15%Mn), two 

dimensional plain strain analysis was performed to simulate the shear deformation 

during first pass of an ECAP process. The effect of die angles (Φ = 90 and 100°) and 

friction on the effective plastic strain distribution in the billets was studied. Their 

results show that the inhomogeneous deformation at the billet ends increases with 
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friction and a sharper die angle. Moreover, in the case of 90° die angle, simulations 

predicted the development of a dead zone in the die corner. 

Since then, several studies have employed FE analysis to investigate the 

deformation behaviour of the billet during ECAP and to design the appropriate tooling. 

FE has been applied to study factors that affect the deformation, including (i) die 

geometry (Φ, Ψ) [139, 141-146], (ii) material behaviour (strain hardening, softening 

and strain rate sensitivity) [139, 143, 147, 148], (iii) processing conditions (friction, 

speed, backpressure and thermal conditions) [141, 143, 149-155] and (iv) multiple 

turns [80, 156-158]. The primary concerns in these investigations were the conditions 

that can give rise to incomplete die fillings and also the plastic strain inhomogeneity 

in the billets after processing [159]. 

However to date, little work has been published to the effects that cause billets 

to bend during and after processing, occurrence of which is generally observed in strain 

rate sensitive materials [160]. Moreover, existing work only considers hypothetical 

elasto-plastic material models [139, 161, 162]. This bending in billets creates 

significant problems in the subsequent pass i.e. when re-inserting billet in the inlet 

channel for the next pass. Therefore, secondary operations such as: machining and/or 

straightening are carried out to resolve the problem which requires additional resources 

and time. 

This chapter has two parts, first parts, presents a systematic FE study to evaluate 

the deformation behaviour of CP-Ti grade 2 during the I-ECAP process. The effects 

of outlet channel length and friction on the bending behaviour of billet and resulting 

plastic strain distribution is investigated. Objective is to optimize the I-ECAP tooling 

geometry in order to minimize or eliminate billet bending and to process billets with 

long steady state section wherein the strain distribution is uniform along the extrusion 

direction. The second part of this chapter is concerned with the I-ECAP die design 

based on the FE optimized tooling geometry. 
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3.2 Finite element modelling 

In the present study, commercial FEM code Abaqus/Explicit v6.13-2 was 

employed to carry out 2D plain stain simulation for the first pass of an I-ECAP process 

using CP Ti grade 02 material. The system of units used during the simulation was 

mm, N and sec. The FE model of I-ECAP process is represented in Fig. 3.1(a), which 

represents the schematic (see Fig. 2.12) of the I-ECAP process.  It shows the initial 

position of the billet with respect to the two die elements (A1 and A2), feeding rod (B) 

and punch (C). 

 

 

                                      (b) 

(a)  

Fig. 3.1: (a) FE model showing the initial tool and billet configuration (see Fig. 2.12 for the 

schematic diagram) and (b) relative movement of punch and feeding rod during the first three 

cycles of I-ECAP. 

The billet width denoted by w, is 10 mm and the billet length (Lb) is 8.0w. The 

length of the inlet channel was Lb plus 0.5w to accommodate the billet, while the outlet 

channel length (Lo) was varied to study its effect on billet deformation. A small 

chamfer of 0.1w was created at the top left corner of the billet head in order to facilitate 

the material flow and to permit smooth convergence during the start of simulation. The 

angle of intersection (Φ) between the inlet and outlet channel was 90°; and the inner 
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corner die radius was 0.05w. The inlet channel had a constant width of w (same as 

billet), whereas the width of the outlet channel varied during cycles because of punch 

oscillation. However, at the end of each deformation cycle, the width of the outlet 

channel was equal to inlet channel; this was accomplished by adjusting the mean 

position of the punch oscillation. 

For the billet, CPE4R element type was selected from Abaqus element library. 

This is a plain strain 2D four noded reduced integration element, with controls to 

minimize hour glass effects. For the sake of simplicity and to minimize the 

computation time, all tools were assumed to be analytical rigid parts i.e. non-

deformable and were made with line elements. The die elements A1 & A2 were fixed 

by applying constrains in all degrees of freedom, however the feeding rod (B) and 

punch (C) were allowed to translate along the Y-direction. The feeding rod incremental 

motion was defined using the tabular data input, whereas the punch oscillatory motion 

was defined as a Fourier series (Eq. 3.1) using a periodic function in Abaqus. 

𝑎 = 𝐴0 +∑[𝐴𝑛  cos 𝑛𝜔(𝑡 − 𝑡0) + 𝐵𝑛 sin 𝑛𝜔(𝑡 − 𝑡0)]

𝑁

𝑛=1

 Eq. 3.1 

where A0 is the initial amplitude, t0 is the initial time, t is the current time, nω is the 

circular frequency (radian per second); A and B are the coefficients of cosine and sine 

terms respectively. The representative boundary conditions for the punch and feeding 

rod for the first three cycles of the simulation are shown in Fig. 3.1(b). Here the punch 

frequency is f = 0.5 Hz, peak to peak amplitude of oscillation is 1.6 mm and the feeding 

stroke is 0.2 mm/cycle (0.10 mm/s). This equates to A0 = 0, A = 0, B = 0.8 mm, nω = 

2πf = 3.14 radians/s and t0 = 0 being used with Eq. 3.1 which becomes a = sin(2𝜋𝑓𝑡)  

To improve the formability of titanium and other such hard to deform materials, 

ECAP processing is normally carried out at elevated temperature. For CP-Ti grade 2, 

a processing temperature of 300 °C is considered appropriate to avoid failure or 

segmentation in the processed billets [106, 107]. The material flow stress data in the 

present study was determined through compression testing using cylindrical samples 

following the ASTM E209 standard [163]. The tests were conducted at 300 °C and at 

three different strain rates of 0.01, 0.1, 1.0 s-1 to account for strain rate sensitivity of 

the material. Fig. 3.2 shows the true stress and true strain curves obtained from the 
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testing. It is clear that material is strain rate sensitive, as the flow stress increases with 

increase in strain rate. The flow stress also exhibits the typical three stage hardening 

behaviour in titanium under compression [113]. The flow stress data was inputted in 

Abaqus as a look up table. The default elastic plastic von-Mises material model with 

isotropic hardening was used. The Young Modulus was defined as 95 GPa and poison 

ratio as 0.32 [164]. 

 

Fig. 3.2: True stress-strain curves (flow stress data) of CP-Ti (grade 2) obtained from uniaxial 

compression at 300 °C and at strain rates of 0.01, 0.1 and 1.0 s-1. 

Contact interaction between tool-billet interfaces was defined using the 

Coulomb friction law for which the co-efficient of friction (µ) was taken as 0.10, this 

represented graphite based lubrication condition. However, interaction at tool-tool 

interface was ignored. Heat generated due to friction and plastic work (adiabatic 

heating) was also ignored during the present work. The simulations were performed 

on a Dell workstation computer with 96 GB of RAM and with two hexa-core Intel 

Xeon processors (clock speed of 3.46 GHz). All simulation was performed using 

double precision to minimize the truncation error during calculations. It took 

approximately 1 hour and 45 minutes to solve the model. 

Before running the simulations, a convergence test was carried out to assess the 

sensitivity of the results to mesh density. For this purpose, different models were 

created with 10, 20 and 40 elements along the billet width (w), as shown in Fig. 3.3 

(a), (b) and (c) respectively. This corresponded to a total of 610, 1240 and 4840 

elements within the billet, respectively. A model was also created with adaptive re-

meshing using the arbitrary Lagrangian-Eulerian (ALE) method with 20 elements 
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along the billet width (w) as shown in Fig. 3.3 (d). Fig. 3.4 shows the equivalent plastic 

strain distribution after first pass of I-ECAP along the billet width (A - top to B - 

bottom) for all the cases. Although the coarse meshed model shows deviation from the 

medium and the fine meshed model, the trend is similar. In comparison, the ALE 

model significantly over predicts and under predicts the strains near the top and bottom 

of the billet width, respectively. However, it can be seen that there is no significant 

difference between the medium and the fine mesh model. Therefore, the medium 

meshed model with no re-meshing technique was selected for all remaining 

simulations. 

 

 

 

(a)  (b) 

 

 

 
(c)  (d) 

Fig. 3.3: Deformed mesh (a) coarse mesh, (b) medium mesh, (c) fine mesh and (d) ALE mesh. 

 

Fig. 3.4: Equivalent plastic strain distribution along the width of the billet for four different FE 

meshed model. 
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3.3 Results and discussion 

In order to obtain detailed information about the deformation behaviour of CP-

Ti during I-ECAP process, the influence of the outlet channel length (Lo), billet length 

(Lb) and friction is investigated in a systematic manner. 

3.3.1 Influence of channel length on bending behaviour 

The effect of Lo on the billet deformation during I-ECAP was investigated. For 

this purpose, different Lo lengths measuring 0.5w, 1.0w, 2.0w, 3.0w and 4.0w were 

simulated with a constant Lb = 8w and µ = 0.1. Fig. 3.5 (a-e) shows the distribution of 

equivalent plastic strain in the billet corresponding to different Lo at 95% processed 

state. It is fairly obvious from the plots, that smaller Lo of 0.5w and 1.0w generates 

significant bending in the billets. This bending is measured as a vertical distance as 

shown in Fig. 3.5 (a). This non desirable bending is however greatly reduced for Lo = 

2.0w and above. Fig. 3.6 shows the measured amount of bending for each case. 

 

     

(a) 

  
(b) (c) 

  
(d) (e) 

Fig. 3.5: Equivalent plastic strain distribution for channel length Lo= (a) 0.5w, (b) 1.0w, (c) 2.0w, (d) 

3.0w and (e) 4.0w 
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Fig. 3.6: Effect of varying the outer channel length (Lo) on bending 

3.3.2 Strain distribution 

For all the cases (Fig. 3.5 (a-e)), along the billet length from left to right there 

are three distinct strain gradient sections: tail, steady state and head. The equivalent 

plastic strain distribution measured at the centre of the billet width along the entire 

length is plotted for different Lo in Fig. 3.7(a). It can be seen that the length of the non-

uniformly deformed tail section is not influenced by the different Lo, as it looks similar 

for all the cases. The length of the head section is also not significantly influenced by 

the different Lo and roughly measures 1.4w for all cases. Between the non-uniformly 

deformed head and the tail section, lies a steady state section. The plastic strain is 

uniformly distributed along the extrusion direction in this steady state section. 

However, for all cases, the plastic strain distribution when measured along the 

normal direction (i.e. from top surface to bottom surface) within this steady state 

section is non-uniform. The plot of equivalent plastic strain distribution as a function 

of billet width (w) from top surface to bottom surface (A to B in Fig. 3.3 (a)) is shown 

in Fig. 3.7 (b). The plot can be divided into three regions; top, middle and bottom. The 

equivalent plastic strain in the top part has lower values. This is because, at the 

intersection of two channels, the billet does not completely fill the die resulting in a 

corner gap. The formation of this corner gap causes, little or no intense shearing near 

the top of the billet. This corner gap is however not changed significantly for different 

Lo as can be seen in Fig. 3.5 (a-e). The plastic strain within the middle region is more 
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or less uniform and does not changes much for all cases. In the bottom 10% of the 

billet width, higher valves of equivalent plastic strain can be observed. 

  

(a) (b) 

Fig. 3.7: Equivalent plastic strain distribution along (a) extrusion direction (left to right) and (b) 

width direction (top to bottom). 
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3.3.3 Effect of friction 

Until now, the effect of outlet channel length (Lo) on the deformation behaviour 

during first pass of the I-ECAP process under a fixed friction co-efficient of µ = 0.10 

have been discussed. In order to investigate the effect of friction during I-ECAP, a 

lower value of µ = 0.05 and a higher value µ = 0.20 is also simulated with Lb = 8w and 

with Lo varying from 0.5 to 4.0w. In order to quantify the strain inhomogeneity within 

the billet resulting from varying friction condition, a statistical analysis parameter 

known as coefficient of conformance (𝐶𝑉𝜀𝑝̅) [165] is used. It is defined as: 

𝐶𝑉𝜀𝑝̅ =
Stdev 𝜀𝑝̅

Avg 𝜀𝑝̅
=

√∑(𝜀𝑝̅
𝑖 − Avg 𝜀𝑝̅)

2

𝑁

Avg 𝜀𝑝̅
 

Eq. 3.2 

where 𝜀𝑝̅
𝑖  is the plastic strain magnitude in the ith element and N is the number of 

elements measured. The elements in the head and the tail region were excluded in the 

measurements. Higher values of 𝐶𝑉𝜀𝑝̅ means greater inhomogeneity. 

Fig. 3.8 (a) and (b) shows the effects of the different friction coefficients on the 

billet bending and the 𝐶𝑉𝜀𝑝̅ respectively. In the case of billet bending, increasing 

friction reduces the bending for all friction coefficients simulated, however the effects 

are negligible when Lo is increased to 2.0w and above. Strain inhomogeneity, 𝐶𝑉𝜀𝑝̅, 

on the other hand is not influenced when µ is increased from 0.05 to 0.10. However, 

the strain inhomogeneity is increased to more than twice when µ is increased to 0.20, 

as seen by the bar levels in Fig. 3.8(b). 

  

Fig. 3.8: Effect of friction on (a) billet bending and (b) strain inhomogeneity (𝑪𝑽𝜺̅𝒑). 
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3.4 Optimization of I-ECAP geometry 

Unlike in the classical ECAP process, where the tooling is composed of a solid 

single die and therefore the outer channel length has a fixed length, the I-ECAP tooling 

is made up of two tools, a static die and an oscillating punch. This allows the I-ECAP 

process to have different die and punch length, referred to as Ld and Lp respectively in 

the following discussion. The effect of varying Ld on the billet bending was 

investigated by considering a worst case scenario of minimum punch length. Fig. 3.9 

(a-e) shows the effect of varying Ld from 0.5w to 10.0w while maintaining Lp of 0.5w. 

It is fairly evident that by increasing the Ld reduces billet bending at the same time it 

increases the steady state section length even though in all cases a minimum punch 

length was used. The die length (Ld) seems to have a much bigger effect in minimizing 

the billet bending. 

  
(a) (b) 

  
(c) (d) 

         
(e) 

Fig. 3.9: Equivalent plastic strain distribution for a constant punch length Lp = 0.5w and varying 

die length Ld = (a) 0.5w, (b) 1.0w, (c) 2.0w, (d) 4.0w and (e) 10.0w. 

For practical purposes however, punch length of Lp = 0.5w would be too small, 

and as such the punch surface would experience a pressure of up to 560 MPa 

Ld 

Lp 
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(according to loads predicted by FE). Although this is still well below the compressive 

yield strength of the tool material used, it is desirable to minimize this pressure. 

Therefore longer punch lengths are considered. Fig. 3.10 (a-d) shows the effect of 

varying Lp from 2.0w to 4.0w while keeping Ld constant at 10.0w. It can be seen that 

the plastic strain distribution and the deformation behaviour is similar in all three cases. 

(a) 

 

 

(b) 

 
(c) 

 

Fig. 3.10: Equivalent plastic strain distribution for a constant die length Ld = 10.0w and varying 

punch length Lp = (a) 2.0w, (b) 3.0w and (c) 4.0w. 

Furthermore, the effect of processing longer billets was also studied. Fig. 3.11 

(a) and (b) shows the plastic strain distribution for Lp=2.0w, Ld=10.0w with Lb = 10.0w 

and 12.0w respectively. As can be seen, the simulation results predict that a punch 

length (Lp) of 2.0w and a die length (Ld) of 10.0w are optimal values for tool design in 

order to minimize billet bending and to achieve a longer uniform plastic strain 

distribution region during I-ECAP processing. 

(a) 

 

 

(b) 

 

Fig. 3.11: Equivalent plastic strain distribution for a die length Ld = 10.0w and punch length 

Lp=2.0w with varying billet length Lb = (a) 10.0w and (b) 12.0w. 
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3.5 Double billet variant of I-ECAP process 

Although FE analysis was performed for the first pass and assuming plain 

strain conditions, the results were promising enough to design and manufacture the I-

ECAP die using the optimized tooling geometry. The double-billet variant [95] of the 

I-ECAP process was used in the present study. The working principle is similar to the 

single billet I-ECAP as explained in section 2.7, except only two billets are 

simultaneously processed. To investigate the effect of channel angle on the processed 

material, two separate I-ECAP dies with channel angle (Φ) of 120° and 90° were 

designed and manufactured. The schematic illustration of the two I-ECAP designs is 

shown in Fig. 3.12. As the name suggests, the advantage of using the double billet 

variant over the conventional ECAP procedure (other than capability to process longer 

billets) is that, it can process two billets simultaneously and therefore has twice the 

productivity. Also, due to symmetry, any lateral forces should cancel each other. 

 

Fig. 3.12: Schematic illustration of the double-billet variant of the I-ECAP process (A = die, B = 

feeding rod and C = punch). The two billets are marked with B1 and B2. 
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3.6 Design of I-ECAP die 

The design of the double billet I-ECAP die is based on a split die concept. The 

main die is composed of four die inserts (two longer and two shorter inserts), forming 

an inlet channel having a rectangular shape to accommodate two square cross-section 

billets (B1 and B2), as shown in Fig. 3.13. The die inserts are assembled together using 

lateral dowel pins and a pre-stressing ring (discussed below). The purpose of using a 

pre-stressing ring is to apply high compressive stress in the radial direction and to 

minimize the tangential stress generated in the die during processing. 

 
(a) (b) 

Fig. 3.13: Die insert sub-assembly (a) top view showing the rectangular shaped channel with two 

billets (B1 and B2), the two longer die inserts (labelled 1) and two shorter die inserts (labelled 2) 

and (b) cross-sectional cut along A-A. 

Fig. 3.14 shows the cross section of the full assembly model representing the 

various tooling elements of the I-ECAP die-set. It shows the two I-ECAP dies used in 

the present work, i.e. dies with channel angle (Φ) of (a) 120° and (b) 90°. Fig. 3.15 

shows the enlarged 3D view of the punch for the (a) 120° and (b) 90° designs. Both 

punches have a cylindrical top to fit inside the punch holder (as shown in Fig. 3.14) 

and a cut-out bottom to fit inside the I-ECAP die slot. For the Φ = 90° in Fig. 3.15(b), 

notice the spike in the middle of the punch; this is to facilitate flow of the two billets 

in opposite direction. 

B2 B1 
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Fig. 3.14: CAD drawing of the I-ECAP tool assembly for (a) Φ = 120° and (b) Φ = 90°. 

(a) 

 

(b) 

 

  

Fig. 3.15: Enlarged 3D view of the punch design for (a) Φ = 120° and (b) Φ = 90° (notice the spike 

in the middle, this is to facilitate the separation of the two billets in opposite direction). 

All parts, assembly models and the associated manufacturing drawings in the 

present work were generated by the author in PTC Pro/Engineer Wildfire 4.0 which is 

a 3D CAD program. The design follows the guidelines for design for manufacture 

(DFM) and geometric dimensioning and tolerancing (GD&T). The detailed 

manufacturing drawings for die angle (Φ) of 90 and 120° can be found in Appendix A 

and B, respectively. 
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3.7 Tool material 

Note that the I-ECAP die-set with Φ = 120° was designed based on engineering 

judgment and the die geometry is not optimized using FE simulations. However, 

because of the similarities in design configurations both are presented together. 

The die inserts were made of Vanadis 23 supplied by a Swedish company, 

Uddeholm. Uddeholm is a leading supplier of high strength, wear and corrosion 

resistant tool steels. Vanadis 23 is a powder metallurgy high speed tool steel 

corresponding to AISI M3:2 offering excellent combination of wear resistance and 

toughness. It is a chromium-molybdenum-tungsten-vanadium alloy (see Table 3.1 for 

composition) and is characterized by: 

 High wear resistance 

 High compressive strength 

 Good toughness 

 Very good dimensional stability on heat treatment 

 Good machinability 

Table 3.1: Composition of tool material - Vanadis 23 (Source Uddeholm) 

Composition C Cr Mo W V 

% 1.28 4.2 5.0 6.4 3.1 

Some of the physical properties of Vanadis 23 are shown in Table 3.2 

Table 3.2: Physical properties of Vanadis 23 (Source Uddeholm) 

Temp Density 
Modulus of 

elasticity 

Thermal expansion co-

efficient (20°C) 

Thermal 

conductivity 

Specific 

heat 

°C Kg/m3 GPa 1/°C W/m. °C J/Kg. °C 

20 7980 230 - 24 420 

400 7870 205 12.1 x 10-6 28 510 

600 7805 184 12.7 x 10-6 27 600 

The material was heat treated to achieve a hardness of 62 HRC. At this 

hardness level the compressive yield strength of the material is above 2500 MPa. This 

is desired to withstand high compressive forces during I-ECAP processing. 
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The other components of I-ECAP tooling assembly such as pre-stressing ring, 

sleeve and base plate were made with P20 material, heat treated to 40 HRC. P20 is a 

tool steel material which offers good machinability and wear resistance properties. 

3.8 Pre-stressing of I-ECAP die 

The pre-stressing of extrusion dies is a well-established practice. This is mainly 

done to improve the service life of the extrusion dies. The design of pre-stressing 

systems, aims at obtaining a high compressive pre-stress in the critical area of the die, 

leading to reduced stresses under full process pressure. A single ring system, which is 

the most commonly used pre-stressing system, was used to pre-stress the I-ECAP die-

set in the radial direction. 

The pre-stressing of I-ECAP die-set involves two main components (i) the die 

insert sub-assembly and (ii) the pre-stressing ring. The pre-stressing ring has central 

hole with a one degree draft. Because of this, the diameter of its hole at the top side is 

slightly smaller than the diameter at the bottom side, thereby forming a cone (see Fig. 

3.16 for illustration). Similarly, the top half of the die insert sub-assembly has an outer 

tapered profile to match the hole in the pre-stressing ring. The pre-stressing ring also 

has a slot to allow the material to exist after I-ECAP processing. 

 

Fig. 3.16: Sectioned view of pre-stressing ring is shown with a tapered hole in the centre. 

Compared to the extrusion die, pre-stressing of the I-ECAP die was done 

partially, i.e. only the top half of the die insert sub-assembly was pre-stressed. This is 

the region where the actual billet deformation takes place and where the highest 

amount of counter force is required to prevent die opening. 

To create pre-stressing condition, interference type fit is required between the 

pre-stressing ring and the die insert sub-assembly. A design rule was followed which 

Slot for material exiting the die 
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recommends using 0.3 to 0.5% of the die diameter for interference; 0.35% was used 

in this case. Since the diameter of the die insert sub-assembly was 70 mm, the total 

interference between the pre-stressing ring and die insert sub-assembly was calculated 

as 0.245 mm (0.35% x 70 mm). This resulted in 0.123 mm interference per side as 

illustrated in Fig. 3.17. 

 

Fig. 3.17: Sectioned view of I-ECAP die assembly with geometrical interference. 

To pre-stress I-ECAP die set, the pre-stressing ring was pushed onto the die 

insert sub-assembly. A sleeve part (see Fig. 3.14) was used to prevent the die insert 

sub-assembly from opening at the bottom side while pre-stressing is done on the top. 

The pre-stressing ring was initially placed on the die insert sub-assembly and 

allowed to go down freely under its own weight. Once there was zero clearance 

between the two components, the pre-stressing ring stopped. After this point, the pre-

stressing ring had to go further down by 7 mm to achieve the required interference fit. 

 

Fig. 3.18: Illustration showing the position of ring before and after pre-stressing. 
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The pre-stressing procedure was performed on a 1000 kN press using the 

displacement control mode. The hydraulic actuator gradually applied downward force 

and pressed the pre-stressing ring onto the die insert sub-assembly. To prevent any 

catastrophic fracture of the ring or die, the pressing was done very slowly and in 

increments of 0.5 mm. The force value from the load cell was continuously monitored. 

At the final stage of the pre-stressing the load cell recorded a value of ~750 kN. 

After pre-stressing the I-ECAP die, a problem was encountered with the die 

channel dimensions. The original channel dimension was reduced from 9.8 to 9.6mm, 

see Fig. 3.19. By carefully measuring the breadth of the inlet channel, it was discovered 

that the channel opening had become tapered after pre-stressing. Machining was 

performed on the top part of the inlet channel to remove the taper. Red region shown 

in the Fig. 3.20 was removed through machining, to make the channel walls parallel. 

Some machining was also performed on the punch and the feeding rod. 

 

Fig. 3.19: Measurement of I-ECAP channel dimensions along breadth after pre-stressing. 

 

Fig. 3.20: Illustration of the tapered profile of the channel breadth after pre-stressing. 
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3.9 Stress analysis of pre-stressing I-ECAP die 

In order to understand the effects of pre-stressing on the I-ECAP die, elastic 

stress analysis using FE was performed. A 3D model of the pre-stressing ring and die 

insert sub-assembly was developed using commercial FE code Abaqus/Standard to 

predict the deformations and the level of stresses after pre-stressing. The individual 

part geometry which was created in Pro/Engineer CAD software, was exported to 

Abaqus using an IGES file format. For simplification, all the extra features like, radii, 

chamfers and holes were removed from the CAD model before exporting. After 

importing into Abaqus, the parts were partitioned to enable mapped meshing and 

assembled together to form a three dimensional die insert sub-assembly and the pre-

stressing ring (as can be seen in Fig. 3.21). 

    

(a) (b) (c) (d) 

Fig. 3.21: Parts used in FE model: (a) longer die insert (b) shorter die insert (c) pre-stressing ring 

and (d) I-ECAP die assembly. 

3.9.1 Finite element model 

Eight noded linear brick element (C3D8R) with reduced integration was used 

to create the mesh. As can be seen in Fig. 3.22, the element size is smaller near the 

area of interest. In total there were 100,112 elements and 112,488 nodes in the model. 

Special care was taken to create a regular mapped mesh using the sweep meshing 

technique. Table 3.3 shows the value of Young’s modulus and Poisson’s ratio used in 

the model. 
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Table 3.3: Elastic properties of the materials used in the model 

Parts Material Young’s Modulus (E)  Poisson's ratio () 

Die inserts Vanadis 23 230 GPa 0.3 

Pre-stressing ring P20 199.95 GPa 0.27 

 

 

 

 

(a) (b) 

Fig. 3.22: (a) Finite element mesh of the whole model and (b) enlarged view of the dense mesh 

region. 

The nodes at the bottom of the die insert sub-assembly were constrained in all 

translation and all rotation degrees of freedom throughout the analysis (Fig. 3.23). A 

rigid analytical plane surface was used to push the pre-stressing ring into the die insert 

sub-assembly. A downward displacement was applied at the reference point of this 

rigid plane. The pre-stressing ring was pushed by a value of 7 mm onto the die insert 

sub-assembly following a linear displacement ramp profile. 

 

Fig. 3.23: Model showing the direction of loading and constraints. 
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A friction co-efficient value of 0.12 was considered between the contacting 

bodies. This value was achieved after trial and error method. Different friction co-

efficient values were tried until the corresponding reaction force on the rigid plane was 

approximately 750 kN, the value measured on the load cell during the actual pre-

stressing. 

3.9.2 Procedure for analysis 

Two steps were defined to solve the FE problem; in the first step contact was 

initiated, this was done by applying a very small displacement to the pre-stressing ring 

via the rigid plane. In second step the actual pre-stressing was performed, time duration 

of 7 seconds was defined for this step. The 7 mm displacement was applied as a ramp 

profile therefore the speed of the pressing was 1 mm/s. Time incrementation was 

carefully selected so as to allow convergence of solution. It took approximately 25 

minutes to solve the pre-stressing problem. 

3.9.3 Results and discussion 

The Fig. 3.24 shows the Von Mises stress distribution along different section 

of the I-ECAP die set. As both the pre-stressing ring and the die insert sub-assembly 

were modelled using deformable geometry, stresses are produced in both components. 

As predicted, the maximum stress is occurring in the shorter die inserts. 

 

Fig. 3.24: Plot of Von Mises stress distribution after press-stressing of the I-ECAP die. 
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Fig. 3.25 shows the stress distribution for the upper and lower sides of the pre-

stressing ring, the views have been sectioned to see the stresses on the tapered hole. 

 

Fig. 3.25: Sectioned plot of Von Mises stress distribution on pre-stressing ring (a) top side and (b) 

bottom side. 

The following (Fig. 3.26) shows the stress distribution on the individual 

components of the die insert sub-assembly. It should be mentioned here that the 

material for die insert is Vanadis 23, which has a yield stress values of 2500 MPa at 

62 HRC. The maximum stress predicted by the FE simulation is 1232.4 MPa which is 

well below the yield strength of the material, so as far the pre-stressing is concerned 

the design is safe. 

 

Fig. 3.26: Plot of Von Mises stress distribution on the four die inserts. 
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The force predicted by FE model during pre-stressing is shown in Fig. 3.27; it 

increases linearly with the displacement. As mentioned earlier, the co-efficient of 

friction was carefully selected to achieve the final force value equal to the experimental 

measured one. 

 

Fig. 3.27: FE prediction of force required for pre-stressing the I-ECAP die. 

The effect of pre-stressing on the channel width (z-direction) is shown in Fig. 

3.28. Because of the global coordinate system used, the displacement appears to have 

positive and negative values (red and blue colour in the results). 

 

Fig. 3.28: Pre-stressing displacement along z-direction (U3). 
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A comparison was done between the FE results and the actual measurement 

obtained through gauge blocks. As can be seen from the Table 3.4 below, FE 

predictions are in good agreement with the actual measurements. 

Table 3.4: Comparison of FEA results with actual measurement along channel breadth 

Channel Gap Left corner Middle section Right corner 

Actual 9.580 9.605 9.580 

FEA 9.594 9.612 9.594 

3.10 Summary and conclusions 

Finite element simulation using Abaqus/Explicit has been carried out to study 

the billet deformation behaviour during the first pass of I-ECAP using a single CP-Ti 

grade 2 billet. The purpose of the study was to optimize the I-ECAP tooling geometry 

to minimize or eliminate billet bending and to achieve uniform strain distribution. 

Investigations were performed to study the effect of tool length, billet length and 

friction on the bending behaviour of billet during processing and to study the resulting 

plastic strain distribution. The following conclusions are drawn from the study: 

1. The phenomenom of billet bending is an inherent nature of the I-ECAP process. 

Increasing the outlet channel length greatly reduces the non-desirable bending 

effect within the billets. 

2. Increasing the friction from 0.05 to 0.2 reduces the tendency of billet bending. 

However the effect is negligible beyond channel length of 2w. Friction, 

signifinatly increases the strain inhomogenity within the steady state section of 

the billet. Thefore the billet should be well lubricated to minimize friction and 

avoid galling. 

3. Unlike the classical ECAP process, the I-ECAP process owing to its unique tool 

design allows using unequal tool lengths (punch and die length can be different). 

Simulation results predict that even for longer billet lengths, an optimum punch 

and die length of 20 and 100 mm respectively can be used. 
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The stress analysis of pre-stressing the I-ECAP die has been carried out. The 

maximum stress predicted by the FE simulation is well below the yield strength of the 

die material, so the design is considered to be safe. The FE results are in good 

agreement with the actual measurements. The stress state in tools during I-ECAP 

process has not been studied here, although it is believed that the high strength high 

speed steel used for tools will easily withstand these loads. 

Following the FE analysis, the optimized tooling geometry was successfully 

incorporated into the die design of the double billet I-ECAP process. Details of the 

experiments performed on CP-Ti billets using the new I-ECAP dies are presented in 

the following chapter. 
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Chapter 4 

4 Experimental setup, material and procedure 

4.1 Introduction 

The experimental part of this research work consists of the following three main 

activities: 

1. Processing of CP-Ti grade 2 billets using the I-ECAP experimental rig 

2. Microstructural characterization of the processed material to investigate grain 

refinement process 

3. Mechanical testing of the processed material to evaluate the changes in its 

properties 

This chapter describes in detail the I-ECAP experimental setup, sample 

preparation method and the experimental procedure. It also describes the international 

test standards used for performing mechanical testing, the sample geometry, the 

equipment used and the method of data analysis. 

4.2 Previous configuration of the I-ECAP rig 

The I-ECAP process for billets and sheets uses a 1000 kN laboratory press 

equipped with a servo hydraulic actuator controlled using an analogue servo control 

module (SCM) by ESH. The rig consists of three main elements; the press actuator, 

the I-ECAP die-set mounted on the press bed, and a manually driven screw jack for 

material feeding. 

It is worthwhile recalling the principle of I-ECAP from Chapter 2. In I-ECAP 

the material feeding stage and the deformation stage are separated as opposed to 

classical ECAP procedure where the material feeding and deformation take place 

simultaneously. To enable this, the process employs an oscillating punch and an 

incremental feeding device to feed billets into the die channel. 
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Fig. 4.1: Previous configuration of the I-ECAP rig on the 1000 kN servo hydraulic press. 

To realize punch oscillations, the previous setup utilized an external waveform 

generator to generate a sine wave signal. The frequency and amplitude of this sine 

wave signal defined the processing parameters, which was monitored in real time using 

an analogue oscilloscope. This external signal was fed into the SCM, which causes the 

oscillatory movement of the punch attached to the press actuator. 

The incremental feeding of the billets was accomplished via a 200 kN self-

locking screw jack (Fig. 4.2(a)). It was mounted on a supporting plate (see Fig. 4.2(b)) 

fitted at the bottom of the press. To move the lifting screw of the screw jack, levers 

positioned at the front of the press were manually turned. Turning the lever, rotated a 

system of shafts connected by two gearboxes (gearbox 1 and 2 in Fig. 4.1). The gear 

ratios of the two gearboxes, together with the gear ratio of the screw jack, resulted in 

one complete rotation of the input shaft moving the lifting screw by approximately 0.2 

mm. 
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(a) (b) 

Fig. 4.2: (a) Power jack translating 200 kN screw jack and (b) illustration of the screw jack 

installation on the I-ECAP rig 

The procedure for carrying out experiments in the previous configuration was 

as follows. First of all some setup operations were performed. These included: aligning 

the punch with respect to the die, moving the screw jack to the bottom position by 

manually turning the levers (to create space to insert billets), setting up the punch 

oscillations using the external waveform generator, introducing the lubricated billets 

into the inlet channel and heating the tooling if necessary. 

To start processing, the billets were fed manually (using screw jack) into the 

deformation zone so that a small load reading began to appear on a LED display on 

the control cabinet. This indicated that the billets were starting to make contact with 

the punch. At this point, the feeding process had to be synchronized with the punch 

oscillatory movement. A dial gauge attached to the punch served as a reference for 

feeding. When the punch was retracting away from the billet, the lever of the feeding 

mechanism was given one full turn. This caused the billet to be pushed into the 

deformation zone by ~0.2 mm, where it was locked in position by the self-locking 

screw of the screw jack. In the next cycle the punch came down and plastically 

deformed the billets. This cycle of feeding and deformation was repeated until the 

entire billet length was processed, at which point the experiment was stopped and 

billets were removed and prepared for the next I-ECAP pass. 

 

Supporting plate Screw jack 

Lifting screw 
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4.3 Upgradation of I-ECAP rig 

The above described procedure for performing experiments on the I-ECAP rig 

was a major cause of user’s fatigue. Besides, the manually operated feeding 

mechanism resulted in: less productivity (limited to ~0.2 mm per feeding cycle only), 

low level of repeatability and sometimes out of synchronize feeding with punch 

oscillatory motion. The previous configuration of the I-ECAP rig was therefore not 

reliable and not appropriate at all especially if I-ECAP process is to be considered for 

industrialization purposes. 

A major program of work was undertaken as part of this PhD to upgrade the I-

ECAP rig. The objective was to demonstrate the I-ECAP rig as a viable method for 

industrial usage and also to make the I-ECAP process more efficient, repetitive and to 

enable robust process control and data acquisition during processing. 

The following aspects of the I-ECAP rig were selected for improvement and upgrading 

purposes. 

 Automation of material feeding system 

 Elevated temperature processing capability 

 Digital servo hydraulic control system 

 Instrumentation, process control and data acquisition 

 General rig upgrades including safety 

4.3.1 Automation of material feeding system 

The first and the most important upgrade was to eliminate the problems with 

manually feeding of the billets during processing and the inefficiencies associated with 

it. As discussed earlier, manual feeding of the billets by rotating the levers during 

processing was a major drawback of the previous I-ECAP experimental procedure. To 

demonstrate I-ECAP as an industrially viable option, an automatic material feeding 

system was an essential requirement. 

A new motor driven automatic system of billet feeding was implemented to 

replace the previous manual system of levers and gearboxes. The new system shown 

in Fig. 4.3 consisted of (a) Kollmorgen AKM Synchronous AC servo motor with a 
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50:1 gear ratio gearhead, (b) SERVOSTAR S300 servo drive, (c) control cabinet to 

power motor and interface with the I-ECAP rig and (d) mechanical coupling to 

interface motor with screw jack worm shaft. 

 
 

 

 

Fig. 4.3: A motor driven system of billet feeding (a) Kollmorgen AKM Synchronous AC servo 

motor with a 50:1 gear ratio gearhead, (b) SERVOSTAR S300 servo drive, (c) control cabinet to 

power the servo motor and interface with the I-ECAP rig and (d) cross-section showing how the 

motor is coupled to screw jack worm shaft. 

To investigate the I-ECAP process in detail an important parameter is feeding 

force. During I-ECAP, the feeding stage is separated from the deformation stage, 

therefore it is believed that the force required to feed the material is considerably lower 

compared to classical ECAP. To practically measure the feeding force during 

experiments, a load cell was required within the existing tooling responsible for billet 

feeding. For this purpose, a full 3D CAD model of the whole I-ECAP rig including 

screw jack, press table, I-ECAP die set and punch attached to the press actuator was 

developed. The main challenge was to find a load cell which was compact enough to 

fit within the existing tooling and also capable of measuring loads up to 200 kN 

(maximum allowable load for screwjack). A 300 series compact type load cell from 

Richmond Industries was selected, as it satisfied these requirements. Design changes 

(a) 
(b) 

(c) 

(d) Coupling Screw 
jack 
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were made in the existing tooling and some new tools were made to house the load 

cell just above the screw jack, as shown in Fig. 4.4. Designing the new tooling for 

billet feeding and installing the load cell, enabled monitoring and recording feeding 

forces during processing. 

 

Fig. 4.4: I-ECAP tooling for material feeding along with the load cell for recording feeding force. 
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4.3.2 Elevated temperature processing capability 

In order to avoid cracking and segmentation of billets during processing of 

difficult to deform materials like titanium, the process has to be carried out at elevated 

temperature. To enable this, the I-ECAP rig was installed with three zones of heating 

as shown in Fig. 4.5. 

Zone 1 consists of a 600 watts heater band attached to the punch holder. Zone 2 

features a split type aluminum heating block fitted with six fire-rod heaters of 250 

watts each and finally Zone 3 is a large band heater attached to the outer surface of the 

pre-stressing ring with a power of 3000 watts. There is a K-Type thermocouple close 

to the deformation zone which is used to monitor and maintain the processing 

temperature within accuracy of ±2.0 °C during I-ECAP processing. Fig. 4.6 shows the 

heater control cabinet which is used to power and control the various heaters. 

 

Fig. 4.5: I-ECAP tooling with different zones of heating for (a) Φ = 120° and (b) Φ = 90° 
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(a) 

 

(b) 

 

Fig. 4.6: Heater control cabinet: (a) outside view and (b) inside connections. 

However, the elevated temperature processing itself presented a problem. Due 

to high temperature, there is a potential of heat reaching into the load cell which 

measures deformation force (load cell 1 in Fig. 4.5). The load-cell installed on the 

press is a general-purpose load cell and it is not meant to be operated at temperatures 

in access of 70 °C. At elevated temperature, the reliability of the data from load cell is 

compromised. In extreme case, the load cell can be damaged permanently. To avoid 

this problem a cooling system was designed and installed. The system comprised of 

an industrial chiller (used also to cool the oil in the press power pack) and some new 

tooling between punch holder and the load cell. Three designs were developed for this 

new tooling and the best designed was selected and manufactured based on the criteria 

of design for manufacture (DFM), reusability of the existing tools and the cost . The 

design is shown in Fig. 4.7 (see Appendix C for detailed drawings). 
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Fig. 4.7: New tooling for maintaining the load cell at low temperature (here blue arrow indicates 

cool water coming from chiller and red arrow indicates heated water going back to chiller). 

4.3.3 Digital servo hydraulic control system 

The previous servo hydraulic controller for the press from ESH, was based on 

an obsolete analogue technology. It offered very limited options, for example, an 

external waveform generator was used to generate the sine wave required for 

oscillating the punch during the I-ECAP process. The system was very bulky and 

lacked some essential safety features in case the load reached a dangerous level during 

operation. 

In order to make the I-ECAP rig efficient and robust, it was essential to replace 

the old control system with a modern one. For this purpose, major press control 

suppliers including MOOG, Instron and Zwick/Roell were contacted for a solution. 

After product demonstrations from these suppliers and after detailed analysis in terms 

of specification, flexibility, robustness, future upscaling and cost; the solution from 

Zwick/Roell was selected. The solution (as shown in Fig. 4.8) comprises a state of the 

art digital servo hydraulic controller known as ‘control cube’ along with its computer 

based ‘Cubus’ software interface. The solution provided several enhancements in 

terms of controls and safety, however following are some of the noteworthy features: 
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1. Cubus displays critical information in real time such as command (displacement 

or load) and the actual feedback in the form of text and charts. 

2. Sine wave signal generation via a cyclic module so the external generator is not 

required. 

3. Options to create complex test sequences with the help of a block program module 

and options to save and recall programs. 

4. Easy interface and integration options with external data acquisition system. 

(a) 

 

(b) 

 

Fig. 4.8: (a) The solution from Zwick/Roell: 1 – control cube, 2 – computer based Cubus software, 

3 – hand controller for manual actuator control during setup and (b) backside of the control cube, 

showing options for connections and interfacing. 

2 

1 
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4.3.4 Instrumentation, process control and data acquisition 

For a robust process control and data acquisition during experiments,  a 

dedicated LabVIEW virtual instrument application was programmed and implemented 

as part of the upgradation work. The objective of creating this application was mainly 

for the automatic synchronization of material feeding during processing. The 

application serves as a central point from where one can monitor, control and record 

data during experiments. To understand how this application is integrated into the 

overall experimental rig, a schematic diagram in Fig. 4.9 is presented to show the 

various elements of the I-ECAP rig and their connections. 

 

SV Servo valve 

LVDT Displacement transducer 

HA Hydraulic actuator 

NI National Instruments 

LC1 Load cell - deformation 

P Punch 

B Billets 

LC2 Load cell - feeding 

MC Servo motor controller 

M Servo motor 

SJ Screw jack 

1: 
2: 
3: 
4: 

Sine wave signal (input) 
Signal to servo motor (output) 
Feeding force (input) 
Deformation force (input) 

Fig. 4.9: The schematic diagram representing the connections between various elements of the I-

ECAP rig. 

There are two modes of the operation: synchronous mode and manual mode. 

Synchronous mode is used during the actual experiments to control, monitor and 

record data, whereas the manual mode is used during press setup and to eject the billet 

at the end of processing. The manual mode has two modes: jog mode and continuous 

mode. Jog mode is used during setup when precise and fine screw jack movements are 

needed, whereas continuous mode is used for rapid and long duration movements of 

screw jack. 



Chapter 4 Experimental setup, material and procedure 

 

 83 

 

The following Compaq DAQ input and output modules from National 

Instruments were used for instrumentation purposes (shown in Fig. 4.10(a)): 

1. NI-9215: 

An input module with 100 kS/s/ch, 16-bit, simultaneous input and 4-channels. 

This was used to acquire sine waveform signal commands from Cubus software 

for punch oscillations. 

2. NI-9263:  

An output module with 100 kS/s/ch, 16-bit, simultaneous input and 4-channels. 

This was used to send start and stop signals to servo motor via the control cabinet 

to drive the screw jack and to synchronize the billet feeding. 

3. NI-9237 

An input module with 50 kS/s/ch, bridge analogue input and 4-channels. This 

module was used to acquire feeding force values. 

4. NI-9201:  

An input module with 500 kS/s, 12-bits and 8-channels. This module was used to 

acquire deformation force values. 

Note: Here kS/s/ch means kilo scans per second per channel 

Fig. 4.10(a) shows the front screen of the LabVIEW application in synchronous 

mode. There are four display charts, the number on each chart corresponds to the 

respective I/O module to which it is connected. These display charts are used to 

monitor the sine wave signal (punch oscillations), start and stop commands to servo 

motor (for screw jack movement), feeding force and deformation force. The 

application also provide various other controls such as: controlling the rpm of the servo 

motor (via a dial control), setting the maximum upper limit of feeding force beyond 

which feeding is stopped to prevent any damage to the feeding force load cell and 

controls to setup the feeding stroke (defined as ‘a’ in Fig. 3.12). 
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The application acquires the sine wave form signal and uses it to synchronize 

the screw jack movement by sending motion start and stop command to the servo 

motor. Before explaining how the material feeding is synchronized, it is important to 

understand how the displacement profile of the punch oscillation (sine wave signal) is 

handled in the application. A full cycle of the sine wave is shown in Fig. 4.11. The 

sine wave is considered to be split into two parts: rising edge part (when the punch is 

moving up, blue colour line) and falling edge part (when the punch is coming down, 

red colour line). 

To synchronize the material feeding, the user is required to setup the feeding 

stroke ‘a’ in the application. This is done by selecting either the rising or the falling 

edge of the sine wave for triggering motor start and stop commands. The application 

also requires defining levels on the sine wave form at which to trigger start and stop 

commands to the motor. The start and stop trigger levels are shown as square and 

diamond in Fig. 4.11, respectively. 

 

Fig. 4.11: Rising and falling edge of the sine wave form signal, (a) first scenario: material feeding 

starts and stops on the rising edge, (b) second scenario: material feeding starts on rising edge but 

stops on falling edge. 

The figure also shows the displacement profile of the screw jack movement 

(solid straight lines) realized by the servo motor. The displacement profile is split into 

three regions shown in different colours. Green region of the line, represents the 

material feeding stage, the orange region represents the holding stage and the pink 

region represents the deformation stage (the small circle represents the initiation of 

deformation stage). 
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Two scenarios are shown in Fig. 4.11. Fig. 4.11(a) represents the first scenario, 

in which material feeding take place only during the rising part of the punch 

movement. However, since the amplitude of punch oscillations is normally set at 

higher values (between 1.2 and 2.0 mm), compared to the feeding stroke (‘a’ is 

between 0.2 and 0.5 mm), some initial portion of the falling edge can also be used for 

material feeding. As can be seen in Fig. 4.11(b), this second scenario enables higher 

values of feeding stroke compared to in first scenario. 

Fig. 4.12 shows how the first scenario of material feeding is implemented using 

the I-ECAP LabVIEW application. Notice that signal to motor represents the voltage 

signal, level of which is seen to rise when the motor ‘start trigger’ condition is met and 

fall to zero once the ‘stop trigger’ condition is met. 

 

Fig. 4.12: Automatic material feeding using I-ECAP LabVIEW application based on the first 

scenario. 

The I-ECAP LabVIEW application performs two major tasks. The first task is 

to perform data acquisition and analysis. The second task involves processing data 

(converting voltage values into actual load values) and writing it on the hard disk. 

Acquiring data takes place at a much faster rates compared to writing data. During the 

initial stages of application development, both processes were performed in a signal 

continuous loop. This immediately caused problems, as the data acquisition was 

waiting until the processed data was written to the hard drive which resulted in 

incomplete data acquisition. To overcome this problem, an efficient design 

Start trigger 

Stop trigger 

Motor start signal Motor stop signal 
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pattern/architecture known as ‘producer/consumer’ was programmed and 

implemented in LabVIEW (see Fig. 4.13).  

 

Fig. 4.13: Example of producer consumer design pattern taken from LabVIEW documentation 

The producer/consumer design pattern is based on the Master/Slave pattern. 

The idea is to have two parallel loops running together, the master loop which 

‘produces’ data constantly and passes the data to the slave loop which ‘consumes’ the 

data. Using this architecture, the data acquisition and analysis are implemented in the 

producer loop, which is followed by data being passed, using a system of queues to 

the consumer loop. The consumer loop processes the data and stores it in an internal 

buffer. Once the buffer is full, the data is dumped onto a hard disk. This way, the two 

processes can take place simultaneously but at different speeds. 

It is important to mention here the readings from load cells connected to punch 

for measuring deformation force and to screwjack for measuring feeding force, were 

carefully calibrated in order to convert the raw signals in to actual load values in kN. 
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Fig. 4.14: Partial block diagram of the I-ECAP LabVIEW application showing the producer 

consumer loop.  

The producer loop acquires the sine wave form signal coming from the NI-

9215 module at a rate of 250 scans/s. Since I-ECAP is mostly performed at low 

frequencies between 0.5 to 2 Hz, a low pass filter with a cut off frequency of 10 Hz is 

applied to filter out any higher frequency signals. The application also applies some 

smoothing to the signal before the analysis. The data is processed in real time and as 

soon as the trigger start condition is met, the application sends voltage signal via NI-

9263 module to the servo motor to enable material feeding. This is done until the sine 

wave form reaches the stop trigger condition at which point a ‘zero’ voltage signal is 

sent to stop the servo motor. Fig. 4.14 shows the partial block diagram implementation 

of the ‘producer/consumer’ loop. 

Producer loop 

Consumer loop 
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4.3.5 General rig upgrades including safety controls 

Other general rig upgrades included the following tasks: 

1. Installation and commissioning of a MOOG servo valve on the 1000 kN press 

2. Installation of a new hydraulic accumulator (pressure storage reservoir) 

3. Installation and commissioning of an industrial chiller for cooling hydraulic oil and 

punch tooling. 

4. General servicing of the hydraulic power pack 

5. Installation of E-stops on the press for safety purpose and integration with servo 

motor controller. 

6. Installation of a limit switch to impose hard limits on the upper and lower position 

of screw jack. 

4.3.6 The completed setup 

The completed I-ECAP experimental rig is shows in Fig. 4.15 after the 

upgrades and improvements. The figure shows the 1000 kN hydraulic press and all the 

other elements of the rig together.  
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4.4 As received material 

The as received material used in the present study was commercial purity 

titanium (CP-Ti), grade 2 in the form of a 12.5 mm thick rolled plate from Dynamic 

Metals Ltd (UK). The chemical composition of this material as reported in the 

conformance certificate is shown in Table 4.1. 

Table 4.1: Chemical composition of as received CP-Ti grade 2 material used in this study 

(source conformance certificate) 

Element C N O H Fe Ti 

wt% (Max) 0.08 0.03 0.18 0.015 0.20 Balance 

4.5 Billet preparation and lubrication 

Square cross-section billets measuring 10 x 10 mm2 (nominal value) and 120 

mm in length were cut using wire electric discharge machining (EDM) such that the 

length of the billet was parallel to the rolling direction of the plate. A small 1 mm 

chamfer was machined at the top edge of the billet, to facilitate the flow of material 

during the initial stage of processing. 

 

Fig. 4.16: Billet appearance after different steps of billet preparation (a) 1st step – initial machined 

billet, (b) 2nd step – sand blasted billet, (c) 3rd step – graphite coated billet and (d) 4th step – anti-

seize lubricant applied. 

As titanium is very susceptible to galling on the die walls, it was necessary to 

perform some steps related to billet preparation prior to I-ECAP experiments. These 

steps included sandblasting of billets, spray coating a thin layer of lubricant (2 parts 

graphite and 1 part water, mixed together) on the billets, drying in an oven at 100 °C 
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and finally brushing a thin coating of anti-seize lubricant Loctite 8009 from Henkel 

Ltd. This method of billet preparation and lubrication was the most effective to avoid 

any billet seizing during operation. The appearance of billet after different preparatory 

steps is shown in Fig. 4.16. 

4.6 I-ECAP experimental procedure 

The first step before starting the experiment is to centre the punch and align it 

with the I-ECAP die. The punch is fitted inside a punch holder which is attached to the 

press actuator, while the I-ECAP die-set is clamped onto the press bed. The alignment 

of punch and die is a crucial step, to avoid any wear or damage of tools during 

operation. Fig. 4.17 shows the importance of aligning the tools. The alignment is 

performed by adjusting the position of I-ECAP die on the press table and clamping it 

to the table to prevent any movement during processing. The setup mode of the Cubus 

software is used during the alignment phase. 

 

Fig. 4.17: Alignment of punch and die slot before I-ECAP experiments. 

After alignment of punch and die, the heating is switched on and tools are 

allowed to heat up to the test temperature of 300 °C for about 3 hours. Once the die 

temperature is stable, the pair of lubricated billets is introduced inside the die vertical 

(inlet) channel. The billets are left inside the die for 15 mins, in order to achieve 

homogenous temperature distribution. It is important to mention here that the choice 

of 300 °C as processing temperature was based on literature review. This temperature 
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is believed to be high enough to enable processing of grade 2 titanium without failure 

and also low enough to minimize grain growth during processing. 

Experiments were performed using a feeding stroke of 0.2 mm/cycle (0.1 

mm/sec), punch oscillatory movement of 0.5 Hz with a peak to peak amplitude of 1.6 

mm (Fig. 4.18). Table 4.2 shows the summary of processing parameter during I-ECAP 

experiments. 

 

Fig. 4.18: Relative movement of punch and feeding rod during the I-ECAP process. 

Table 4.2: Summary of processing parameters during I-ECAP experiments using dies with 

channel angle (Φ) of 120° and 90°. 

No. Variable Category Value Unit 

1 Outer corner angle (Ψ) Die geometry 
0° for Φ = 120° die 

15° for Φ = 90° die 

° 

° 

2 Temperature 

Processing 

conditions 

300 °C 

3 Processing route BC - 

4 No. of passes 
6 for Φ = 120° die 

4 for Φ = 90° die 
- 

5 Strain induced per pass (Eq. 2.7) 
0.67 for Φ = 120° die 

1.07 for Φ = 90° die 
- 

6 I-ECAP variant 

I-ECAP 

parameters 

Double billet - 

7 Frequency of punch oscillation 0.5 Hz 

8 Amplitude of punch oscillation 1.6 (peak to peak) mm 

9 
Feeding stroke increment 

(feeding speed) 
0.2 (0.1) 

mm/cycle 

(mm/s) 
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4.6.1 Processing using die with channel angle (Φ) of 120° 

The die configuration with channel angle (Φ) of 120°, presented in Fig. 3.12, 

led to an imposed strain of ~0.67 per pass Eq. 2.7. The billets were processed 

repeatedly and were subjected to a total of six passes giving a maximum strain of 

~4.02. Processing route BC was followed in which the billet is rotated by 90° about its 

longitudinal axis in the same direction after each pass. Route BC is considered to be 

the most effective in achieving homogenous microstructure in which grains are 

separated by high angle boundaries [166]. Compared to other routes, route BC in Ti 

yields finer equi-axed grains, produces better surface quality billets [108] and also 

superior corrosion resistance [10]. Table 4.2 presents summary of processing 

parameters during I-ECAP experiments with 120° channel die. After each pass, the 

billets were quenched in cold water immediately, in order to suppress grain growth. 

In Fig. 4.19 (a), the pair of CP-Ti billets can be seen emerging out of the I-

ECAP 120° channel die at the end of the first pass. The process uniformly deformed 

billets and the macroscopic appearance of the processed billets was smooth with no 

visible signs of defects or surface cracks. However, the processed billets exhibited 

slight bowing, which prevented the same pair of billets to be re-inserted in the inlet 

channel for next pass. Therefore, a secondary straightening operation was performed 

by pressing the pair of billets on a 5000 KN hydraulic press between two flat dies 

heated to 200 °C. Fig. 4.19 (b) shows the appearance of the billets at different stages: 

unprocessed billet before I-ECAP (bottom), after I-ECAP (middle) and after 

straightening operation (top). 

 

 

 

 

 

 

 



Chapter 4 Experimental setup, material and procedure 

 

 95 

 

 

(a) 

             

 

(b) 

 

(c) 

1P 

  

2P 

4P 

6P 

 

Fig. 4.19: (a) The pair of CP-Ti billets emerging at the end of first I-ECAP pass using Φ = 120° 

channel angle die (white arrows indicate direction of material flow), (b) appearance of the CP-Ti 

billets: unprocessed billet (bottom), billet after first pass of I-ECAP showing bowing (middle) and 

straightened billet after secondary operation (top) and (c) appearance of CP-Ti billets after first, 

second, fourth and sixth pass of I-ECAP (second pass billet is straightened in the figure). 

Pair of billets at 
the end of pass 

Punch 

Flow direction 

Before I-ECAP 

After 1P 

After straightening 
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4.6.2 Processing using die with channel angle (Φ) of 90° 

The billet preparation and experimental procedure for the channel angle of 90° 

was similar to experiments using the channel angle of 120°, the only difference was in 

the total number of passes, which was four. The channel configuration of 90° lead to 

an imposed strain of ~1.07 per pass leading to a total strain of ~4.28 after four passes. 

Fig. 4.20 shows the appearance of the billets after first, second, third and fourth pass 

of I-ECAP processing using the channel angle (Φ) of 90°. Notice that the billets are 

perfectly straight and therefore no straightening was required. This confirms that the 

optimized tooling geometry finalized after FE analysis was quite effective in 

eliminating any bending in billets. 

(a) 

 

(b) 

 

(c) 

 

Fig. 4.20: (a) The pair of CP-Ti billets at the end of first I-ECAP pass using the Φ = 90° channel 

angle die, (b) pair of billets (left and right) after first pass processing and (c) appearance of CP-

Ti billets after first, second, third and fourth pass of I-ECAP (right hand billets are shown only). 

2P 

1P 

4P 

3P 

Flow direction 

Billets after first pass 

Billets prepared for next pass by cleaning and grinding 
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There were some problems encountered during the initial trials with Φ = 90° 

die (see Fig. 4.21 for illustration). Because of the pre-stressing of the die the internal 

channel dimensions were reduced. Although the unlubricated billets could still fit the 

channel however when billets were coated with lubricant and processed for the first 

time, they got badly stuck in the channel. This resulted in severe galling and titanium 

sticking to the channel walls. In an attempt to push the billets out of the die using 

feeding rod, the feeding rod got jammed inside the die channel. So the only way was 

to dissemble the whole die i.e. remove the pre-stressing ring and open the die-insert 

subassembly. The inside surface of the die-inserts (die walls) was re-ground to remove 

the residual titanium and to achieve the desired surface finish. The dies were assembled 

and pre-stressed again and a new feeding rod was manufactured as it was damaged 

when trying to force it out. The billet dimensions excluding the length were reduced 

all around by 0.1 mm to allow sufficient clearance after applying lubrication. The 

billets were processed again after the tool re-work was carried out. As seen in Fig. 

4.20, billets were processed successfully and the problems encountered earlier were 

eliminated. 

 

Fig. 4.21: Problems encountered during initial processing trials using the Φ = 90° channel angle. 
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4.7 Microstructure characterization 

4.7.1 Electron back scatter diffraction (EBSD) 

Electron backscatter diffraction (EBSD) was used to characterize the 

microstructure in the unprocessed condition and after subsequent passes of I-ECAP. 

For characterization purposes, a slice of material was cut from the middle of the billet 

to avoid end effects. Initially, several attempts were made to prepare the samples for 

EBSD analysis by the author. These involved various combination of mechanical 

grinding, polishing, polishing using VibroMet machine and electro polishing. 

However, all such attempts to prepare samples and acquire EBSD data on the FEI’s 

Quanta FEG 250 scanning electron microscope (SEM) failed. 

Finally, it was decided to send the samples to Institute of Non-Ferrous Metals 

in Gliwice, Poland because of their ion milling facility. The surface of each sample 

was grinded on Buehler machines using 180, 320, 1000 and 4000 grit SiC papers. 

Polishing was done with colloidal silica using DP-Mol and OP-Chem. Finally, on 

RES101 ion milling machine, the sample surface was prepared for EBSD test 

according to the scheme: equalization, polishing and cleaning. The SEM used was an 

HRSEM FEI Inspect F50 with an EDAX TSL EBSD detector. The sample was tilted 

70° from the horizontal plane for EBSD data collection, at a 20 kV accelerating voltage 

and 200 mA beam current. A step size of 0.40 µm was used for the unprocessed 

material and 0.08 µm for the processed material. The EBSD data with an average 

confidence index between 0.15 to 0.40 (for various samples) was analysed using TSL 

OIM software. 
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4.8 Mechanical testing 

Various mechanical tests were performed on the unprocessed and processed 

billets to study the effect of I-ECAP processing on the mechanical performance of CP-

Ti. The mechanical tests were performed on the samples, which were cut from the 

billets. For the purposes of identification it was necessary to first establish three 

orthogonal planes; X, Y and Z with respect to the billet. As illustrated in Fig. 4.22, X 

plane is the cross-sectional or transverse plane perpendicular to the longitudinal axis 

of the billet whereas Y and Z plane are flow and longitudinal planes parallel to the side 

face and the top face of the billet at the point of exit from the die, respectively. 

 

Fig. 4.22: Illustration of the three orthogonal planes (X, Y and Z) representing different sides of 

the billet. 
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4.8.1 Tensile testing 

Tensile tests were carried out following the ASTM E8 standard [167], to 

evaluate the strength and ductility of the material in the unprocessed condition and 

after subsequent I-ECAP passes. For this purpose, flat tensile samples with a 14 mm 

gauge length and 3 x 2 mm2 cross-section (see Fig. 4.23 (a) for detailed dimensions), 

were cut parallel to longitudinal axis (Y plane) of the processed billet using 0.5 mm 

wire EDM. A set of three samples were cut from each billet across the width (a). To 

avoid the effect of any surface defect, the samples were cut 1 mm away from the side 

faces (see Fig. 4.23(b) for illustration). 

(a) 

 

 (b) 

 

Fig. 4.23: (a) Dimensions (in mm) of the flat tensile sample used in this study and (b) illustration 

of the three tensile samples cut across the cross-section (X-plane) of the billet. 

All tensile tests were performed on the Zwick/Roell Z150 test machine (shown 

in Fig. 4.24) with testXpert control software. The tensile sample was loaded and 

gripped between the wedge clamps of the machine. During testing the sample was 

pulled from the bottom at a constant strain rate until fracture. The elongation was 

measured as a displacement of the machine cross-head. The load-displacement data 

from each test was converted into true stress-strain curve. For each material condition, 

three separate tests were performed to ensure repeatability so the final stress-strain 

curve for each condition represents the average of the three tests. 

ND 

FD 

ND 

TD 
a 
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4.8.2 Fractography 

Following tensile testing, fracture surface of the samples was examined to study 

the fracture morphology, using the FEI’s Quanta FEG 250 scanning electron 

microscope (SEM), operating at 20 kV and with secondary electron (SE) mode.  

 

 

Fig. 4.24: Zwick/Roell Z150 tensile testing machine with the sample held by machine grips. 

4.8.3 Compression testing 

To investigate workability characteristics and deformation behaviour of the 

material after I-ECAP, uniaxial compression tests were performed both at room 

temperature and at elevated temperature. Samples for compression testing were 

precision machined from the billet by turning, such that the axis of the compression 

sample was parallel to the longitudinal axis of the billet, as shown in Fig. 4.25(a). 

During compression testing it is necessary for the sample to deform under 

uniaxial condition, which means that sample should be able to maintain its cylindrical 

shape during tests. This situation is however difficult to achieve due to friction between 

sample surfaces and machine platens. Such friction can cause ‘barrelling effect’ in 

samples, wherein the sample does not deform under ideal uniaxial condition. A simple 

but effective method to reduce friction is to use so called Rastegaev type samples 

Tensile 
sample 
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[168]. These samples have a shallow cavity (recess) at top and bottom surface of the 

sample, as shown in Fig. 4.25(b). The idea is to fill the cavity with lubricant, the cavity 

will then act a lubricant reservoir and prevent lubricant being squeezed out during the 

compression testing. This approach reduces friction and substantially minimizes 

barrelling during compression testing. A machined cylindrical compression sample is 

shown in Fig. 4.25(c). 

(a)  (b) (c) 

 
  

Fig. 4.25: (a) Plan of cutting compression samples from billets, (b) external dimensions of 

Rastegaev type sample used in the study (see appendix D for detailed drawing) and (c) machined 

cylindrical compression sample. 

Room temperature compression testing was performed following the ASTM E9 

– 09 standard [169] whereas, elevated temperature testing was performed following 

the ASTM E209-00 standard [163]. For room temperature tests, the top and bottom 

surface of the compression samples were coated with molybdenum-disulphide (MoS2). 

For elevated temperature tests, the sample surfaces were coated with graphite. For both 

conditions, the anvil surfaces were coated with a boron nitride. 

Both type of tests were performed on the Zwick/Roell HA250 servo hydraulic 

testing machine with a 250 KN load cell (shown in the Fig. 4.26(a)). The machine is 

equipped with a high speed data acquisition system and a temperature controller. The 

machine has a fixed lower platen and a movable upper platen, both made of high 

strength material. To enable elevated temperature experiments, tooling can be enclosed 

inside a split type furnace installed on the machine. The arrangement of these different 

components is shown in Fig. 4.26(a). During compression testing, cylindrical sample 

is compressed between the two platens; see Fig. 4.26(b). 

8 

8 

0.1 
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Fig. 4.26: (a) Zwick/Roell HA250 servo hydraulic testing machine and (b) position of compression 

sample between the platens (light red background represents the furnace environment). 

Because of high forces experienced during the test, machine elements were also 

deformed elastically and became part of the force-deformation curve obtained from 

the test. To eliminate this error, compliance testing was performed at each test 

conditions in which the machine platens were pressed without any sample between 

them. The correction curve obtained from the compliance testing was then subtracted 

from the original curve to obtain true deformation values for the test sample. 

The true stress and strain values were than derived from the force and 

deformation measurements, and were calculated using the Eq. 4.1 and Eq. 4.2 

𝝈𝒆 =
𝑭

𝑨𝟎
;                                𝜺𝒆 =

𝜹𝑯

𝑯𝟎
=
(𝑯 −𝑯𝟎)

𝑯𝟎
 Eq. 4.1 

𝝈𝒕 = 𝝈𝒆(𝟏 + 𝜺𝒆);                𝜺𝒕 = 𝐥𝐧(𝟏 + 𝜺𝒆) Eq. 4.2 

where σe and εe are the engineering stress and strain, respectively; σt and εt are the true 

stress and strain, respectively; F, A0, H0 and H are the compression force, original area, 

original and instantaneous height, respectively. Note that because of the form of Eq. 

4.2, the εe will appear as negative values and consequently εt will be negative as well. 

So for plotting flow stress curves (true stress-strain), the function abs(εt) is used in 

excel. 
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4.8.4 Hardness measurements 

Hardness measurements were performed to investigate the evolution of 

hardness and to examine the homogeneity of strain distribution during I-ECAP 

processing. Samples measuring 10 mm in thickness, were cut from the centre of the 

unprocessed billet and from first, second, fourth and sixth pass billets across the 

transverse (X) plane. Each sample was then mounted and polished to a mirror-like 

finish using 600, 1200, 2500 and 4000 grit SiC papers. Vicker’s micro-hardness (Hv) 

measurements were taken on the surface of each sample using Zwick ZHVµ micro 

hardness tester equipped with Vickers indenter. For each measurement, a load of 1000 

gf was applied for a dwell time of 10 secs. The measurements were taken on a 2D grid 

style pattern of 11 x 11 equi-spaced points (as shown in Fig. 4.27) along TD and ND 

directions respectively, after leaving a gap of 0.5 mm from all four side walls. This 

resulted in a total of 122 measurement points across the sample surface. A detailed 

contour map was subsequently generated representing the hardness distribution profile 

for each sample condition. 

 

Fig. 4.27: 2D grid style pattern of 11 x 11 equi-spaced points on the surface of the sample used for 

microhardness measurement study. 
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4.9 Summary 

The chapter outlined the details about the I-ECAP experimental rig. The 

previous I-ECAP experimental configuration was not ideally suited for research and 

possible  industrialization. Apart from being old and bulky, there were issues resulting 

from the manual feeding of the billets during experiments. To demonstrate the I-ECAP 

process as a viable method for commercialization, major upgrades and improvement 

were carried out. New features implemented by the author as part of this work, such 

as automatic material feeding and data acquisition and process control via the LabView 

application are expected to make the I-ECAP process more efficient, robust and 

repeatable. 

The upgrades and improvements of the rig have greatly enhanced the 

operational efficiency of the process. The improved I-ECAP rig has been successfully 

demonstrated to process CP-Ti billets during multiple passes. Experiments were 

performed using die with a channel angle (Φ) of 120° and 90°. Processing was done 

at 300 °C following route BC, used in both cases. For Φ = 120° case, the billets were 

subjected to a total of six passes, whereas for Φ = 90° case the billets were subjected 

to four passes. In the case of Φ = 120°, the billets obtained were slightly bent and to 

which straightening was carried out before next pass processing. However, the billets 

were uniformly deformed and the macroscopic appearance of the billet surface was 

smooth, with no visible signs of defects or surface cracks. After some initial problems, 

similar results were obtained in the case of Φ = 90°. It is important to emphasize here 

that the new 90° I-ECAP die produced straight billets (no bending or bowing). The 

processed billets required very little preparation for the next pass. Thus the 90° I-ECAP 

die geometry which was optimized after FE simulations, proved to be very effective 

in experimental trials. 

To investigate the effect of I-ECAP processing on the material, microstructural 

characterization and different mechanical testing were performed. The details of the 

equipment, test samples, test conditions and the standards used were presented. The 

obtained results are discussed in Chapter 5 to 7. 
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Chapter 5 

5 Microstructure evolution and mechanism of grain 

refinement during I-ECAP 

5.1 Introduction 

With the exception of a few studies mentioned in section 2.9.1, all the other 

studies have characterized CP-Ti after only a certain pass, moreover the choice of TEM 

limits the scanned area under observations. Therefore, there exists a requirement for 

carrying out detailed investigation to observe the deformation process and to study the 

microstructural evolution and textural development during processing of CP-Ti. 

The aim of the chapter is to perform such investigation by employing EBSD 

analysis to study relatively large scan areas. Moreover, in this work, processing is 

carried out using two different I-ECAP dies with a varying channel angle (Φ) of 120° 

and 90°. 

The chapter is organized in three sections: 

1. First section contains the microstructural details of the as-received CP-Ti. 

2. Second section contains a complete study on the microstructure evolution and 

textural development along both flow and transverse direction of CP-Ti 

samples processed at 300 °C using an I-ECAP die with channel angle (Φ) of 

120°. In depth discussion is also presented is this section, to explain the 

mechanism of grain refinement during I-ECAP. 

3. Third section includes the microstructural observations and deformation 

characteristics during I-ECAP processing of CP-Ti using Φ = 90° die. 
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5.2 Microstructural characterization 

It is convenient to recall the reference system (three orthogonal planes); X, Y 

and Z with respect to the billet presented in 4.7.1. As illustrated in Fig. 5.1, X-plane is 

the cross-sectional or transverse plane perpendicular to the longitudinal axis of the 

billet whereas Y and Z-plane are flow and longitudinal planes parallel to the side face 

and the top face of the billet at the point of exit from the die, respectively. Samples 

from the unprocessed and processed billets were cut using a linear precision saw, 

following the cut plan as shown in Fig. 5.1. 

Microstructural observations along the flow direction were made on the Y-plane 

(FD-ND), while observations along the transverse directions were made on the X-

plane (TD-ND). Here FD, TD and ND represents the flow, transverse and normal 

directions respectively. Note that in the I-ECAP process, the billet is pressed/fed from 

the bottom as opposed to being pressed from the top in conventional ECAP, the ND 

direction is therefore shown to point downwards to make it consistent. 

 
Fig. 5.1: Illustration of the three orthogonal planes (X, Y and Z) with respect to the billet and the 

cut plan to obtain samples along flow and transverse plane for microstructure analysis (the 

polished surface is represented by grey colour in these cut samples). 

5.3 As received microstructure 

Microstructural characteristics of CP-Ti before and after I-ECAP processing 

were analysed using SEM based EBSD technique. Fig. 5.2 shows the coloured inverse 

pole figure (IPF) map of the unprocessed material, in the (a) flow (Y) and (b) 

transverse (X) plane of the as received samples along with the corresponding 

misorientation histogram. The RGB colour code: red for (0001), green for (21̅1̅0) and 

blue for (101̅0) as shown in the standard stereographic triangle (inset in Fig. 5.2(a)), 
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corresponds to the crystallographic orientation of each grain. The colour variations 

within the grains qualitatively represents difference in internal orientations. 

It appears that the grains are more or less equi-axed in morphology and the 

grain size analysis reveals an average grain size of 20 and 22 µm, on the flow and 

transverse planes, respectively. A small fraction of twins are also seen in the 

microstructure. The grain boundary maps obtained from the EBSD analysis (not shown 

here) confirm that the boundaries of the grains in both flow and transverse plane are 

high angle (θ > 15°) in nature with minor misorientation variation within the grain 

interiors. This minor misorientation is also evident in the IPF maps which show slight 

colour variations within the grain interiors. 

  

  

Fig. 5.2: Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the 

microstructure of unprocessed CP-Ti samples in the (a) flow (Y) and (b) transverse (X) plane 

along with the corresponding misorientation histogram. The colours correspond to the 

crystallographic orientations shown in the standard stereographic triangle. Colour variations 

within grains qualitatively represents change in internal orientations. 
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Fig. 5.3 shows the relevant pole figures recorded on basal (0001), prismatic 

(101̅0) and pyramidal (112̅0) planes representing the texture of the unprocessed 

material in the (a) flow and (b) transverse plane. These textures were recorded on the 

samples at the same measurement areas as used for the IPF maps. Fig. 5.3(a) represents 

the texture characteristics of the grains in the flow plane, which exhibits typical rolling 

texture as observed in HCP materials [170]. (0001) pole figure shows the presence of 

a basal texture with the c-axis of the majority of grains inclined at an angle ±30-60° 

from TD towards FD. The (101̅0) and (112̅0) pole figures indicates that a-axis of the 

HCP lattice is randomly oriented in the rolling plane, and there is no preferred 

orientation for prismatic and pyramidal planes (Fig. 5.3(a)). The estimated textures 

show that the basal planes of the grains are preferentially oriented parallel to the rolling 

direction. As a result, a ring texture is formed in the (0001) pole figure, where the basal 

pole densities are distributed 360° non-uniformly at the periphery of the pole figure 

(Fig. 5.3(b)). 

 Basal (𝟎𝟎𝟎𝟏) Prismatic (𝟏𝟎𝟏̅𝟎) Pyramidal (𝟏𝟏𝟐̅𝟎)  

(a) 

   
 

(b) 

   
 

Fig. 5.3: Experimental pole figures illustrating texture on 𝟎𝟎𝟎𝟏 (left), 𝟏𝟎𝟏̅𝟎 (middle) and 𝟏𝟏𝟐̅𝟎 

(right) planes in un-processed CP-Ti samples in the (a) flow (Y) plane and (b) transverse (X) plane. 

The texture intensity is represented by the colour scale bar for the corresponding pole figure. 
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5.4 Processing using I-ECAP die with channel angle (Φ) of 120° 

5.4.1 Microstructural evolution - Flow (Y) plane 

The post deformation microstructure was examined using high resolution SEM-

EBSD technique. Fig. 5.4 shows the coloured IPF maps, representing the evolution of 

microstructure and deformation characteristics in the flow (Y) plane of the samples 

subjected to (a) first (b) second (c) fourth and (d) sixth pass of I-ECAP process. As 

mentioned earlier, each pass gives a strain of ~0.67 so these IPF maps correspond to a 

total strain of 0.67, 1.34, 2.68 and 4.02, respectively. The FD and ND directions are 

shown in Fig. 5.4(a) and are applicable for all the IPF maps in flow plane. It is also 

important to emphasize that the samples for EBSD analysis were taken from the centre 

region of the processed billets to avoid any end effects and surface defects due to 

friction. 

EBSD scan of the sample subjected to first pass of I-ECAP in Fig. 5.4(a) shows 

that most of the grains are elongated and forming a typical banded style microstructure 

due to the shearing process. The metal flow pattern is similar with those developed in 

other metals after first pass of ECAP processing [166]. This pattern is mainly 

influenced by the channel intersection angle (Φ) during the first pass. In general, the 

microstructure is heterogeneous and three regions can be identified similar to those 

seen in [171]. Region 1 is a coarse grain which has been elongated and appears to be 

largely deformation free with the size similar to pre-existing coarse grains. Colour 

variation within this coarse grain suggests minor misorientations are accumulated 

within the grain. With further straining, these misorientations will increase, which is 

likely to result in formation of new smaller grains with high angle boundaries. Region 

2 consists of a comparatively thin banded structure, which have likely deformed to 

form new elongated grains. The bands measure tens of micrometres in length and a 

few micrometres in width, therefore, are not considered to be of the ultrafine scale. 

Region 3 consists of fine equiaxed grains in the size range less than 3µm; it is also 

seen that some of these fine grains have nucleated along the grain boundaries of larger 

elongated grain. Microstructure having such fine grains along the grain boundaries is 

termed as necklace structure. The smallest grains are about ~500 nm in size, however 
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their fraction is quite low. This shows that ultrafine grains have already begun to form 

after the first pass. 

As seen in Fig. 5.4(b), after second pass of I-ECAP processing, the 

microstructure is further refined compared to the first pass. As a result, many more 

fine grains have formed while the number of elongated grains has decreased 

considerably. Also, the length and width of the remaining elongated grains have been 

greatly reduced due to the total amount of strain induced. The majority of these 

elongated grains have orientations, which range from basal plane 0001 (red) to either 

half way to 101̅0 (pink) or less than half way to 21̅1̅0 (orange). 

Fig. 5.4(c) represents the microstructure after the fourth pass of I-ECAP 

processing. The microstructure has significantly changed from the first pass 

microstructure as the banded nature has been lost completely alongside the tilted 

material flow pattern. It is observed that a great amount of grain refinement has taken 

place, this is confirmed by the almost non-existence of elongated grains and the 

domination of equiaxed fine grains. 

Fig. 5.4(d) shows the EBSD microstructure of the sample after six passes. 

Notice the use of higher magnification for the image, as indicated by 5 µm scale bar 

compared to 20 µm in previous three images. The grains here are mostly equiaxed, 

however it is seen that some grains are slightly elongated and generally oriented in the 

billet extrusion direction (considered to be the characteristic of route BC). Although 

tremendous grain refinement has taken place, it seems that with further passes more 

refinement in grain size is possible. 
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Fig. 5.4: Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the 

evolution of microstructure and deformation characteristics in processed CP-Ti samples in the 

flow (Y) plane after (a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP at 300 ° C using 

the die with channel angle (Φ) of 120°. The colours correspond to the crystallographic orientations 

shown in the standard stereographic triangle (inset). Colour variation within the grains 

qualitatively represents differences in internal orientations. Note that scale bar used in (a) to (c) 

is 20 µm whereas in (d) is 5 µm, due to high magnification image. 

Fig. 5.5(a-d) shows grain boundary maps of the IPF maps presented in Fig. 5.4 

(a-d). In these figures, the light blue lines represent the low angle grain boundaries 

(LAGB) with misorientation angle (θ) between 1.5 to 15°, whereas the thick red lines 

represent the high angle grain boundaries (HAGB) with misorientation angle (θ) 

greater than 15°. The figure on the upper right of each grain boundary map shows the 

corresponding histogram of grain size (equivalent circle diameter) with the solid line 

representing the cumulative grain size distribution function. The figure also includes 
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the value of calculated average grain size (GS). Accordingly, the figure on the bottom 

right of each grain boundary map shows the corresponding histogram of grain 

misorientation with the solid line representing the cumulative grain misorientation 

distribution function. The figure also includes the calculated fraction of LAGB and 

HAGB as a percentage. Note that 1P, 2P, 4P and 6P in the Fig. 5.5(a-d) represents the 

respective I-ECAP pass numbers. 

These plots in Fig. 5.5(a-d) demonstrate a very clear evolution of 

microstructure in the flow plane with the increasing number of passes. In general, the 

grain size histogram shows that the bars are shifting towards the left, indicating the 

increase in grain refinement achieved due to subsequent processing. Moreover, the 

grain misorientation histogram reveals that the fraction of HAGB is gradually 

increasing with the increasing number of passes. 

The grain boundary map in Fig. 5.5(a) confirms the existence of mostly 

elongated grains with small fraction of fine grains in the microstructure. There is some 

evidence of these fine grains situated alongside the boundaries of larger elongated 

grains. The corresponding grain size histogram of Fig. 5.5(a) reveals a tiny fraction of 

grains which are above 20 µm. This confirm the presence of pre-existing deformation 

free coarse grains, which was seen as an elongated grain (circled as 1) in Fig. 5.4(a). 

The grain boundary map also reveals that the microstructure has mostly low angle 

grain misorientations, as evident by the abundance of blue lines after the first pass of 

I-ECAP. The corresponding grain misorientation histogram confirms this as well. By 

examining the grain boundary misorientation histogram carefully, twinning behaviour 

during the deformation can be observed. The histogram shows a noticeable peak of 

misorientation at around 85°, which would indicate that these boundaries corresponds 

to the {101̅2} tensile twin boundary [110]. There is also a minor peak in the 

misorientation histogram at ~65°, signalling that the {112̅2} twins were also operative 

during deformation. Twinning behaviour will be discussed further in the following 

section. 

The grain boundary map after second pass in Fig. 5.5(b) shows that the grains 

have been further refined with more than 90% of the grains smaller than 10 µm and 

with 40% of the grains between 0.7 to 2.0 µm size. The fraction of elongated grain has 

been reduced considerably. Careful observation of the grain boundary maps reveals 



Chapter 5 Microstructure evolution and mechanism of grain refinement 

 

 114 

 

that some of the grains contains incomplete HAGB segments, the individual location 

of these incomplete HAGB are pointed by a black arrow. These HAGB does not seems 

to be fully enclosed. These boundary segments are believed to be arising due to 

continuous dynamic recrystallization (CRDX) process. It is also seen that the fraction 

of LAGB has been reduced whereas the fraction of HAGB has been increased, 

compared to the first pass. Similar to first pass, the corresponding histogram for the 

second pass also shows a misorientation peak around 85°, which would indicate the 

presence of {101̅2} tensile twins. However, the peak around ~65° misorientation has 

been reduced, indicating a much decreased activity of {112̅2} twins. 

Fig. 5.5(c), which represents the grain boundary map after fourth pass, shows 

that majority of grains have been refined, with close to 80% of the total area fraction 

between 1 to 4 µm. As can be seen, the grains are now mostly equiaxed and the size 

distribution is becoming homogenous. Examination of the corresponding 

misorientation histogram does not show any preferential peak for suspected twins. This 

is consistent with the experimental results reported in literature, whereby finer sized 

grains hinder deformation twinning [172]. As the grain size decreases the stress 

required to activate deformation twinning increases greatly compared to the stress 

required for slip type dislocations [173]. Therefore for higher passes as the grain size 

continue to decrease, deformation by slip mode becomes more favourable. 

Fig. 5.5(d) continue to exhibit the remarkable trend towards grain refinement; 

notice again the use of a higher magnification image. The average grain size after six 

passes have reduced the initial size of 20 µm to 1.3 µm only. Moreover, the percentage 

fraction of HAGB has been increased to 51%. It is also interesting to note from the 

grain boundary map, that the sub-grains formed having LAGB have mostly clustered 

towards the HAGB. As explained in detail later, this is a feature of CDRX, whereby, 

existing HAGB act as nucleating sites for sub-grain formation. 
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Fig. 5.5: EBSD based grain boundary maps of CP-Ti samples in the flow (Y) plane after (a) first, 

(b) second, (c) fourth and (d) sixth pass of I-ECAP at 300° C using the die with channel angle (Φ) 

of 120°. Blue lines represent low angle grain boundaries (LAGB) where 1.5° ≤ θ ≤ 15°, whereas 

red lines represent the high angle grain boundaries (HAGB) where θ > 15°. Figures on the upper 

right of each map represent the corresponding histogram of the grain size distribution and 

cumulative distribution function along with the average grain size (GS). Figures on the bottom 

right represent the corresponding histogram of the misorientation distribution and the 

cumulative distribution function along with the percentage of HAGB and LAGB. The arrows 

indicate the incomplete HAGB. 
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5.4.2 Microstructural evolution - Transverse (X) plane 

In order to study the homogeneity of microstructure during I-ECAP processing, 

the microstructure is also analysed in the transverse plane. Fig. 5.6 shows the coloured 

inverse pole figure (IPF) maps obtained using SEM-EBSD technique, representing the 

evolution of microstructure and deformation characteristics along transverse (X) plane 

of the samples, subjected to (a) first, (b) second, (c) fourth and (d) sixth pass of the I-

ECAP process. The TD and ND directions are shown in Fig. 5.6(a) and are applicable 

to all the IPF maps in transverse plane. 

IPF map of the sample subjected to first pass is shown in Fig. 5.6(a), it differs 

immensely from the microstructure observed in the flow plane sample (Fig. 5.4(a)). 

There is no tilt in material flow along any direction and as a consequence there is no 

occurrence of elongated grains. Unlike in the flow plane, here majority of the grains 

are more or less equiaxed in morphology with the boundaries of some grains decorated 

by fine grains. Evidence of some twin boundaries is also seen in the microstructure. 

The microstructure can be regarded as being highly anisotropic (heterogeneous), 

because it consists of large grains, fine grain and twins after the first pass. 

IPF map in Fig. 5.6(b) reveals further grain refinement of the microstructure after 

second pass. As expected, material flow is observed at a tilt (see the black arrows), this 

is consistent with second pass processing with route BC in the transverse plane [75]. It 

is also observed that most of the larger grains have been broken down into fine grains 

with size range of 1 to 5 µm. The heterogeneity of the microstructure in terms of grain 

size has been greatly reduced. However, most of the grains after second pass are in 

green colour which suggests that the crystallographic orientation is close to pyramidal 

(21̅1̅0) plane. 

Fig. 5.6(c) represents the microstructure after the fourth pass of I-ECAP 

processing. It is seen that the microstructure has been again completely transformed 

compared to after the first pass. After fourth pass, there is abundance of fine grains 

which results in a relatively homogenous microstructure. Majority of the grains after 

the fourth pass are still green in colour, however careful examination of the 

microstructure reveals that colour code of the fine grains is different from green. This 

suggests that the new grains which are being formed as a result of grain refinement 

process have mostly HAGB. 
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Fig. 5.6(d) shows the EBSD microstructure after the sixth pass. To better 

appreciate the fine grain structure, higher magnification is employed again as evident 

by 5 µm scale bar compared to 20 µm in previous three images. The grains are mostly 

equiaxed in morphology with the formation of UFG structure. Weakening of the 

texture has however taken place due to the significant grain refinement in grain sizes 

as evident by the variation of colour across the grains in microstructure. 

  

  

Fig. 5.6: Coloured inverse pole figure (IPF) maps obtained from EBSD analysis showing the 

evolution of microstructure and deformation characteristics in processed CP-Ti samples in the 

transverse (X) plane after (a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP at 300 ° C 

using the die with channel angle (Φ) of 120°. The colours correspond to the crystallographic 

orientations shown in the standard stereographic triangle (inset). Colour variation within the 

grains qualitatively represent differences in internal orientations. Note that scale bar used in (a) 

to (c) is 20 µm whereas in (d) is 5 µm, due to high magnification image. 
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TD 
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Fig. 5.7(a-d) shows grain boundary maps of the IPF maps presented in Fig. 5.6(a-

d). As previously presented, the figure on the upper right of each grain boundary map 

shows the corresponding histogram of grain size (equivalent circle diameter) with the 

solid line representing the cumulative grain size distribution function. The figure also 

includes the value of calculated average grain size (GS). Accordingly, the figure on 

the bottom right of each grain boundary map shows the corresponding histogram of 

grain misorientation with the solid line representing the cumulative misorientation 

distribution function. The figure also includes the values of calculated fraction of 

LAGB and HAGB as a percentage. 

As was the case with the microstructure in the flow plane, the plots here also 

demonstrate a very clear evolution of microstructure in the transverse plane with 

increasing number of passes. As previously, in general, the grain size histogram shows 

that the bars are shifting towards the left, indicating the increasing level of grain 

refinement achieved due to subsequent processing. On the other hand, the 

misorientation histogram is gradually shifting towards the right, indicating the increase 

in fraction of HAGBs with the increasing number of passes. 

Fig. 5.7(a) represents the grain boundary map after the first pass of I-ECAP 

process. It is evident that although the microstructure is heterogeneous (coarse and fine 

grains co-existing), still majority of the grains are equiaxed in morphology. Moreover, 

formation of fine grains around the grain boundaries (necklace structure) is apparent 

as well. These fine grain contributing to the formation of necklace structure are less 

than 2 µm in size and account for 20% of the area fraction after the first pass. It is very 

interesting to mention that the grain boundary map analysed for the sample in the 

transverse plane prior to any processing, displayed an even distribution of LAGB 

across the entire scanned area including within the grains. However, it is seen that after 

the first pass, the LAGB are starting to cluster around the HAGB of large grains to 

form sub-grains. The corresponding misorientation histogram again suggests the 

presence of {101̅2} and {112̅2} twins because of the observed peaks around 85 and 

65° misorientation angle, respectively. 

The grain boundary map after second pass in Fig. 5.7(b) shows grain refinement 

in action, with the formation of large regions of fine grains. Here grains less than 2 µm 

in size occupy 45% of the total area fraction. This is reflected by the sharp initial rise 
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in the black line representing the cumulative distribution function. The grain boundary 

maps again reveals that some of the grains contains incomplete HAGB segments 

(pointed by black arrows). In terms of the twinning, similar behaviour is observed as 

flow plane sample. The peak around 65° has diminished, with a peak (although 

reduced) still exists around 85° misorientation. This suggest that there is some fraction 

of {101̅2} twins in the microstructure. However interestingly after the second pass as 

the microstructure is refined, it appears that LAGB have been re-distributed fairly 

evenly across the whole scanned area including inside of the grains (compare the blue 

background in Fig. 5.7(b) with Fig. 5.7(a)). This indicates increase in the number of 

sub-grain formation. Also, as seen by the grain misorientation histogram that although 

the overall fraction of LAGB has remained same at 64%, the fraction of sub-grains 

with LAGB less than 5° has actually slightly decreased and LAGB between 5° and 15° 

has slightly increase, compared to the first pass. 

Fig. 5.7(c), which represents the grain boundary map after the fourth pass, shows 

that the majority of grains have been refined. Similar to the flow plane, up to 80% of 

the grain size fraction lies between 1 to 6 µm. The grain misorientation histogram 

shows a reduction in percentage of LAGBs and an increase in HAGBs. Moreover, 

there are no noticeable peaks at misorientation angles corresponding to any twins, 

which again suggests that there is no noticeable twins fraction present in the 

microstructure as the grain size is refined. 

Finally, the grain boundary map following the sixth pass shown in Fig. 5.7(d) 

displays substantial further grain size refinement. The fraction of grains above 2 µm 

has been greatly reduced with only less than 15% accounting for larger size. The 

average grain size in the transverse plane after the six passes of processing have been 

reduced from an initial size of 22 µm to 1.1 µm only, with an increase in HAGB as 

indicated by the misorientation histogram. It is again interesting to note from the grain 

boundary map, that the LAGBs have been significantly reduced and they are again 

mostly accumulated in the vicinity of HAGB. 
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Fig. 5.7: EBSD based grain boundary maps of CP-Ti samples in the transverse (X) plane after (a) 

first, (b) second, (c) fourth and (d) sixth pass of I-ECAP at 300° C using the die with channel angle 

(Φ) of 120°. Blue lines represent low angle grain boundaries (LAGB) where 1.5° ≤ θ ≤ 15°, whereas 

red lines represent the high angle grain boundaries (HAGB) where θ > 15°. Figures on the upper 

right of each map represent the corresponding histogram of the grain size distribution and 

cumulative distribution function along with the average grain size (GS). Figures on the bottom 

right represents the corresponding histogram of the misorientation distribution and the 

cumulative distribution function along with the percentage of HAGB and LAGB. 
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5.4.3 Texture development - Flow plane 

Evolution of crystallographic textures was tracked by obtaining pole figures 

via EBSD analysis after I-ECAP processing. Fig. 5.9 shows the experimental textures 

recorded on basal (0001), prismatic (101̅0) and pyramidal (112̅0) crystallographic 

planes of the samples in the flow plane, processed though (a) first, (b) second, (c) 

fourth and (d) sixth pass of I-ECAP process, respectively. The texture intensities are 

represented by the colour scale bar corresponding to the representative pole figure. 

These experimental pole figures have been recorded at the same measurement areas 

where the IPF maps shown in Fig. 5.4 were obtained. 

As evident from the pole figure in Fig. 5.9(a), the off-basal texture present in the 

unprocessed material (as seen in Fig. 5.3(a)) has been weakened, this is mainly due to 

the significant changes in microstructure caused by shear deformation in the first pass. 

The peak intensity value in Fig. 5.9(a) is considerably lower than in Fig. 5.3(a). This 

intensity however gradually increases with increase in the number of passes, reaching 

a maximum strength after fourth pass (see the maximum value in the colour scale bars). 

In particular, it is also seen that the basal texture is dominant after second and 

fourth pass, see the (0001) pole figures provided in Fig. 5.9(b) and (c). Most of the 

grains in the scanned area shown by IPF maps in Fig. 5.4(b) to (c) are also seen to be 

red in colour, which indicates the development of stable orientation during shear 

deformation towards basal plane. Fig. 5.9(b), which represents the pole figures after 

second pass revealed the development of basal fibre {0001}<112̅0> as a prominent 

texture component. Possible texture components and their characteristics in the case 

of HCP materials are listed in [174]. Also the pole figures obtained after second pass, 

suggest that majority of grains reoriented their c-axis parallel to TD. Moreover the 

<112̅0> direction and the {101̅0} planes of the grains observed in the flow plane 

became parallel to shear direction and shear plane, respectively. Beausir et al. [175] 

identified five ideal shear texture components (P, B, Y, C1 and C2) in the case of HCP 

materials subjected to ECAP process. (101̅0) and (112̅0) pole figures of the second, 

fourth and sixth pass samples also shows the development of ideal shear texture 

components. Increase in the intensities close to ideal locations on the pole figures 

confirmed the development of P fibre. Note that the positions are slightly rotated from 
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the ideal locations as indicated by dotted lines in (101̅0) pole figure, this is consistent 

with the finding reported in [175] after second pass and beyond. There is also some 

evidence of the formation of B fibre component after sixth pass (see (101̅0) plane pole 

figure in Fig. 5.9(d)). Among the five ideal  shear texture components P and B are 

known to occur more commonly during ECAP of HCP materials [176]. 

 Development of six clusters at an angle interval of 60° is noticed in the (101̅0) 

and (112̅0) pole figures of the second, fourth and sixth pass samples in Fig. 5.9(b) to 

(d). It was reported that these clusters are introduced by the crystallographic symmetry 

of {101̅0} family of planes (six) and <112̅0> family of directions (six) in the case of 

pure titanium subjected to shear deformation [177]. Slight reduction in the intensity of 

texture is observed after sixth pass which indicates weakening of the texture. This is 

also supported by the IPF map in Fig. 5.4(d), which shows the reduction in the fraction 

of grains in red colour. Formation of fine grains with HAGBs after sixth pass is 

attributed to this. 

(0002) (𝟏𝟎𝟏̅𝟎) 

 

(a) (b) 

Fig. 5.8: The locations of five ideal shear texture components (P, B, Y, C1 and C2) developed in 

HCP metals during ECAP on: (a) (0002) and (b) (𝟏𝟎𝟏̅𝟎) pole figures. Figure taken from the work 

of Beausir et al. [175]. 
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5.4.4 Texture development - Transverse plane 

Fig. 5.10 shows the experimental textures recorded on basal (0001), prismatic 

(101̅0) and pyramidal (112̅0) crystallographic planes of the samples in the transverse 

plane, processed through (a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP 

process, respectively. These experimental pole figures have been recorded at the same 

measurement locations where the IPF maps shown in Fig. 5.6 were obtained. 

After the first pass, in contrast to the flow (Y) plane pole figures which showed 

a decrease in peak intensity values compared to the unprocessed material, here the 

values have actually increased. This was also observed by the presence of mostly green 

coloured grains as shown in Fig. 5.6(a), which indicates strengthening of texture after 

first pass. After second pass, it is seen that the peak intensity does not change much in 

value. However, the peak intensity value reaches a maximum after fourth pass, 

whereby texture is strengthened drastically followed by significant weakening after 

sixth pass. This is also confirmed by the presence of mostly green coloured grains as 

seen in Fig. 5.6(c), followed by the formation of new fine grains of random orientation 

after sixth pass (Fig. 5.6(d)). 

The pole figures also suggest the development of {112̅0} fibres. These fibres 

started to evolve after second pass and are seen to be getting stronger upto fourth pass. 

Compared to the second pass pole figures, the three pole figures in Fig. 5.10(c) show 

that the intensity of the peaks are now appearing at ideal locations of the fibre texture 

components. Normally the {112̅0} fibres in HCP materials are expected to occurs at 

certain ideal locations irrespective of the c value as reported in [174]. 
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 (𝟎𝟎𝟎𝟏) (𝟏𝟎𝟏̅𝟎) (𝟏𝟏𝟐̅𝟎)  

(a) 

   
 

(b) 

   
 

(c) 

   
 

(d) 

   
 

Fig. 5.9: Experimental pole figures illustrating the development of texture on the 𝟎𝟎𝟎𝟏 (left), 

𝟏𝟎𝟏̅𝟎 (middle) and 𝟏𝟏𝟐̅𝟎 (right) crystallographic planes in the flow (Y) plane of the CP-Ti 

samples after (a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP carried out at 300 ° C 

using the die with channel angle (Φ) of 120°. The texture intensity is represented by the colour 

scale bar for the corresponding pole figure. 
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 (𝟎𝟎𝟎𝟏) (𝟏𝟎𝟏̅𝟎) (𝟏𝟏𝟐̅𝟎)  

(a) 

   
 

(b) 

   
 

(c) 

   
 

(d) 

   
 

Fig. 5.10: Experimental pole figures illustrating the development of texture on the 0001 (left), 

𝟏𝟎𝟏̅𝟎 (middle) and 𝟏𝟏𝟐̅𝟎 (right) crystallographic planes in the transverse (X) plane of the CP-Ti 

samples after (a) first, (b) second, (c) fourth and (d) sixth pass of I-ECAP carried out at 300 ° C 

using the die with channel angle (Φ) of 120°. The texture intensity is represented by the colour 

scale bar for the corresponding pole figure. 
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5.4.5 General characteristics of microstructure through 1 – 6 passes 

The study provides a thorough investigation documenting the microstructural 

and textural evolution in CP-Ti grade 2 billets subjected to six passes of I-ECAP at 

300 °C using a die with Φ = 120° following route BC. Exceptional grain refinement 

was achieved in both flow and transverse plane of the samples. To appreciate the level 

of grain refinement achieved during I-ECAP processing, Fig. 5.11 (a) and (b) presents 

the average grain size prior to any processing and after subsequent I-ECAP processing 

for flow and transverse planes, respectively. The average values were obtained from 

the histogram of grain size distribution (Fig. 5.5 and Fig. 5.7) following the EBSD 

analysis. The error bars in the graph represents the standard deviation, which is an 

indication of the level of dispersion in the grain size from the average value. These 

figures confirm the remarkable microstructural changes taking place during I-ECAP. 

The graphs displays the level of grain refinement taking place during I-ECAP 

processing, evident by the rapidly decreasing average grain size value as the number 

of passes increases. More importantly, the graphs also shows that the size of the error 

bars is noticeably decreasing with the increasing number of passes. This highlights that 

the microstructure is evolving into a more homogenous state after each pass. 

It is convenient to use a refining factor (η) to understand the efficiency of grain 

refinement during I-ECAP processing, which is given by Eq. 5.1 [120]: 

𝜂 =
𝑑0 − 𝑑

𝑑0
 

Eq. 5.1 

where d0 and d are the average grain sizes of the previous and current pass, 

respectively. The calculated values of η in flow and transverse plane are listed in Table 

5.1. As can be seen, the first pass sees the highest values of η, after which the value 

decrease gradually until pass four. However, it can be seen that the value of η at the 

final sixth pass for both planes is relatively high, this suggests that grain refinement 

has not reached a saturation point. With further processing, even more grain refinement 

should be possible. This is in sharp contrast to results reported in [120], where 

processing of CP-Ti grade 2 was done up to eight passes and saturation in η was seen 

after sixth pass. The difference in die channel angle of 90° and processing temperature 

are likely to be the reason. Overall, the η values for the flow and transverse planes are 
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more or less similar to each other in the current study which shows that refinement is 

taking place at a similar rate across both planes. 

 

Fig. 5.11: Average values of grain size in CP-Ti samples in the (a) flow (Y) and (b) transverse (X) 

plane, before and after subsequent I-ECAP passes carried out at 300 °C using Φ = 120° channel 

die. The error bars represent the calculated standard deviation. 

Table 5.1: Grain refining factor (η) at subsequent I-ECAP passes using Φ = 120° channel die. 

I-ECAP 

pass # 

Equivalent strain 

(εeq) 

Refining factor (η) 

Flow (Y) plane Transverse (X) plane 

1P 0.67 0.68 0.70 

2P 1.34 0.27 0.42 

4P 2.68 0.19 0.18 

6P 4.02 0.64 0.65 

For bulk UFG materials, it is usually not enough to achieve extreme grain 

refinement; the microstructure should also consist of grains with HAGBs [70]. The 

high fraction of HAGBs in UFG material is important in order to achieve improved 

properties [19]. To assess the evolution of misorientation during I-ECAP processing, 

two measures, average misorientation and the fraction of HAGBs, as a function of the 

number of passes, are presented in Fig. 5.12 and Fig. 5.13 for (a) flow and (b) 

transverse planes. It is seen that the average misorientation in the flow plane increases 

gradually over the subsequent passes, with a maximal value reaching 33° in the end. 

Meanwhile, in the transverse plane, the value initially rises sharply after the first pass 

and does not changes much until the fourth pass. Beyond fourth pass the value rises 

rapidly and reaches a relatively high average misorientation value of 47° in the sixth 
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pass. Regarding the percentage fraction of HAGBs in the flow plane, the value is seen 

to increase gradually except between second and fourth pass, where there is a jump of 

10% in the fraction of HAGBs. Fraction of HAGB in the transverse plane displays a 

similar trend as the average misorientation. Here again, there is an increase beyond 

fourth pass with the HAGB fraction abruptly increasing by as much as 25% and 

reaching a considerably high value of 66% after sixth pass. In general, it is seen that 

both the value of average misorientation and the fraction of HAGBs are considerably 

higher in the transverse plane. 

 

Fig. 5.12: (a) Average values of grain misorientation angles in CP-Ti samples in the (a) flow (Y) 

and (b) transverse (X) plane, before and after subsequent I-ECAP passes carried out at 300 °C 

using Φ = 120° channel die. 

 

Fig. 5.13: (a) Percentage fraction of high angle grain boundaries (HAGBs) in CP-Ti samples in 

the (a) flow (Y) and (b) transverse (X) plane, before and after subsequent I-ECAP passes carried 

out at 300 °C using Φ = 120° channel die. 
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5.4.6 Mechanism of grain refinement during I-ECAP 

Pure Ti has an axial (c/a) ratio of 1.587, which is markedly different from the 

ideal value of 1.633 for HCP crystal structure. This, together with the limited number 

of slip systems present in its crystal lattice, results in a complex deformation 

mechanism consisting of both slip and twinning modes. Studies have shown that the 

microstructural evolution of CP-Ti during ECAP is quite different compared to FCC 

and BCC metals. During ECAP deformation, cubic metals normally form shear bands 

due to slip being the dominant mechanism [81]. However in CP-Ti, twinning has been 

observed to accommodate the plastic deformation during ECAP [114-117]. On 

application of stress, perpendicular to the basal plane during deformation, the role of 

twining in HCP metals is to orient substantial portions of the grain along twin 

orientation. A slip type deformation is then possible along any favourable re-

orientations [178]. Moreover, as twinning alone cannot accommodate the large plastic 

strain during ECAP, it is normally accompanied by dislocation slip. 

As mentioned earlier, most of the work related to studying grain refinement 

mechanism during ECAP of CP-Ti has relied on TEM. Although TEM is a powerful 

tool for analysing the microstructure, however, the scan area under observation is 

limited in size. Therefore, the mechanism observed can just be local and may not 

entirely represent the general deformation behaviour. It was only recently when studies 

conducted by Chen et al. [118-120] and Meredith et al. [121] using SEM-EBSD, 

established CDRX accompanying twinning during the initial passes of the ECAP 

process. In the last decade, EBSD measurement technology has evolved considerably. 

The advantage of using EBSD is the ability to scan large areas for observing and 

quantitatively analysing the LAGBs, HAGBs, grain size and evolution of texture, as 

presented in this work. Moreover, statistical analysis of the boundary misorientation 

data can reveal presence of twin fraction in the microstructure. The {101̅2} and 

{112̅1} tensile twins are associated with misorientation peaks around 85 and 35° 

misorientation angles, whereas {101̅1} and {112̅2} compressive twins are associated 

with peaks around 57 and 65° angles, respectively [110]. Here the term compressive 

and tensile relates to the contraction and extension of c-axis in the HCP crystal. 
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5.4.6.1 Twinning 

Twinning during the first pass is evident as the microstructure obtained across 

both flow and transverse plane is heterogeneous and has high anisotropic grain 

morphology. Similar microstructural results were obtained in [171], which reported 

twining to be active alongside slip during the first pass. In FCC metals such as 

aluminium where twinning does not exist and where the deformation mechanism is 

mainly by slip, all grains are extremely elongated and forms shear bands after first pass 

[179]. 

In the present study, the grain misorientation histogram obtained from the 

samples after first I-ECAP pass in the flow and transverse planes, shows peak around 

85° and a minor peak around 65° misorientation angle, suggesting the presence of 

{101̅2} and {112̅2} twins, respectively. To establish the occurrence of twinning 

during I-ECAP of CP-Ti, a high magnification band contrast image is generated from 

the flow plane of the first pass sample and is shown in Fig. 5.14(a). As evident by the 

image, {101̅2} tensile twin (TT) and {112̅2} compressive twin (CT) type were 

activated in the microstructure, boundaries of which are shown as red and blue colour, 

respectively. Fig. 5.14(b) and (c) presents an enlarged view of the selected grains to  

show the boundaries of CT and TT twin types. Fig. 5.14(d) shows the grain 

misorientation histogram of the microstructure, the preferential misorientation peak 

for the contribution of twins are again noticed at around 65° and 85°. The 

corresponding inverse pole figure at 65° ±5° shows cluster in misorientation axes at 

around 〈101̅0〉 which confirms {112̅2} twin boundary. Similarly, the corresponding 

inverse pole figure at 85° ±5° shows cluster in misorientation axes at around 〈21̅1̅0〉 

which confirms {101̅2} twin boundary. Note that in Fig. 5.14(b) and (c), the twin 

boundaries appearing inside the grains are HAGB, therefore they seems to be dividing 

the grain from the inside. By doing so, they are playing a key role in the grain 

refinement process. 

In comparison to {101̅2} twins, the fraction of {112̅2} twins is much smaller 

during the first pass. According to the literature survey, the presence of {112̅2} twins 

was only reported very recently by Meredith et al. [121], who provided some evidence 

for the existence of such twins following EBSD analysis of the first pass 

microstructure. Similar to current results, the fraction of {112̅2} twins observed was 
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very low in that study. Therefore, although twinning act as a dominant deformation 

mechanism during the initial passes of I-ECAP, compared to {112̅2} twin, the {101̅2} 

twin specifically play a greater role in the grain refinement process of CP-Ti. 

 

 

 
Boundaries: Twin (Axis-Angle with K1 Plane) 

 Plane Normal Direction Angle Tolerance K1 Plane K1 Tolerance Fraction Number Length 

 2 -1-1 0 2 -1-1 0 85 5° 1 0 -1 2 5° 0.136 9436 435.83 microns 

 1 0 -1 0 1 0 -1 0 65 5° 1 1 -2 2 5° 0.014 987 45.59 microns 

 

Fig. 5.14: EBSD based band contrast image showing the formation of twin boundaries after the 

first pass in the flow plane sample. The {𝟏𝟎𝟏̅𝟐} tensile twin (TT) and {𝟏𝟏𝟐̅𝟐} compressive twin 

(CT), are shown in red and green colour, respectively; (b) and (c) magnified IPF map showing CT 

and TT twin types within grain interiors, respectively and (d) corresponding misorientation 

histogram and misorientation inverse pole figures at 65° and 85°. 
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Other studies on ECAP of CP-Ti have reported the presence of {101̅1} twins 

during the first pass [114, 117, 120], such twins were not observed in the present study. 

{101̅2} twins observed here, were previously reported to be found in small fraction 

during the first pass processing of CP-Ti alongside {101̅1} twins [120]. Analysis of 

the second pass microstructure in [121], suggested small occurrence of {101̅2} twin 

boundary as well. Moreover, during the 3/4th pass, a weak presence of such twins were 

also observed to accommodate the deformation strains [118, 119]. {101̅1} twin is 

known to occur at above 400 °C [178], it is believed that due to the use of a lower 

temperature (300 °C) compared to the above mentioned studies, {101̅1} twin is not 

found here. 

With the evolution of microstructure after second pass, twinning activity is 

greatly suppressed. As the microstructure is refined, the {112̅2} twins are no longer 

apparent in the misorientation histogram. The 85° peak relating to the {101̅2} is also 

greatly suppressed after second pass. This indicates that beyond second pass as the 

grain size is decreasing, slip is becoming the dominant deformation mechanism. The 

{112̅2} twin has been shown to be very sensitive to grain size [110], which explains 

its early demise compared to {101̅2} twin in the present study. With subsequent 

processing and grain refinement in fourth pass and beyond, the {101̅2} twin activity 

is also no longer noticeable. This is consistent with other studies on conventional 

ECAP processing on CP-Ti, which also claimed that deformation by twinning was 

replaced or taken over by deformation by slip after the initial passes [116, 180, 181]. 

It is generally accepted that the twinning activity in titanium is strongly 

dependent on the grain size, it decreases with the reduction in grain size [182]. It is 

important to highlight, that although twinning has been observed during I-ECAP 

processing of titanium but compared to room temperature deformation of titanium 

[110, 182], the overall fraction of twinning observed here is significantly lower. This 

is attributed to the use of elevated temperature processing at 300 °C, which would 

facilitate slip type deformation. 
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5.4.6.2 Continuous dynamic recrystallization 

Titanium is a high stacking fault energy (SFE) metal and is expected to exhibit 

continuous dynamic recrystallization (CDRX) during elevated temperature 

deformation processes. Recent studies on ECAP of CP-Ti have reported CDRX as one 

of the grain refinement mechanisms [119, 121]. CDRX is a recovery dominated 

process whereby progressive accumulation of dislocations within grains near grain 

boundaries generates subgrains with low angle grains boundaries (LAGB) [183]. Upon 

further straining the material, the subgrains continue to rotate and the misorientations 

angles (θ) around the LAGBs continue to increase. Consequently, when the 

misorientation reaches the LAGB/HAGB cut-off (15°) value, new fine grains are 

originated with high angle grain boundaries (HAGB). 

To observe CDRX in the present study, a high magnification EBSD map is 

generated in the transverse plane from the second pass processed sample, as shown in 

Fig. 5.15. In the EBSD map, the thin blue lines represent the LAGBs with 

misorientation angle θ between 2 to 15°, whereas the thick red lines represent the 

HAGBs with θ greater than 15°. Incomplete HAGB segments, which do not form a 

fully enclosed grain, were frequently observed in the grain boundary maps of samples 

in the flow and transverse plane (Fig. 5.5 and Fig. 5.7). These incomplete HAGBs can 

be seen clearly in Fig. 5.15 (as indicated by black arrows) and is a strong indication of 

the CDRX process. These incomplete HAGBs have evolved from the LAGBs by the 

progressive accumulations of dislocations near the grain boundaries. Careful analysis 

of two of these incomplete HAGBs, labelled as L1 and L2 reveals that the 

misorientation is just over 15° (see the corresponding graphs in Fig. 5.14). This 

confirms that these HAGBs have evolved from LAGBs. Further accumulation of 

dislocation in subsequent passes will lead to the extension of these incomplete HAGBs 

segments to form fully enclosed refined grains. 

Another characteristic feature associated with CDRX is the formation of 

necklace structure, i.e. fine grains decorated around the coarse grains [118]. Fig. 5.15 

also shows that most of the LAGBs (subgrains) development is around HAGBs. Since 

existing HAGBs act as nucleating sites for subgrains, it is expected that the grain 

refinement takes place at the exterior of coarse grains and spreads towards grain 

interior [121]. 
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Fig. 5.15: Higher magnification EBSD map of the second pass sample in the transverse (X) plane 

after I-ECAP at 300° C, using the die with channel angle (Φ) of 120°. Blue lines represent low 

angle grain boundaries (LAGBs) where 2° ≤ θ ≤ 15°, whereas red lines represent the high angle 

grain boundaries (HAGBs) where θ > 15°. The arrows indicate the incomplete HAGB. 
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5.5 Processing using I-ECAP die with channel angle (Φ) of 90° 

5.5.1 Microstructural evolution – Flow (Y) plane 

Fig. 5.16(a) to 5.18(a) shows the IPF maps representing the post deformation 

microstructural characteristics in the flow (Y) plane of the samples after first, second, 

third and fourth pass. The FD and ND direction shown in Fig. 5.16 is applicable for 

all maps presented. Each pass of I-ECAP gives an equivalent strain of ~1.07, so these 

IPF maps corresponds to a total strain of ~1.07, ~2.14, ~3.21 and ~4.28. Fig. 5.16(b) 

to 5.18(b) shows the corresponding grain size histogram along with the average grain 

size. Fig. 5.16(c) to 5.18(c) represent the associated inverse pole figures representing 

the texture. These plots demonstrate a very clear evolution of microstructure in the 

flow plane with the increasing number of passes. Note that, all samples for EBSD 

analysis were taken from the centre region of the processed billets. 

The IPF map of the sample subjected to first pass of I-ECAP in Fig. 5.16(a) 

shows the grain refinement in action. Most of the grains are elongated and forming a 

banded style microstructure due to shearing process. The metal flow is at a tilt with a 

value of 24° with respect to FD. This tilt is also referred to as ‘grain elongation angle 

(β), and is a characteristic feature of the ECAP shearing process in the flow (Y) plane 

[75]. The angle observed in the present study is in good agreement with the theoretical 

calculated value and is similar to the value reported by Suwas et al. [180], who also 

performed ECAP on CP-Ti using a die with Φ = 90°. In the first pass, this angle (β) is 

about 26.6°, and for second pass using route BC the value is 19°, as calculated by Zhu 

and Lowe in [81]. 

Large clusters of very fine grains (<1 µm) are also seen in the microstructure 

after first pass (regions marked with white circles). The fine grains are also observed 

along the boundaries of large elongated grains, forming the so-called necklace 

structure. According to the grain size histogram (Fig. 5.16(b)), these submicron grains 

constitute ~30% of the total scanned area. Twinning is an important deformation 

mechanism for CP-Ti during ECAP; careful analysis of the microstructure revealed 

presence of mainly {101̅2} tensile twins. The twin boundaries are shown as black lines 

in Fig. 5.16(a). The microstructure therefore is heterogeneous with a mixture of twins, 

large elongated grains and fine grains. This heterogeneity in the microstructure after 
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first pass processing in CP-Ti is consistent with other similar studies [117, 120]. The 

average grain size after first pass is 3.16 µm, a reduction of nearly 84% compared to 

the unprocessed material. 

Fig. 5.17(a) represents the microstructure after second pass of I-ECAP. It is 

evident that further refinement has taken place as the average grain size is reduced to 

2.41 µm. Moreover, the bars in the grain size histogram in Fig. 5.17(b) are shifted 

more towards the left. The fraction of submicron grains have increased to 38% and the 

smallest grains are around 0.32 µm. The metal flow is still observed at a tilt, with grain 

elongation (β) of ~21°, which is quite close to the theoretical value of 19°. The 

microstructure is still banded in nature due to the presence of mostly elongated grains. 

However, the thickness of the elongated grains has been reduced compared to the first 

pass. Similar to Φ = 120° results, the majority of these elongated grains have 

orientation which range from basal plane 0001 (red) to either half way to 101̅0 (pink) 

or less than half way to 21̅1̅0 (orange). This is also evident from the corresponding 

inverse pole figure in Fig. 5.17(c), which shows the intensity near the above mentioned 

planes. It is interesting to note that the colour of the fine grains is different from the 

above mentioned colours; this suggests that the new grains which are being formed as 

a result of grain refinement process are surrounded by HAGBs. 
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Fig. 5.16: (a) EBSD based inverse pole figure (IPF) map showing the microstructure of the CP-Ti 

samples in the flow (Y) plane after first pass (1P) of I-ECAP at 300 °C using the die with a channel 

angle of 90°, (b) the corresponding grain size histogram with the average grain size and (c) the 

associated inverse pole figure. Colour variation within grains qualitatively represents differences 

in internal orientations. 
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Fig. 5.17: (a) EBSD based inverse pole figure (IPF) map showing the microstructure of the CP-Ti 

samples in the flow (Y) plane after second pass (2P) of I-ECAP at 300 °C using the die with a 

channel angle of 90°, (b) the corresponding grain size histogram with the average grain size and 

(c) the associated inverse pole figure. Colour variation within grains qualitatively represents 

differences in internal orientations. 
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Fig. 5.18(a) shows the EBSD based IPF map in the flow plane after three passes 

of I-ECAP. The microstructure is significantly different from the first two passes, as 

there is no tilt and the banded style structure does not exist anymore. Here elongated 

grains are no longer observed and they have been replaced by newly formed equiaxed 

grains. According to the grain size histogram in Fig. 5.18(b), 90% of the grains are 

below 3 µm in size with sub-micron grains comprising nearly 70% of the total area 

fraction. 

Fig. 5.19(b) represents the microstructure after four passes of I-ECAP. It is 

evident that tremendous grain refinement has been achieved and the average grain size 

is 0.86 µm. The heterogeneity has been completely lost and the microstructure is 

homogenous with mainly equi-axed grains. The percentage of HAGB is 79% of the 

total grain boundary fraction in the microstructure. The inverse pole figure in Fig. 

5.19(c), shows that the texture strength has weakened significantly due to grain 

refinement. This is also seen by the random distribution of colours in the IPF map. 
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Fig. 5.18: (a) EBSD based inverse pole figure (IPF) map showing the microstructure of the CP-Ti 

samples in the flow (Y) plane after third pass (3P) of I-ECAP at 300 °C using the die with a channel 

angle of 90°, (b) the corresponding grain size histogram with the average grain size and (c) the 

associated inverse pole figure. Colour variation within grains qualitatively represents differences 

in internal orientations. 

0 1 2 3 4 5

0.00

0.05

0.10

0.15

0.20

0.25

A
re

a
 f

ra
c
ti

o
n

Grain size, µm

Avg. GS = 1.27 µm(b)

3P - IECAP (CP-Ti) 

Φ=90°, 300 °C, BC 

(a) 

(c) 



Chapter 5 Microstructure evolution and mechanism of grain refinement 

 

 143 

 

 

 

 
 

Fig. 5.19: (a) EBSD based inverse pole figure (IPF) map showing the microstructure of the CP-Ti 

samples in the flow (Y) plane after fourth pass (4P) of I-ECAP at 300 °C using the die with a 

channel angle of 90°, (b) the corresponding grain size histogram with the average grain size and 

(c) the associated inverse pole figure. Colour variation within grains qualitatively represents 

differences in internal orientations. 
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5.5.2 General characteristics of microstructure through 1 to 4 passes 

Microstructural evolution and deformation characteristics were studied for CP-

Ti grade 2 billets subjected to four passes of I-ECAP at 300 °C using a die with Φ = 

90° following route BC. Extraordinary grain refinement was achieved with increasing 

number of passes (Fig. 5.16 to Fig. 5.19). To appreciate the level of grain refinement 

during I-ECAP process, Fig. 5.20 presents the average grain size prior to any 

processing and after subsequent I-ECAP processing. The average values were obtained 

from the histograms of grain size distribution following the EBSD analysis. The error 

bars in the graph represent the standard deviation, which is an indication of the level 

of dispersion in the grain size from the average value. These figures confirm the 

remarkable microstructural changes taking place during I-ECAP process. The graph 

displays the grain refinement taking place as the number of passes increases, evident 

by the rapidly decreasing value of average grain. More importantly, it also displays 

that the size of the error bars is decreasing noticeably with subsequent processing, this 

highlights the fact that the microstructure is becoming more homogenous with increase 

in the number of passes. 

 

Fig. 5.20: Average values of grain size in CP-Ti samples in the flow (Y) plane, before and after 

subsequent I-ECAP at 300 °C using Φ = 90° channel angle die. The error bars represent the 

calculated standard deviation. 
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The grain refining factor (η) has been calculated using Eq. 5.1 and presented 

in Table 5.2. After first pass processing, the average grain size was refined from 20 to 

3.16 µm, which gives a high factor of 0.84 for this pass. During second pass, the factor 

is 0.24, a somewhat lower value compared to the first pass. During the third pass, the 

level of refinement increases as the factor increases to 0.47. Subsequently the factor 

decreases to 0.32 during the final fourth pass. It is expected that further passes would 

bring this factor to a saturation value.  

Table 5.2: Grain refining factor (η) at subsequent I-ECAP pass using Φ = 90° channel die. 

I-ECAP 

pass # 

Equivalent strain 

(εeq) 

Refining factor (η) 

Along flow (Y) plane 

1P 1.07 0.84 

2P 2.14 0.24 

3P 3.21 0.47 

4P 4.28 0.32 

As mentioned earlier, in order to classify a material as UFG structure, two 

requirements have to be met. Firstly, majority of the grains should be below 1 µm. The 

EBSD results confirmed that the average grain size value after four passes is 0.86 µm; 

this fulfils the first requirement. The second requirement is that majority of grains 

should be surrounded by HAGBs (misorientation greater than 15°). In order to see the 

evolution of HAGBs during subsequent passes, average value of grain misorientation 

and percentage fraction of HAGBs are presented in Fig. 5.21(a) and (b). Similar trends 

are observed in both graphs. After first pass, both average misorientation and fraction 

of HAGB increase sharply. During the second pass, there is not much change in these 

values. However, the values increases moderately during third pass and then increases 

again sharply during the fourth pass. With a 79% fraction of HAGB, the material also 

satisfies the second requirement and therefore classified as UFG material. 
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Fig. 5.21: (a) Average values of grain misorientation, (b) Percentage fraction of high angle grain 

boundaries (HAGB) in CP-Ti samples in the flow plane before and after subsequent I-ECAP at 

300 °C using Φ = 90° channel angle die. 

 

Fig. 5.22: Fraction of twin boundaries in the microstructure in CP-Ti samples in the flow plane 

before and after subsequent I-ECAP processing at 300 °C using Φ = 90° channel angle die. 

A quantitative analysis of the twin boundary fraction present in the 

microstructure after different I-ECAP passes is presented in Fig. 5.22. Similar to 

processing with Φ = 120°, during I-ECAP processing with Φ = 90°, two main twin 

types were observed, namely: {101̅2} tensile twin and {112̅2} compressive twin. 

However, {101̅2} twin type was present in a relatively higher fraction in 

microstructure during processing compared to {112̅2} twin. As evident from the 
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graph, twinning activity is greatly reduced with increasing number of passes as grain 

size becomes smaller. 

5.6 Summary and conclusions 

I-ECAP process was performed on CP-Ti grade 2 billets at 300 °C following 

route BC, using die with a channel angle (Φ) of 120° and 90°. For Φ = 120° case, the 

billets were subjected to a total of six passes, whereas for Φ = 90° case the billets were 

subjected to four passes. The evolution of microstructure and deformation 

characteristics was studied and tracked by using relatively large scan areas obtained 

via EBSD. For the Φ = 120° case, analysis was performed in both flow and transverse 

planes and for Φ = 90° case, investigation was performed only in flow plane of the 

processed billet. Moreover, for Φ = 120° case, texture development through 

subsequent I-ECAP processing was also investigated using pole figures in both planes. 

For processing using die with channel angle (Φ) of 120° 

1. Microstructure after first pass of I-ECAP was heterogeneous. It consisted of 

elongated grains, fine grains and a small fraction of undeformed pre-existing 

grains. Moreover, the grain misorientation histogram for both planes, showed 

peaks around 85 and 65° which suggested the presence of {101̅2} and {112̅2} in 

the microstructure. Beyond second pass, twinning activity was greatly suppressed 

with only a very small fraction of {101̅2} twins appearing in the microstructure. 

Both twin types were confirmed by carrying detailed analysis in the present study. 

2. Remarkable grain refinement was achieved after further passes of I-ECAP. After 

six passes the average grain size in flow plane was reduced from 20 to 1.3 µm. In 

transverse plane, the average grain size was reduced from 22 to 1.1 µm. The final 

microstructure after sixth pass was mostly homogenous and equiaxed. Moreover, 

it mostly consisted of HAGBs, in flow (Y) plane the fraction of HAGB was 51% 

and in transverse (X) plane the fraction was 66%. 

3. Pole figures indicated that the strength of basal texture increased during processing 

up to fourth pass, beyond which it is seen to be weakened due to significant grain 

refinement. 
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4. Careful analysis of the second pass sample in transverse (X) plane revealed 

incomplete HAGB segments with misorientation angle slightly above 15°. This is 

a strong evidence for the occurrence of continuous dynamic recrystallization 

(CDRX) phenomena. 

5. Twinning was found to be active and played a dominant role during the first two 

passes, beyond which slip was the dominant grain refinement mechanism. 

For processing using die with channel angle (Φ) of 90° 

1. After first pass, the microstructure was heterogeneous with a mixture of mostly 

large elongated grains and some clusters of very fine grains (~1 µm). Some fine 

grains were visible along the boundaries of large elongated grains, forming a so-

called necklace structure. Moreover, EBSD analysis of the microstructure revealed 

presence of mainly {101̅2} tensile twins. 

2. Twinning activity was greatly suppressed in the subsequent passes due to grain 

refinement, along with the decrease in heterogeneity in the microstructure. 

3. Extraordinary grain refinement leading to UFG structure was achieved after the 

fourth pass. The average grain size was reduced from 20 to 0.86 µm, which was 

accompanied by 79% of the grain boundaries having a misorientation angle greater 

than 15° (HAGBs). The texture was also weakened significantly due to grain 

refinement. 

Remarkable grain refinement was achieved in both cases. The majority of the 

grains converted into ultrafine grain (UFG) size having mostly HAGBs after the final 

pass. However, higher levels of grain refinement was achieved using the Φ = 90° die 

with four passes compared to achieved using the Φ = 120° die with six passes. Overall, 

the shear deformation characteristics of I-ECAP process was found to be similar to the 

classical ECAP process. It is concluded that I-ECAP process is an effective method in 

refining grain structure in CP-Ti. 
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Chapter 6 

6 Effect of I-ECAP on the mechanical behaviour of CP-Ti 

6.1 Introduction 

I-ECAP has been used in the present study to refine the grain structure in 

titanium as presented in Chapter 5. This chapter presents the effects of grain refinement 

using I-ECAP process on the mechanical performance of CP-Ti. For this purpose, 

tensile tests were performed after different number of passes to observe the changes in 

strength and ductility. Fractography of the tensile samples was performed to 

investigate the fracture morphology. Finally, detailed microhardness study was carried 

out to understand the hardness evolution and to examine the homogeneity of strain 

distribution during I-ECAP processing. Results from both processing conditions are 

presented and compared, i.e. for die angle of 120 and 90°. 

6.2 Processing using I-ECAP die with channel angle (Φ) of 120° 

6.2.1 Loads during processing 

Fig. 6.1(a) to (f) shows the experimentally recorded forces on punch and 

feeding rod, also known as deformation and feeding forces respectively, during the 

first, second, third, fourth, fifth and sixth pass of I-ECAP. The vertical axis of the 

graphs represents force in kN and horizontal axis represents the stroke length in mm 

of the feeding rod. Note that the overall stroke is 10 mm less than the actual billet 

length, this is to prevent flattening the tail end of the billets. For better visualization, 

the recorded data was sampled and is presented in such a way that each force reading 

represents every 25th cycle during each pass. Due to the cyclic nature of the I-ECAP 

process, both the deformation and feeding force rises to a peak (crest) value and then 

falls to a lower (trough) value. The crest represent the force during deformation and 

the trough represents the force during feeding. 
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During the initial stage of processing the peak deformation force in all passes 

can be seen to increase up to a certain stroke length, beyond which it becomes 

somewhat constant. This stage of force increase is mainly due to the gradual increase 

in the contact area between the oscillating punch and the billet top surface (parallel to 

Z plane). Once there is full contact between the punch surface and billet surface, the 

force becomes constant. Apart from this the deformation is also dependent on the 

friction developed in the outlet channel because of lubricant removal in the inlet 

channel and shearing zone. It is also dependent on the compression in plastic 

deformation zone because of slight increase in cross-section. 

Moreover, the deformation force is also seen to increase after subsequent 

passes. As shown in Fig. 6.2(a), the maximum values of force required to deform the 

pair of billets, progressively increased from 68.8 kN during the first pass to 92.5 kN in 

the sixth pass. This strongly suggests that the strength of billets is increasing after each 

pass and therefore greater force is required to deform the billets. 

In Fig. 6.1(a) to (f), the peak values of feeding force during any cycle represent 

the force required to support the billets during deformation stages. It increases with 

each pass, following the trend of deformation force as presented in Fig. 6.2. The link 

between two forces is explained in Fig. 6.2(b) with the red arrows indicating force 

applied by punch C to deform the pair of billets, which is counter balanced not only 

by the die A (shown as green arrows) but also by the feeding rod B (shown as blue 

arrows). The actual force required to push the pair of billets during the feeding stage 

is between 1~3 kN (indicated by arrows in Fig. 6.1(a)), so small that it is hardly visible 

in the graphs. As demonstrated by Fig. 6.1(a) to (f), the actual feeding force required 

to carry out the process is very small. Thus I-ECAP can be used to process very long 

or continuous CP-Ti billets and thereby, making it an attractive option for 

industrialization to commercially produce UFG CP-Ti. 
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(a) I-ECAP 1P (b) I-ECAP 2P 

  

(c) I-ECAP 3P (d) I-ECAP 4P 

  

(e) I-ECAP 5P (f) I-ECAP 6P 

  

Fig. 6.1: Experimentally recorded deformation and feeding forces during (a) first, (b) second, (c) 

third, (d) fourth, (e) fifth and (f) sixth pass of I-ECAP processing at 300 °C using die with a 

channel angle (Φ) of 120°. 
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(a) (b) 

Fig. 6.2: (a) Values of maximum deformation and feeding forces during various passes of I-ECAP 

at 300 °C using die with a channel angle (Φ) of 120° and (b) illustration of load distribution during 

the deformation stage. 

6.2.2 Tensile properties 

Fig. 6.3(a) shows the fractured tensile samples, after the room temperature 

tensile tests conducted at constant strain rate (𝜀̇) of 0.01 s-1 for the unprocessed 

condition and for first, second, fourth and sixth pass of I-ECAP using 120° channel 

angle die. Fig. 6.3(b) shows the corresponding stress-strain curves obtained from the 

tensile testing. The unprocessed material shows significant strain hardening beyond 

the yield point. For the processed material, it is seen that the level of yield strength 

(0.2% proof stress, σy) and ultimate tensile strength (σUTS) is greatly enhanced after the 

first pass and second pass compared to the unprocessed material. Although the level 

of strengthening is somewhat lower between second and fourth pass, this level 

improves again between fourth and sixth pass. Overall, it is apparent that the strength 

characteristic is gradually increasing due to the grain refinement taking place after each 

pass. In general, six passes of I-ECAP processing led to a significant increase in the 

values of yield strength and ultimate tensile strength in CP-Ti. 
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(a) 

 

(b) 

 

Fig. 6.3: (a) Fractured flat tensile CP-Ti test samples representing the unprocessed condition and 

after first, second, fourth and sixth pass of I-ECAP at 300 °C using Φ = 120° channel angle die 

and (b) stress-strain curves obtained from tensile testing at room temperature and at a strain rate 

of 0.01 s-1. The arrow on each curve indicate the onset of necking. 

Table 6.1 shows the individual values of strength and elongation derived from 

the stress-strain curves. Before and after six passes of I-ECAP, the yield strength of 

the material increases from 308 to 558 MPa and ultimate tensile strength increases 

from 549 to 685 MPa; this corresponds to 81% and 25% increase respectively. 

However, after I-ECAP processing, the ductility is somewhat reduced. The uniform 
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elongation (δunif), which is the elongation of the gauge length just before the onset of 

necking, decreases from the initial value of 22.3% to 8.80% after six passes. The 

elongation to failure (δfail) also decreases from 31.9% to 20.2%. 

Table 6.1: Tensile properties of CP-Ti in unprocessed condition and after subsequent I-ECAP 

passes at 300 °C using Φ = 120° channel angle die (0.2% σY — yield strength, σUTS — ultimate 

tensile strength, δunif — uniform elongation, δfail — elongation to failure and Ψ — reduced cross-

area at failure). 

Pass # Equivalent 

strain 

0.2% σY σUTS δunif δfail Ψ 

 (MPa) (MPa) (%) (%) (%) 

0P - 308 549 22.3 31.9 63.9 

1P 0.67 489 601 14.5 23.8 60.1 

2P 1.34 502 648 12.7 22.8 59.6 

4P 2.68 511 657 11.4 20.6 60.2 

6P 4.02 558 685 8.8 20.2 59.5 

It is interesting to note that the uniform elongation (δunif) achieved in all the 

processed material conditions is significantly lower than the elongation to failure (δfail). 

For visual purposes, the uniform elongation (δunif) is marked by arrows on the 

individual stress-strain curves in Fig. 6.3(b). Studies [184, 185] have shown that, in 

SPD processed material the onset of necking occurs in early stages of deformation 

during tensile testing. This is because SPD processed materials contain highly 

deformed structure, where dislocation density has reached a very high or to some 

extent a saturation level. Moreover, due to grain refinement occurring during SPD 

processing, the grain structure is in the UFG range, having mostly high angle grain 

boundaries. The UFG material tends to lose the strain hardening ability as the very fine 

grains lose their ability to further accumulate dislocations generated during tensile 

testing. Therefore UFG material are susceptible to plastic instability (early necking). 

Hence, in Fig. 6.3(b), the processed material exhibits lack of strain hardening 

behaviour compared to the unprocessed material. Since strain hardening is an 

important mechanism to sustain uniform elongation (δunif) during tensile loading, lack 

of strain hardening exhibited by SPD processed materials limits it ductility. In the 

present study, the processed material however exhibits increase in post necking 

elongation compared to the unprocessed material and therefore it displays acceptable 

levels of overall ductility (δfail). It is concluded from the data that, after six passes there 

is a significant increase in strength without considerable loss of ductility. 
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6.2.3 Fractography 

Fig. 6.4(a) to (e) show SEM images of the fracture morphology of the tensile 

tested samples; (a) in the unprocessed condition and after (b) first, (c) second, (d) 

fourth and (e) sixth pass of I-ECAP. For each material condition, three images are 

shown; micrograph showing extend of necking at fracture (on the left), lower 

magnification micrograph (in the middle) and higher magnification micrograph of the 

dotted rectangular box (on the right). 

Low magnification micrographs (middle figures) of all tested samples confirmed 

that the fracture surfaces are covered throughout by dimples. This suggests that in all 

cases, failure process is mainly occurring by nucleation and growth of voids and hence, 

the mode of fracture is entirely ductile in nature. Lower and higher magnification 

micrographs provided for each sample shows that size of the dimples is decreasing 

with increase in number of passes, which also confirms the occurrence of grain 

refinement process. The unprocessed material is dominated by large size dimples with 

some evidence of fine size dimples as seen in higher magnification micrograph in Fig. 

6.4(a). After second pass of I-ECAP process, it is observed that the fraction of large 

size dimples has been reduced noticeably. After fourth pass, the fractured surface is 

covered by uniform sized dimples, with dimple size reducing even further after sixth 

pass. Moreover, it is seen that the fracture surface is somewhat smoother after sixth 

pass. 

As listed in Table 6.1, regardless of the number of passes, the reduced area at 

failure (Ψ) is quite similar, having values between 60.1 to 59.5 %. As discussed earlier, 

although the onset of necking in processed material happens in the early stages of 

deformation, the area at failure (Ψ) values suggest resistance to fracture. This can be 

considered as a possible explanation for the area at failure (Ψ) having similar values 

for different passes. 
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(a) 

   

(b) 

   

(c) 

   

(d) 

   

(e) 

   

Fig. 6.4: SEM images of the fractured CP-Ti tensile samples showing the fracture morphology at 

three different magnifications for (a) unprocessed material and I-ECAPed material after (b) first, 

(c) second, (d) fourth and (e) sixth pass at 300 °C using Φ = 120° channel angle die. 
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6.2.4 Hardness evolution 

Numerous studies on ECAP have shown that it is essential to process the billet 

multiple times in order to induce the desired level of strain and thereby attain UFG 

structure. Microhardness measurement is considered a standard procedure for 

evaluating the induced strain after processing and also to study the level of billet 

homogeneity with respect to mechanical properties and corresponding microstructural 

changes. To examine the homogeneity of strain distribution and also to investigate the 

evolution of hardness with increasing number of I-ECAP passes, microhardness 

measurements were performed on the unprocessed material and the material subjected 

to I-ECAP passes. The individual values of microhardness (Hv) were measured on a 

11 x 11 array of equi-spaced points across the transverse (X) plane. 

For the purposes of providing a detailed visual representation, contour maps 

have been generated from the microhardness measurements across the X plane. Fig. 

6.5(a) to (e) shows colour-coded contour maps for the (a) unprocessed material and 

for the (b) first, (c) second, (d) fourth and (e) sixth pass. For all maps, the values of 

microhardness are represented by a set of distinct colours. The corresponding 

microhardness value of each colour is shown by the legend given on the right, which 

ranges from 150 to 220 Hv in increments of 7 Hv. The horizontal and vertical axis of 

the plot represent the transverse direction (TD) and normal direction (ND), 

respectively, with flow direction (FD) pointing outward from the paper (X-plane). 

It is evident from Fig. 6.5(b), that the microhardness increases significantly 

after the first pass and this increase is seen to occur over the entire surface of the 

sample. The increase in microhardness continues through subsequent passes; this is 

attributed to the fact that greater level of strain is induced in the material after each 

pass which causes reduction in grain size thereby increasing the strength characteristic 

of the material. However, upon close assessment of the contour plot, it is evident that 

the increase in the hardness distribution is not completely uniform across the entire 

surface. There is a region of lower hardness near the top surface of the billet after 

fourth pass. Although, after sixth pass the situation improves, as this region of lower 

hardness is somewhat shrinked. Nevertheless, this narrow region of lower hardness 

near the top (the surface of billet in contact with punch) remains even after six passes. 
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In order to examine the level of non-uniformity, Fig. 6.6 (a-d) shows the 

microhardness (Hv) values recorded in the transverse (X) plane along three horizontal 

lines; the centre line and at 1mm from the top and bottom surfaces after (a) one, (b) 

two, (c) four and (d) six passes. For all the plots, the dashed line represents the average 

microhardness in the unprocessed condition. Overall, it is fairly obvious that the 

microhardness values are increasing with increasing number of passes. After first pass, 

the average microhardness along the centre line increases to ~180 Hv from ~157 Hv 

in the unprocessed condition. The microhardness near the top surface was lower with 

a value of ~175 Hv, however near the bottom surface the average value was slightly 

higher with ~182 Hv. From pass two to six the hardness continues to increase gradually 

over subsequent passes and does not seems to saturate. The level of homogeneity 

improves after second pass since the microhardness near the top and bottom surfaces 

are relatively similar to microhardness measured along the centre line. Beyond pass 

two, the region near the bottom surface continues to maintain the same hardness level 

as the centre line. In contrast, the hardness near the top surface is somewhat lower. 

After six passes, average microhardness at the centre line and near the bottom surface 

are both roughly the same, at ~ 218 Hv, compared to a value of ~210 Hv near the top 

surface. 

Fig. 6.7 shows the mean values of microhardness evolution calculated from all 

the recorded measurements in the X plane of samples, for unprocessed condition and 

after first, second, fourth and sixth pass of I-ECAP. The error bars in the graph 

represent the standard deviation, which shows the level of dispersion in the hardness 

values from the mean value. In the unprocessed condition the mean value of 

microhardness is ~156 Hv, after first pass this value rises sharply to ~181 Hv, an 

increase of 16%. For subsequent second, fourth and sixth passes the microhardness 

value increases to 187, 199 and 215 Hv, this corresponds to an increase of 3.3%, 6.4% 

and 8.0% respectively. This increase in the mean microhardness also correlates 

qualitatively with the increase in yield and especially ultimate tensile strength 

observed in tensile test after subsequent I-ECAP passes. Overall, after six passes of I-

ECAP, the average value of microhardness is increased from 156 to 215 Hv; this 

corresponds to an increase of 38%. 
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Fig. 6.5: Colour coded contour maps of the microhardness (Hv) recorded in the transverse (X) 

plane for (a) unprocessed condition, after (b) first, (c) second, (d) fourth and (e) sixth pass of the 

I-ECAP process at 300 °C using the die with channel angle (Φ) of 120°. 
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Fig. 6.6: Microhardness (Hv) recorded in the transverse (X) plane along three lines; the centre 

line and at 1 mm from the top and bottom surfaces after (a) first, (b) second, (c) fourth and (d) 

sixth pass of the I-ECAP process at 300 °C using the die with channel angle (Φ) of 120° (the dashed 

line shows average microhardness in the unprocessed condition). 

 

Fig. 6.7: Mean values of Vickers microhardness (Hv) recorded in the X plane before and after 

subsequent passes of I-ECAP at 300 °C using the die with channel angle (Φ) of 120°. The error 

bars represent the calculated standard deviation. 
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6.3 Processing using I-ECAP die with channel angle (Φ) of 90° 

6.3.1 Loads during processing 

Fig. 6.8(a) to (f) represent the graphs showing recorded forces on punch 

(deformation force) and feeding rod (feeding force); during the (a) first, (b) second, 

(c) third and (d) fourth pass of I-ECAP. The vertical axis of the graphs represents force 

in kN and horizontal axis represents the feeding rod stroke length in mm. Note that the 

overall stroke is again 10 mm less than the actual billet length; this is to prevent 

flattening of the billet at the tail end. For better visualization, the recorded data was 

sampled and is presented in such a way that each force reading represents every 25th 

cycle during each pass. 

Similarly to the observations made in the Φ = 120° study, here too, during the 

initial stage of processing the deformation force in all passes can be seen to increase 

up to a certain stroke length, beyond which it becomes rather constant or continues to 

increase but at a slow rate. As explained earlier, this stage of force increase is mainly 

due to the gradual increase in the contact area between the oscillating punch and the 

billet top surface (parallel to Z plane). Once there is full contact between the punch 

surface and billet surface, the force becomes constant. Moreover, the deformation 

force is also seen to increase in subsequent passes. As shown in Fig. 6.9, the maximum 

values of force required to deform the pair of billets, progressively increased from 

185.8 kN during the first pass to 236.1 kN in the fourth pass. This strongly suggests 

that the strength of billets is increasing after each pass and therefore greater force is 

required to deform the billets. In general, the maximum feeding force during each pass 

is 55 ~ 60% of the deformation force value.  

Compared to the channel angle (Φ) of 120°, the force required to deform a pair 

of billets increases by almost 2 to 2.5 times when the channel angle is lowered to 90°. 

This is because the induced strain during subsequent pass also increases from 0.67 per 

pass for Φ = 120° to 1.07 per pass for Φ = 90°. 
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Fig. 6.8: Deformation and feeding forces recorded during (a) first, (b) second, (c) third and (d) 

fourth pass of I-ECAP at 300 °C using the die with channel angle (Φ) of 90°. 

 

Fig. 6.9: Values of maximum deformation and feeding forces during consecutive passes of I-ECAP 

at 300 °C using the with channel angle (Φ) of 90°. 
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6.3.2 Tensile properties 

Fig. 6.10 shows the stress-strain curves obtained from the tensile testing of 

unprocessed and I-ECAP processed samples after first, second, third and fourth pass. 

It is readily apparent from the curves that the strength characteristic is gradually 

increasing due to the grain refinement taking place in the billets after each pass of I-

ECAP.  

Table 6.2 shows the summary of tensile properties for the unprocessed and 

processed material. First pass of I-ECAP, significantly increased the yield strength (σY) 

and ultimate tensile strength (σUTS) of the material. The σY in particular was increased 

by almost double the initial value, i.e. from 308 to 610 MPa after the first pass. After 

second and third pass, the improvement is quite consistent and moderate levels of 

strengthening is achieved after each pass. However, after fourth pass it seems that the 

strengthening is reaching a saturation state, as the material does not exhibits any 

considerable improvement in strength compared to that after the third pass. Overall, 

due to the formation of UFG structure, the material subjected to four passes of I-ECAP, 

displayed a marked increase in the values of yield strength (σY) and ultimate tensile 

strength (σUTS). The σY was increased from 308 to 671 MPa and the σUTS was increased 

from 549 to 730 MPa; this corresponds to an increase of 118% and 33%, respectively.  

Similarly to the Φ = 120° study, although the severely deformed material 

displays increasing levels of strength (σY and σUTS) after each pass of I-ECAP, the 

material suffers reduction in ductility due to the loss of strain hardening ability. The 

arrow on each curve in Fig. 6.10 indicates the uniform elongation (δunif) achieved. The 

stress-strain curve obtained after the second pass (see the green curve in Fig. 6.10) is 

an exception here. It displays some decent level of strain hardening. Consequently, 

according to the calculated values in Table 6.2, the second pass processed material 

displayed the highest values of ductility among all processed materials, with δunif at 

13.1% and δfail at 23.1%. It is not clear, why the material regained it strain hardening 

ability after second pass. Such behaviour was not observed in the Φ = 120° study. 

Beyond pass two, the material does not exhibit any noticeable strain hardening and 

therefore the ductility values continue to gradually decrease after subsequent passes. 

It is interesting to note again that the processed material exhibits relatively high 

post necking elongation. As a result, despite the much reduced δunif, the processed 
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material still manages to display acceptable values of δfail in all cases. The room 

temperature tensile test shows that δunif after four passes of I-ECAP on CP-Ti decreases 

from an initial value of 22.3% to 8.9% and the δfail also decreases from 31.9% to 

21.1%. The latter, is considered to be a reasonably good level of ductility exhibited by 

the severely deformed CP-Ti material after I-ECAP processing. 

 

Fig. 6.10: True Stress-strain curves obtained from tensile testing at room temperature and at a 

strain rate of 0.01 s-1 of the unprocessed and processed CP-Ti samples after first, second, third 

and fourth pass of I-ECAP at 300 °C using Φ = 90° channel angle. The arrow on each curve 

indicate the onset of necking. 

Table 6.2: Tensile properties of CP-Ti in unprocessed condition and after subsequent I-ECAP 

passes at 300 °C using Φ = 90° channel angle die (0.2% σY — yield strength, σUTS — ultimate 

tensile strength, δunif — uniform elongation, δfail — elongation to failure and Ψ — reduced cross-

area at failure). 
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0P - 308 549 22.3 31.9 63.9 

1P 1.07 610 657 11.1 22.0 61.4 

2P 2.14 622 704 13.1 23.1 60.2 

3P 3.21 657 726 10.7 21.3 60.1 

4P 4.28 671 730 8.9 21.1 63.2 
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6.3.3 Fractography 

Fig. 6.11(a) to (e) show the fracture morphology using SEM of the tensile tested 

samples: (a) in the unprocessed condition and after (b) first, (c) second, (d) third and 

(e) fourth pass of I-ECAP. Similar to the Φ = 120 study, three images are shown for 

each material condition. On the left, there is a micrograph showing extend of necking 

at fracture, in the middle, a lower magnification micrograph and on the right, a higher 

magnification micrograph of the dotted rectangular box (on the right). 

The lower and higher magnification micrographs show that for all tested 

samples, the fracture surface is covered throughout by dimples. This is a strong 

indication that for all cases the mode of failure is ductile fracture, as the failure process 

was initiated by the nucleation and growth of voids resulting in dimple formation upon 

fracture. These micrographs also clearly show the grain refinement after subsequent I-

ECAP passes, as seen by the decreasing dimple pass after each pass. The unprocessed 

material is dominated by large size dimples as seen by the higher magnification 

micrograph in Fig. 6.11(a). After first pass, the dimple sizes has reduced, however, the 

dimples are not uniform in size. Beyond second pass, the dimple size continues to 

decrease and becomes uniform with the increase in number of passes. The fracture 

surface of the UFG CP-Ti sample after four passes of I-ECAP, shows a dramatic 

decrease in the dimple size and these very fine dimples are distributed uniformly across 

the fracture surface. As a result, compared to the unprocessed condition, the fracture 

surface is homogenous and rather smooth. 
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(a) 

   

(b) 

   

(c) 

   

(d) 

   

(e) 

   

Fig. 6.11: SEM images of the fractured CP-Ti tensile samples showing the fracture morphology 

at three different magnifications for (a) unprocessed material and I-ECAPed material after (b) 

first, (c) second, (d) third and (e) fourth pass at 300 °C using Φ = 90° channel angle die. 
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6.3.4 Hardness evolution 

Fig. 6.12 shows the mean values of microhardness calculated from the recorded 

measurements in the transverse (X) plane of samples, for unprocessed condition and 

after first, second, third and fourth pass of I-ECAP. Twenty hardness measurement 

recordings were made at different locations in the X plane of each sample to calculate 

the mean value. The error bars in the graph represent the standard deviation, which 

shows the level of dispersion in the hardness values from the mean value. In the 

unprocessed condition, the mean value of microhardness is ~156 Hv, after first pass 

this value rises sharply to ~196 Hv, an increase of over 25%. For subsequent second, 

third and fourth passes the microhardness value increases to 200, 214 and 217 Hv, this 

corresponds to an increase of 2.6%, 6.5% and 1.4% respectively. This increase in the 

mean microhardness values also correlates qualitatively with the increase in yield and 

ultimate tensile strength observed in tensile test after subsequent I-ECAP passes. 

Overall, after four passes of I-ECAP, the average value of microhardness is increased 

from 156 to 217 Hv; this corresponds to an increase of 39.1%. 

 

Fig. 6.12: Mean values of Vickers microhardness (Hv) recorded on the X plane before and after 

subsequent passes of I-ECAP process at 300 °C using the die with channel angle (Φ) of 90°. The 

error bars represents the calculated standard deviation. 
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6.4 Comparison of 120° and 90° channel angle cases 

It is necessary to make a comparison of the improvements in tensile properties 

achieved in CP-Ti grade 2 material, after I-ECAP processing by using the 120° and 

90° channel angle dies. Fig. 6.13(a-c) presents the yield strength, ultimate tensile 

strength (UTS) and percentage ductility (elongation to failure) values obtained from 

tensile testing at room temperature for the two studied cases. The properties are shown 

as a function of equivalent strain induced during I-ECAP processing. Recall that for 

120° case the equivalent strain per pass is ~0.67 and for 90° case the strain is ~1.07 

per pass. The billets are processed for six passes using the 120° die, inducing a total 

equivalent strain of ~4.02. This value of strain induced is lower compared to the 90° 

case, where only four passes induce a total equivalent strain of ~4.28, however are 

comparable. 

In Fig. 6.13(a), for both cases, the first pass significantly improves the yield 

strength of the material. The original yield strength is increase from 308 MPa to 489 

(58% increase) for 120° case and to 610 MPa (98% increase) for 90° case. The higher 

value of yield strength achieved in 90° case compared to 120° case is understandable, 

as the strain value induced during the first pass using the 90° die is ~60% higher than 

the strain induced using 120° die. 

Beyond first pass in both cases, the yield strength is seen to increase, but at a 

much reduced rate. For the 120° case, after an initial sharp rise, the yield strength 

increases gradually to 558 MPa after the fourth pass. Although, compared to the 

original yield strength value, this represents a significant overall improvement; 

however, beyond first pass, the next five passes only contributed to 14% further 

increase in strength i.e. from 489 to 558 MPa. Similar trend is observed for the 90° 

case, where the next three passes only manages to increase the strength by just over 

10% i.e from 610 to 671 MPa.  

For the 120° case, it is interesting to note that the increase in yield strength is 

non proportional to the strain induced when compared to the 90° case. For example, 

after the second pass, the equivalent strain induced is ~1.34 (2 x 0.67) and the yield 

strength achieved is 502 MPa. This is much lower when compared to the 90° case 

where an induced strain of 1.07 results in a much higher yield strength value of 610 

MPa. Consequently, even though the total equivalent strain induced in 90° case after 
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four pass is only ~6.5% higher compared to the strain induced after six passes in 120° 

case, the final increase in strength achieved is more than 20% higher for the 90° case. 

This shows that strain induced per pass has a bigger effect on the strength increase 

compared to the total equivalent induced strain. 

Comparison of UTS is shown in Fig. 6.13(b) for the two cases. The unprocessed 

material displayed higher level of strain hardening in the room temperature tensile 

testing and reaches a UTS of 549 MPa. On the other hand, in both cases, the processed 

material suffered loss in strain hardening ability and therefore the improvement in UTS 

achieved after first pass is not at the same levels as increase in yield strength achieved. 

In 120° case, the UTS after first pass increases to 601 (9.5% increase) and in 90° case 

it increases to 657 MPa (20% increase). Beyond first pass, the UTS value increase by 

further ~14% in the next five passes to reach 685 MPa. In 90° case, the UTS increases 

by further ~11% in the next three passes to reach 730 MPa. Interestingly, here the 120° 

case displays rather proportional increase in UTS with respect to the induced strain at 

least up to the second pass. Beyond second pass the UTS increases gradually but non-

proportionally to the strain induced. 

It is important to compare the strength improvement achieved in the present 

study with Ti-6Al-4V, since the ultimate goal of the work is toward improvement in 

strength characteristics of CP-Ti to replace Ti-6Al-4V in bio-medical implants. The 

yield and tensile strength of Ti-6Al-4V is in the range of 840-90 MPa and 940-970 

MPa, respectively [125]. To put it in perspective, the strengthening achieved in the 

present study for CP-Ti grade 2 using I-ECAP process with 90° degree die is around 

~80% and ~75% of the yield and UTS of Ti-6Al-4V. This is considered to be a big 

achievement since this is the first time the material was processed on I-ECAP rig. 

Finally, Fig. 6.13(c) compares the ductility (elongation to failure) for both cases. 

As seen by the graph, the loss in strain hardening ability also decreases the elongation 

to failure values. In both cases, the ductility decrease with the number of passes 

increases. The exception is however, second pass 90° case, where the ductility 

increases marginally compared to the first pass. In both cases the final ductility 

achieved is very similar 20.2% and 21.1% for 120° and 90°, respectively. Although, 

ductility is reduced in the processed CP-Ti, it is still considered reasonable. 
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Fig. 6.13: Comparison of the room temperature tensile properties (a) yield strength, (b) ultimate 

tensile strength (UTS) and (c) percentage ductility (elongation to failure) as a function of induced 

equivalent strain during I-ECAP processing of CP-Ti using dies with channel angle (Φ) of 120° 

and 90°. 
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6.5 Comparison with ECAP 

It is interesting to make a comparison with the earlier reports of processing CP-

Ti (various grades) by ECAP for different die angles, processing speeds and 

temperatures. Table 6.3 presents the summary of processing parameters used in 

selected earlier ECAP studies and in the present study, along with the changes in grain 

size, hardness, strength and ductility. It is important to emphasize that the grain size 

and mechanical properties listed in the table are after ECAP process only and before 

any subsequent post ECAP deformation (such as cold extrusion, rolling etc.). The table 

has been arranged in the descending order of processing temperature. 

As can be seen in the table, to facilitate processing of CP-Ti various techniques 

have been employed. These include processing at elevated temperatures, using higher 

die angles and by using lower grades of titanium. To activate more slip systems in 

titanium, almost all the studies listed in table have been performed at elevated 

temperatures (500 to 250 °C). Zhao et al. [129, 130] was however able to demonstrate 

ECAP at room temperature. This is because grade 1 was used in these studies, which 

has the lowest interstitial and substitutional elements among available commercial 

grades of titanium and therefore considered to be the most formable. 

In the context of processing grade 2; for lower die angle of Φ = 90°, the lowest 

processing temperature used was 300 °C, similar to what is used in present study. 

However, it is seen that the processing temperature can be decreased to 250 °C, when 

higher die angles of 105 to 120° is used. It is evident from the table that the 

enhancements in mechanical properties by I-ECAP achieved in the present study are 

quite reasonably comparable with the previous ECAP studies. Although, by lowering 

the processing temperature, the enhancements in mechanical properties can be 

increased even further. 

The study by Sordi et al. [135] is directly comparable with the Φ = 120° case 

study, as it has identical processing conditions. It is seen that although the processing 

conditions are exactly the same, the mechanical properties are better to the ones 

obtained in the present study. However, the tensile flow stress curves in [135], it is 

clear that the material after subsequent ECAP passes, suffers a very high rate of flow 

softening beyond the onset of necking, which is not the case in the present study. 

Moreover, the uniform elongation achieved in the present study is much higher. 
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6.6 Hall – Petch effect 

The main objective of this research work is to refine the grain structure in 

titanium for the purposes of strength improvement. As discussed in Chapter 1, grain 

refinement in polycrystalline metals is one of the effective ways of improving the 

properties in particular the mechanical behaviour. In order to quantify the contribution 

from the grain size refinement to the strength enhancements, the Hall – Petch equation 

is commonly used. Hall-Petch effect is explained as a relationship between the average 

grain size and the yield strength. For the sake of convenience the equation is shown 

here again: 

𝜎𝑦 = 𝜎𝑜 + 𝑘𝑦𝑑𝑔
−1

2⁄  Eq. 6.1 

Grain boundaries are considered as obstacles for dislocation movement. Grain 

refinement in SPD processes significantly increases the fraction of grain boundaries. 

Therefore, a greater force is required for plastic deformation to occur according to Hall 

– Petch effect. In order to quantify the strengthening contribution in the present study 

due to the Hall – Petch relationship, Fig. 6.14 is presented. It shows the plot of yield 

strength after subsequent passes of I-ECAP using Φ = 120° and 90° angle die, against 

the 𝑑𝑔
−1

2⁄ . The average (𝑑𝑔) size in the flow plane of the samples is used for both 

cases. In both cases, after the first pass the strength increase is significant and therefore 

the as-received (ASR) material point has a different slope from the I-ECAP processed 

material points beyond first pass. It is believed that in the initial passes of ECAP, 

dislocation strengthening or strain hardening plays a key role in the strength increase 

[123]. Here, formation of sub-grains and/or dislocations cells also contributes to the 

strength increase. After subsequent passes, fine grains are formed with high angle grain 

boundaries. Whereby, the contribution from grain refinement i.e. Hall – Petch 

relationship becomes the main role in strengthening. Therefore, it is worthwhile to 

consider the Hall – Petch relationship beyond first pass, similar trend was also 

observed in [187] during ECAP processing of CP-Ti grade 2 material. As can be seen, 

beyond first pass the slope of the linear fit is in excellent agreement with subsequent 

passes (notice the R2 values). 

 For the Φ = 120° case, the values of ky and σo corresponds to 139 MPa/µm1/2 

and 437 MPa and for the Φ = 90° case, the values of ky and σo corresponds to 121 
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MPa/µm1/2 and 544 MPa. There is no evidence for the inverse Hall – Petch effect in 

the present study. It can safely be said that the primary strengthening in the present 

study is the Hall – Petch effect. 

 

Fig. 6.14: Representation of yield strength as a function of average grain size to study the Hall – 

Petch effect in the present study. 

Interestingly, when the yield strength and the grain size of the final pass (sixth 

pass for the Φ = 120° and fourth pass for the Φ = 90°) are analysed, a better linear fit 

following the Hall – Petch effect is obtained (see Fig. 6.15). Here the ky corresponds 

to 414 MPa/µm1/2 and σo corresponds to 211 MPa. 

 

Fig. 6.15: Representation of yield strength as a function of average grain size to study the Hall – 

Petch effect during the final pass in the present study. 
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6.7 Conclusions 

The effects of I-ECAP processing on the mechanical properties of the processed 

material presented in this chapter can be summarised as follows. 

1. CP-Ti grade 2, was severely deformed using I-ECAP process. It exhibited 

significant improvements in its mechanical properties. During room temperature 

tensile testing, the yield strength increased from 308 to 558 MPa and ultimate 

tensile strength (UTS) increased from 548 to 685 MPa, for the material processed 

using die angle (Φ) of 120°. This corresponds to 81% and 25% increase, 

respectively. For the case of material processed using die angle (Φ) of 90°, the 

strength increase was even higher. The yield strength increased to 671 MPa and 

the UTS increased to 730 MPa, which corresponds to strength enhancements of 

118% and 33%, respectively. 

2. In both cases, ductility was somewhat reduced due to lack of strain hardening 

ability exhibited by the severely deformed material. The reduction was similar for 

both die angles and at ~20% elongation to failure, it is still be considered to be 

reasonable for practical applications. 

3. The evolution of hardness during subsequent passes of I-ECAP was investigated 

by Vickers microhardness measurements in the transverse plane of the processed 

material. Hardness homogeneity was fairly good except for the narrow region at 

the top. The average value of microhardness was significantly increased from the 

initial value of 156 Hv. The hardness increments were different for the same 

amount of strain induced in both die cases, except the highest strain, for which the 

maximum hardness reached 215 to 217 Hv, an increase of ~40% after I-ECAP. 

In general, for both cases, I-ECAP process has been shown as an effective method 

capable of producing defect free CP-Ti billets. The processing achieved remarkable 

improvement in strength due to grain refinement. In both cases, the strengthening 

mechanism is believed to be Hall – Petch effect. This promising technique requires 

very low feeding force therefore it is capable of processing very long or continuous 

billets. 
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Chapter 7 

7 Workability characteristics of CG and UFG CP-Ti 

7.1 Introduction 

In order to improve the formability in CP-Ti, it is necessary to carry 

deformation at elevated temperatures. However, use of excessively high temperatures 

for UFG titanium can cause increased recovery, leading to significant grain growth. 

This will result in considerable loss of strength and hardness, especially if the 

deformation process is carried at a low strain rate. Deforming CP-Ti in the warm 

temperature range is therefore desirable, not only in terms of retaining the strength 

characteristics of UFG but also in terms of reducing the forming process energy 

requirements. Finding a good balance between formability and loss in strength is 

essential and can be achieved by developing a deeper understanding of the warm 

temperature range deformation behaviour of UFG CP-Ti. It is generally accepted that 

compression flow stress data can be used to simulate the deformation behaviour during 

bulk metal forming processes. The effective use of accurate flow stress data in 

simulations combined with the knowledge of grain growth at different temperatures 

and strain rates, will greatly help in establishing the optimal processing regimes of 

UFG CP-Ti. 

The aim of this chapter is to study the workability characteristics of the 

unprocessed coarse grain (CG) and severely deformed UFG CP-Ti. This chapter has 

two parts: in the first part, effect of I-ECAP processing on the compression behaviour 

of CP-Ti is studied. For this purpose room temperature compression tests are carried 

out on CG and UFG CP-Ti at different strain rates. The compression behaviour, before 

and after I-ECAP is compared, which revealed a complex three stage hardening 

behaviour for all strain rates tested. This behaviour is analysed through the use of 

normalized strain hardening curves derived from flow stress curves for each test 

condition. Flow softening at higher strain rates and strain rate sensitivity are also 

compared before and after I-ECAP processing. 
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In the second part of the chapter, the workability characteristics of UFG CP-Ti 

is studied at warm temperature conditions. Here compression testing is carried out on 

UFG CP-Ti samples in the temperature range of 400 to 600 °C and at different strain 

rates. The flow stress and strain hardening behaviour is presented and discussed. 

Finally, microstructural changes, mainly the stability of the grains in the samples after 

compression testing is studied using EBSD analysis. 

It is important to mention here that the UFG samples used in room temperature 

and warm temperature compression tests have been obtained from the billets after six 

passes of I-ECAP using the Φ = 120° channel die. Refer to section 4.6 for I-ECAP 

experimental procedure and processing parameters. Geometric dimensions of the 

compression samples and other test details are mentioned in section 4.8.3. 

7.2 Room temperature compression behaviour 

To study the effect of I-ECAP processing on the compression behaviour of 

titanium, room temperature compression tests results are presented for the unprocessed 

coarse grain (CG) and severely deformed UFG CP-Ti. 

7.2.1 True stress – true strain curves 

Fig. 7.1 displays true stress as a function of true strain determined by uniaxial 

compression testing conducted at room temperature for (a) CG and for (b) UFG CP-

Ti. To investigate any strain rate sensitivity at room temperature, tests was performed 

at three different strain rates (𝜀̇): 0.01, 0.10 and 1.00 s-1. All tests were conducted up 

to 50% height reduction, resulting in a true strain value of ~0.70. 

First, it is apparent from the obtained flow curves that the UFG material shows 

significant increase in compressive yield strength for all strain rates compared to the 

CG unprocessed material. This shows again that the material has strengthened due to 

the grain refinement process. However, the test results shows that the severely 

deformed material displays lower levels of strain hardening compared to the 

unprocessed CG material. It is interesting to note, that although the yield strength of 

the processed material is higher, the unprocessed material, due its greater strain 

hardening ability quickly strengthens during compression and displays a higher flow 

stress beyond the ~0.30 true strain value. For all strain rates, the unprocessed material 
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therefore manages to achieve slightly higher flow stress values at completion of 

compression tests at ~0.70 true strain. 

 

 

Fig. 7.1: Flow curves (true stress vs true strain) obtained from uniaxial compression testing at 

various strain rates for (a) unprocessed (CG) and (b) severely deformed (UFG) CP-Ti. 
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7.2.2 Strain hardening behaviour 

In order to study the strain hardening behaviour during room temperature 

compression tests in detail, Fig. 7.2 present plots of normalized strain hardening rate 

(dσ/dε/G) against true strain for (a) unprocessed (CG) and (b) severely deformed 

(UFG) material. Here, σ is the flow stress, ε is the true strain and G is the shear modulus 

(modulus of rigidity) for titanium. In general, both material condition exhibits a 

distinct three-stage strain hardening behaviour within the plastic regime.  

Stage I is characterized by a decreasing rate of strain hardening and is similar to 

the dynamic recovery regime observed in many metals [191]. Upon reaching a certain 

strain, the hardening rate increases, representing the stage II deformation. This is then 

followed by considerable reduced rate of hardening or even flow softening (negative 

rate of hardening), denoting the stage III deformation. This three-stage hardening 

behaviour is consistent with earlier reports on compression testing of titanium at room 

and elevated temperatures [113, 191, 192]. 

Studies have shown that the increase in strain hardening behaviour in stage II is 

due to deformation twinning [112, 193]. Notice that the severely deformed CP-Ti in 

Fig. 7.2(b), exhibits much lower levels of stage II strain hardening compared to the 

unprocessed material. This is because the severely deformed material has a UFG 

structure; which causes twinning activity to be greatly suppressed as such. The results 

are consistent with Gray [194], who performed compression tests on fine and coarse 

grained titanium, which show that the rate of strain hardening increases with increase 

in grain size due to pronounced increase in deformation twinning.  

Twinning increases the strain hardening in two ways, firstly, it causes reduction 

in average grain size, therefore contributes to strengthening via the Hall-Petch effect. 

Secondly, the twinned regions are much harder than the rest of the matrix (untwinned) 

regions. To confirm the later, Salem et al. [195] deformed CP-Ti under compression 

up to a strain of 0.05, this corresponds to the initiation of stage II hardening and onset 

of deformation twinning. Microhardness measurement on the twinned regions showed 

a 30% hardness increase compared to the matrix regions. The latter effect contributes 

to the mechanism proposed by Basinski et al. [196], whereby twinning results in 

increase in strength of a material. 
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Notice that the onset of stage II strain hardening in the present study also happens 

around ~0.05 true strain (see Fig. 7.2(a) and (b)). However in Fig. 7.2(a) it is seen that 

the initiation of stage II hardening for the fastest strain rate of 1.0 s-1 (red line) happens 

slightly earlier i.e. at a lower true strain value compared to the slower strain rates (green 

and blue lines). Similar results were obtained in [197], in which it was shown that 

deformation twins are generated at lower strains during compression as the strain rate 

is increased. However, this effect is not observed in the severely deformed material, 

where the onset of stage II hardening does not seems to be affected by the increase in 

strain rate. 

For strain rates of 0.01 and 0.1 s-1, the unprocessed material during stage III 

shows a rapidly decreasing strain hardening behaviour. However, beyond a true strain 

of ~0.40 both reaches a steady state condition and there is no noticeable change in 

strain hardening rate. For the severely deformed material at these strain rates, the 

decrease in strain hardening in stage III is not as rapid. It decreases at a lower rate and 

continues to do so until test finishes. 

The present compression tests shows that the severely deformed material has 

still some tendency to strain harden compared to tensile tests, where a near steady state 

behaviour in flow stress was observed after initial yielding. Nevertheless, both the 

tensile and compression tests results have shown that the processed material 

significantly loses its ability to strain harden compared to the unprocessed material. 

This is because the heavily deformed UFG structure in the processed material has a 

limited capacity to accumulate further dislocations and has a reduced tendency to 

generate twin boundaries during subsequent deformation [198]. 

 

 



Chapter 7 Workability characteristics of CG and UFG CP-Ti 

 

 181 

 

 

 

Fig. 7.2: Plots of normalized strain hardening behaviour obtained from room temperature 

compression testing at various strain rates for (a) unprocessed (CG) and (b) severely deformed 

material after six passes (UFG). 
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7.2.3 Flow softening due to adiabatic heating 

For both material condition (CG and UFG) the flow stress obtained at the 

highest strain rate of 1.0 s-1 is particularly interesting, after an initial strain hardening 

behaviour (stage I and stage II), both materials exhibited flow softening (negative rate 

of hardening). However, this flow softening is much more prominent in the CG 

material. The observed flow softening is believed to be due to the temperature rise 

during deformation. Flow softening at a strain rate of 1.0 s-1, has also been observed 

during compression tests on nanocrystalline titanium produced by mechanical milling 

followed by a consolidation process [199] and also in UFG titanium produced by 

ECAP [171]. Both studies concluded that flow softening is due to the heat generated 

during plastic deformation. The temperature rise during deformation can be calculated 

by the following relationship [200]: 

∆𝑇 =  
𝛽

𝜌𝐶𝑝
∫ 𝜎 𝑑𝜀
𝜀

0

 Eq. 7.1 

where 𝛽 is the factor which specifies the portion of plastic work converted into heat 

(Taylor-Quinney coefficient, normally taken to be 0.90), 𝜌 is the material’s density, 

𝐶𝑝 is the specific heat and the integral in Eq. 7.1 defines the work done by flow stress 

(𝜎) during deformation to strain ε. Using this equation, the temperature rise during 

compression testing is calculated for two strain levels: true strain where flow softening 

begins (𝜀𝑠) and the final true strain (𝜀𝑓 ≈ 0.70). Ideal conditions are assumed, i.e. no 

heat loss due to conduction or convection. For the CG material the equation predicts a 

temperature rise of 121°C at 𝜀𝑠 = 0.45 which increases to 219 °C at 𝜀𝑓. The predicted 

temperature rise for the UFG material is 81 °C at 𝜀𝑠 = 0.28 and rises to 198 °C at 𝜀𝑓. 

The flow stress of titanium is very sensitive to temperature, the predicted temperature 

rise at strain rate of 1.0 s-1 for both material condition is assumed to influence the flow 

stress behaviour. However, further tests such as load-unload-reload tests performed in 

[199] are necessary to establish the exact role of temperature rise in flow softening. 
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7.2.4 Strain rate sensitivity 

The flow stress of severely deformed material displays higher level of 

dependence on strain rate, whereby the flow stress increases with increase in strain 

rate. The unprocessed material only shows increase in flow stress at the highest strain 

rate of 1.0 s-1. The effect of strain rate on the flow stress of the material can be further 

analysed by determining strain rate sensitivity of the material. The strain rate 

sensitivity value is denoted by m and calculated by Eq. 7.2: 

𝑚 =
𝜕 log 𝜎

𝜕 log 𝜀̇
|
𝜀,𝑇

 Eq. 7.2 

where 𝜎 and 𝜀̇ are the flow stress and strain rate, respectively. It is important to note 

that m value has to be calculated for a certain strain value and temperature. Fig. 7.3(a) 

and (b) shows the variation of flow stress on various strain rates plotted on a semi-

logarithmic form, where stress is measured at (a) 0.05 and (b) 0.10 true strain, 

respectively for coarse grain (0P) and UFG (6P) material tested in compression at room 

temperature. The values of strain rate sensitivity can be easily calculated from such 

graph, by determining the slope of the linear fit. 

It is apparent that the m value at both selected strains shown in Fig. 7.3 for the 

UFG material is higher compared to CG material. From the flow stress observation 

and the m value calculation, it is shown that the UFG Ti exhibits a higher strain rate 

sensitivity in compression at room temperature. Although the UFG material exhibits 

increase strain rate sensitivity, this increase is not believed to improve the ductility of 

the material considerably during tensile deformations at room temperature. This is 

because the mechanisms such as grain boundary sliding which facilitates increase in 

ductility occurring in higher strain rate sensitive materials are not pronounced at room 

temperature [201]. 
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Fig. 7.3: Strain rate sensitivity of CG and UFG material compression tested at room temperature 

for (a) 𝜺 = 0.05 and (b) 𝜺 = 0.1. 

7.3 Warm temperature deformation testing of UFG CP-Ti 

To study the warm temperature deformation behaviour of UFG CP-Ti, a 

temperature range of 400 to 600 was selected for investigation. Similar to room 

temperature compression testing, the cylindrical samples were machined such that the 

axis of each sample was along the longitudinal axis of the billet. The method of 

lubrication was similar to room temperature testing, except graphite mixed with water 

was used instead of MoS2 as lubricant. 

A series of tests were conducted following the ASTM E209 – 00 (2010) 
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7.3.1 True stress – true strain curves 

Fig. 7.4 represents the true stress-strain curves for compression tests of UFG 

CP-Ti at warm deformation temperatures of (a) 400, (b) 500 and (c) 600 °C and for 

strain rates of 0.01, 0.1 and 1.0 s-1. As expected, it can be observed that the flow stress 

of CP-Ti subjected to I-ECAP is dependent on both temperature and strain rate. In 

general, the flow stress is seen to increase with increasing strain rate. Moreover, at the 

same strain rate, it decreases with increasing temperature. 

It is obvious from these graphs that compared to the room temperature results, 

the flow stress at warm temperatures for all strain rates is lower due to higher 

temperature effects. These figures also shows that UFG CP-Ti exhibits very low levels 

of strain hardening behaviour at these deformation temperatures. This is especially true 

for test temperatures of 400 and 500 °C. The flow stress at these test temperatures for 

all strain rates, quickly reaches a peak value near ~0.05 true strain, beyond which it 

exhibits a steady state response where there is not much appreciable strain hardening 

in general. 

However, for all compression tests performed at 600 °C, the flow stress 

behaviour is different from the tests performed at 400 and 500 °C. Here all the stress-

strain curves shows some strain hardening. Notice, how the flow stress is steadily 

increasing beyond a strain of 0.05. It is believed that at 600 °C significant grain growth 

has taken place and because of that the CP-Ti material has regained its strain hardening 

ability. On the other hand the flow stress curves has dropped to almost half, when 

compared to the flow stress obtained at 500 °C. 

It is interesting to compare the flow stress behaviour of UFG CP-Ti at these 

temperatures with coarse grained CP-Ti. Zeng et al. [192] subjected CP-Ti grade 2 

(with a starting grain size of 40 µm) to uniaxial compression at elevated temperatures 

ranging from 400 to 700 °C and strain rates of 0.001, 0.01, 0.1 and 1 s-1. Compared to 

the flow stress obtained in that study which shows a pronounced three stage hardening 

behaviour for up to 500 °C, it is seen that UFG CP-Ti tested at 400 and 500 °C in the 

present study exhibits much higher compressive strength i.e. flow stress for 400 and 

500 °C. At 600 °C the results from both studies becomes quite comparable i.e. the 

UFG CP-Ti loses its strength enhancements beyond this temperature. 



Chapter 7 Workability characteristics of CG and UFG CP-Ti 

 

 186 

 

 

 

Fig. 7.4: True stress vs true strain plot obtained from the uniaxial compression testing at various 

strain rates and at temperatures of (a) 400, (b) 500 and (c) 600 °C. 
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7.3.2 Strain hardening behaviour 

In order to study the strain hardening behaviour during warm temperature 

compression tests in detail, Fig. 7.5 present plots of normalized strain hardening rate 

(dσ/dε/G) against true strain at various strain rates and at (a) 400, (b) 500 and (c) 600 

°C. As clearly evident from these plots that the UFG CP-Ti at these warm deformation 

temperatures does not exhibit the distinct three stage hardening behaviour as exhibited 

by CG CP-Ti and to some extent exhibited by UFG CP-Ti at the room temperature 

testing. 

For the 400 (Fig. 7.5(a)) and 500 °C (Fig. 7.5(b)), the hardening rate exhibits a 

sharp decrease at low strain levels (up to 0.05 and 0.1). For the 0.01 s-1 at 400 °C and 

0.10 and 0.1 s-1 at 500 °C the hardening even goes to negative rates. Beyond these 

strain values, the hardening rate increases and reaches either a steady state condition 

(see blue line in Fig. 7.5(b)) or the hardening continues to increase but at a very low 

rate (see green in Fig. 7.5(b)). 

In the case of 600 °C, the decreasing strain hardening rate continues up to ~0.35 

strain values, however it does not go into negative rates. Beyond this strain value, the 

hardening rate reaches a steady state and does not changes much. 
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Fig. 7.5: Plots of normalized strain hardening behaviour obtained from warm temperature 

compression testing of UFG CP-Ti at various strain rates and at (a) 400, (b) 500 and (c) 600 °C. 
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7.3.3 Microstructures after deformation 

In this section, microstructural changes occurring in the samples subjected to 

compression tests at three different temperatures of 400, 500 and 600 °C and at strain 

rates of 0.01, 0.1 and 1.0 s-1 are analysed by IPF maps and shown in Fig. 7.6 to Fig. 

7.8. The figures are arranged in the decreasing order of strain rate i.e. (a) 1.0, (b) 0.1 

and (c) 0.01 s-1; to better appreciate the grain growth. The IPF maps were generated in 

the central part of the compression tested samples which were cut along the 

longitudinal plane i.e. parallel to the loading axis. The figures also include the grain 

boundary map where the blue lines represents LAGB and red lines represents HAGB, 

along with the associated grain size histogram. The plots shows a complete picture 

showing the effects of tested temperatures and strain rates during compression testing 

of UFG CP-Ti. 

In general it is seen that the microstructure is fairly stable for up to 500 °C for 

all strain rates and although some grain growth is evident, the average grain size is still 

below 2 µm. The microstructure even maintains its UFG form for 400 and 500 °C for 

the highest strain rate tested at 1.0 s-1. 

It is important to recall that the average grain size achieved after I-ECAP 

processing using the Φ = 120° channel angle die was between 1.1 to 1.3 µm. However, 

it is seen that IPF maps shown in Fig. 7.6(a) and Fig. 7.7(a), the grain have been refined 

even further even though testing was done at higher temperature than I-ECAP. This is 

because after I-ECAP there exists many grain boundaries within the microstructure 

which are not fully enclosed. As soon as the material is exposed to slightly higher 

temperatures for a shorter duration such as during testing at 1.0 s-1, it causes 

dynamically recrystallized nucleation preferentially at the incomplete HAGB and also 

close to grain boundaries. This leads to formation very fine equi-axed grains. These 

fine grains that are formed can promote grain boundary migration and grain rotation 

during the deformation. The deformation temperature is expected to affect the 

recrystallization kinetics, as it influences the stored energy. The stored energy is 

regarded as a driving force for recrystallization. Deformation at much higher 

temperature reduces the stored energy due to dynamic recovery and that is why for 

higher temperature of 600 °C and even at 1.0 s-1 in Fig. 7.8(a) the refinement effects 

are not observed and there are pockets of regions where grain growth is significant. 
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When the strain rate is decreased, evidence for growth of grains i.e. elongated 

grains in the direction perpendicular to compression loading is observed (Fig. 7.6(b) 

and Fig. 7.7(b)). Grain growth is the process by which the average grain size of 

constituting grain increases. The driving force for this process results from the 

decrease in free energy which is due to the reduction in total grain boundary area [202]. 

Here most of grains start to grow by consuming fine grains along the grain boundaries, 

which lead to increase in the average grain size. 

For samples tested at the slowest strain rate of 0.01 s-1 for 400 (Fig. 7.6(c)) and 

500 (Fig. 7.7(c)), some grains have been seen to undergo an accelerated grain growth 

compared to surrounding grains. This causes noticeable increase in the overall average 

grain size in the final microstructure. Grain growth takes place by diffusion and is 

effected both by temperature and the time. Various clusters of very fine grain are seen 

across the scanned area, which retained their size and morphology (Fig. 7.6(c) and Fig. 

7.7(c)). Grains in such clusters are believed to be thermodynamically stable enough to 

supress the migration of their grain boundaries. It is interesting to see that the 

microstructure in Fig. 7.7(c) have a wavy grain boundaries nature. This kind of wavy 

grain boundary is the characteristics of microstructure after hot rolling [203]. 

Compression tests at 600 °C and at 1.0 s-1 (Fig. 7.8(a)), resulted in the 

microstructure similar to the one observed for 400 °C and at 0.1 s-1. As the strain rate 

is high and there is not sufficient time to release deformation energy, some grains uses 

these energies to undergo accelerated grain growth at the expense of surrounding 

grains. Therefore, here again pockets of very fine grain clusters are observed. Notice 

the corresponding grain size histogram which shows ~60% of the area fraction below 

1 µm with ~35% below 0.4 µm. Microstructure of sample subjected to compression 

test at 600°C and 0.01 s-1 Fig. 7.8(c) is very interesting. Significant grain growth has 

taken place here as seen by occurrence of large grains. Moreover, within these larges 

grain twins are observed. This shows that the mode of deformation is slip as well as 

twinning. This may be due to formation twinned regions having different orientation 

as compared to the parent grain where they nucleated and extended. 
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Fig. 7.6: EBSD based IPF map with the corresponding grain boundary map (blue and read lines 

refers to LAGB and HAGB) and the associated grain size histogram for the compression sample 

at 400 °C and at strain rates of (a) 1.0, (b) 0.10 and (c) 0.01 s-1. 
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Fig. 7.7: EBSD based IPF map with the corresponding grain boundary map (blue and read lines 

refers to LAGB and HAGB) and the associated grain size histogram for the compression sample 

at 500 °C and at strain rates of (a) 1.0, (b) 0.10 and (c) 0.01 s-1. 
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Fig. 7.8: EBSD based IPF map with the corresponding grain boundary map (blue and read lines 

refers to LAGB and HAGB) and the associated grain size histogram for the compression sample 

at 600 °C and at strain rates of (a) 1.0, (b) 0.10 and (c) 0.01 s-1. 
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7.3.4 Dynamic grain size 

Fig. 7.9 shows the average grain size calculated from the grain size histogram 

of the microstructure for the various temperature and strain rate conditions.  The error 

bars represents the standard deviation from the average grain size. As predicted the 

average grain size increases with increasing temperature and decreasing strain rate. In 

general, the effect of temperature increase is greater on the grain growth than the 

deformation rate. Notice that the error bar is also increasing with increasing 

temperature and decreasing strain rate, this shows that the homogeneity in 

microstructure of the initial UFG material is being lost and it is moving towards 

heterogeneity. This increase in error bar with decrease in strain rate is gradual for 400 

and 500 °C condition, whereas at 600 °C the microstructure is heterogeneous even for 

the fastest strain rate tested. This shows that the microstructure is highly unstable at 

600 °C. 

 

Fig. 7.9: Dynamic grain size observed during warm temperature compression testing as a function 

of temperatures and strain rates. 
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7.4 Conclusion 

The chapter presented workability characteristics of CP-Ti at various 

conditions. To establish the workability characteristics, a series of compression testing 

were performed on the material. The tests include both room temperature and warm 

temperature conditions and at various strain rates. A compression was also done with 

coarse grained titanium to understand the changes in the compression behaviour. 

Following conclusions are drawn from the study: 

1. Compression tests at room temperature and at various strain rates before and after 

I-ECAP processing revealed a complex three-stage strain hardening behaviour. 

However, the UFG CP-Ti due to its reduced tendency to generate deformation 

twins, showed a much lower strain hardening rate during stage II hardening. The 

severely deformed material displayed enhancement in compressive yield strength, 

as well as higher strain rate sensitivity compared to the unprocessed material. 

2. Compression testing of UFG CP-Ti at warm temperatures of 400, 500 and 600 °C 

and at varying strain rates of 0.01, 0.1 and 1.0 s-1, revealed that the flow stress was 

sensitive to temperature and strain rate. The flow stress increases with decreasing 

temperatures and increasing strain rates. 

3. In compressions tests conducted at 400 and 500 °C, the flow stress quickly reaches 

a peak value, beyond which it exhibits a steady state response where there is no 

appreciable change in flow stress with increasing strain. The 600 °C tests however 

shows a strain hardening behaviour. 

4. Microstructural observations using EBSD, exposed significant grain growth in the 

sample deformed at 600 °C and 0.01 s-1. This also led to a considerable drop in 

flow stress during compression. 
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Chapter 8 

8 Summary 

The research work was undertaken to demonstrate the feasibility of the I-ECAP 

process to refine the grain structure in titanium for the purposes of improving its 

strength characteristics. The work also investigated in detail, the microstructural 

evolution and the mechanism of grain refinement during I-ECAP and its effects on the 

mechanical behaviour of the material. This work has a direct potential to replace the 

currently used Ti-6Al-4V (considered to be toxic in the long run) as a main material 

for bio-medical implants. The research work has yielded some interesting and useful 

insights into the I-ECAP processing of CP-Ti grade 2 material. 

The first major task of the work was to improve the capability of the I-ECAP 

experimental rig and to demonstrate the I-ECAP as a viable method for 

commercialization purposes. Major upgrades and improvement were successfully 

carried out (as outlined in Chapter 4), to improve the operational efficiency of the I-

ECAP rig. The upgrades such as automatic material feeding using a dedicated 

LabView application has greatly increased the processing efficiency of the rig. 

Moreover, high temperature processing capability added during the work, allows for a 

range of materials to be tested in future. 

Using the improved I-ECAP rig, CP-Ti billets were successfully processed. For 

this purpose, new I-ECAP tooling was designed and manufactured following finite 

element simulations. To understand the effect of strain imposed during each pass of I-

ECAP, experiments were performed for the first time using two new dies with channel 

intersection angles (Φ) of 120° and 90°. In this study, the as-received CP-Ti grade 2 

billets were subjected to a total of six and four passes using the die angle of 120° and 

90°, respectively. In both cases processing was done at 300 °C following route BC 

using the double billet variant of I-ECAP process. The billets obtained after processing 

were defect free without noticeable surface cracks and therefore it was shown 
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successfully that the new dies and the rig is capable of processing CP-Ti billets under 

the selected processing conditions. 

To investigate the effect of I-ECAP processing on the grain refinement process, 

detailed microstructural investigations were carried out. The evolution of 

microstructure and deformation characteristics was studied and tracked by using 

relatively large scan areas obtained via EBSD. For the Φ = 120° case, analysis was 

performed in both flow and transverse planes and for Φ = 90° case, investigation was 

performed in the flow plane of processed billets. Moreover, for Φ = 120° case, texture 

development through subsequent I-ECAP processing was also investigated using pole 

figures in both planes. 

Effect of I-ECAP processing on the mechanical performance of the CP-Ti was 

determined by performing tensile tests and micro-hardness measurements. For the Φ 

= 120° case, tests were performed after first, second, fourth and sixth pass and 

compared with the as-received properties. Whereas, for the Φ = 90° case, test were 

performed after first, second, third and fourth pass. Finally, workability characteristics 

of CP-Ti is determined by compression testing at room and warm temperature 

conditions (400 to 600 °C).  

According to the author’s knowledge, this is the first time such detailed results 

regarding processing of commercially pure titanium using the I-ECAP process and its 

effects on the microstructural and mechanical behaviour is being reported. Also, this 

is the first time, an I-ECAP die with a channel intersection angle of 120° has been used 

such extensively on any metal or alloy. In all previous research work carried out on 

the I-ECAP rig, a channel angle of 90° has been used. Except only for one case [204], 

where the initial trial results obtained using the die angle of 120° on the Al-1050 alloy 

after first pass have been communicated by the current author as a co-author. 
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The work has contributed to the following research outputs: 
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2. M.J. Qarni, G. Sivaswamy, A. Rosochowski, and S. Boczkal, (2017), “On the 

evolution of microstructure and texture in commercial purity titanium during 

multiple passes of incremental equal channel angular pressing (I-ECAP)”, 

Materials Science and Engineering A, 699, pp. 31-47. 

3. M.J. Qarni, G. Sivaswamy, A. Rosochowski, and S. Boczkal, (2017), "Effect of 

incremental equal channel angular pressing (I-ECAP) on the microstructural 

characteristics and mechanical behaviour of commercially pure titanium", 

Materials & Design, 122, pp. 385-402. 
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Chapter 9 

9 Conclusions 

Detailed conclusions are listed at the end of each chapter. The following lists 

the important conclusions that are derived from this work. 

1. The major upgrades implemented as part of this work on the I-ECAP rig which 

included the automation of material feeding, process control via LabVIEW 

application and elevated temperature processing capability; greatly improved the 

process efficiency and productivity. 

2. Experiments conducted with die angle (Φ) of 120° and 90°, showed that I-ECAP 

requires very low feeding forces during experiments. In both cases, the process has 

been successfully demonstrated for obtaining defect free CP-Ti billets. 

3. Remarkable grain refinement was achieved in both cases. After six passes using Φ 

= 120° angle die, the average grain size in flow plane was reduced by 93.5% i.e. 

by 20 to 1.3 µm. In transverse plane, the average grain size was reduced by 95% 

i.e. from 22 to 1.1 µm. Using the Φ = 90° angle die after four passes, the average 

grain size was reduced by 95.7% i.e. from 20 to 0.86 µm. In both cases, the 

microstructure mostly consisted of high angle grain boundaries (HAGBs). 

4. Twinning alongside continuous dynamic recrystallization (CDRX) were observed 

as the main mechanisms of deformation in CP-Ti during initial passes of I-ECAP. 

5. Significant increase in strength was achieved after grain refinement in I-ECAP 

processing. In case of Φ = 120° the yield strength was increased by 81% and 

ultimate tensile strength (UTS) was increased by 25%, respectively. In case Φ = 

90°, the same were increased by 118% and 33%. However, the ductility was 

somewhat reduced in processed material due to reduced strain hardening. 

6. A hardness increase of about 40% was observed after I-ECAP processing in both 

cases. 
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7. Although the total plastic strain induced in the Φ = 120° case and Φ = 90° case are 

comparable after 6 and four passes, respectively; the material processed via Φ = 

90° angle die yielded higher levels of grain refinement and which displayed higher 

strength enhancements compared to the material processed via Φ = 120° angle die. 

8. Room temperature compression tests on as received and severely deformed 

material condition showed marked improvements in the compressive yield strength 

and also some improvements in the strain rate sensitivity. A complex three stage 

strain hardening behaviour was revealed for both material condition. 

9. Compression testing of UFG CP-Ti at warm temperatures of 400, 500 and 600 °C 

and at varying strain rates of 0.01, 0.1 and 1.0 s-1, revealed that the flow stress was 

sensitive to temperature and strain rate. Analysis of the deformed microstructure 

shows that the UFG structure is fairly stable at 400 and 500 °C for 0.1 and 1.0 s-1 

strain rates. 

10. Finally, the research work shows that grain refinement to achieve UFG structure 

using I-ECAP is very effective technique in improving the strength characteristics 

of titanium. In this way, the need for harmful alloying elements can be eliminated 

and unalloyed titanium can be introduced in bio-medical implants. This promising 

technique can be exploited for commercial purposes. 
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Chapter 10 

10 Recommendations for future work 

The present work has demonstrated that CP-Ti billets can be successfully 

processed using the improved I-ECAP rig under certain processing conditions. 

However, there is scope to carry out further investigations by building on the results 

presented here. 

It will be interesting to determine the process operating window for CP-Ti 

billets. Experiments should be carried out to investigate the lowest possible 

temperature at which CP-Ti can be processed successfully without segmentations or 

failure. The current processing temperature of 300 °C was carefully selected based on 

the existing data available on processing titanium using ECAP. However, it is believed 

that processing temperature can be lowered, especially for the experiments with Φ = 

120° I-ECAP die. Lowering of the temperature will reduced the effect of grain growth 

and recovery, this will enhanced the strength even further. 

In the present work the billets processed using Φ = 120° I-ECAP die exhibited 

slightly bowing which prevented re-inserting them in the channel for the next pass. 

Consequently, straightening operation was performed on the billets which is an 

additional work and which requires access to separate equipment. This effects the 

productivity and adds to the overall cost in producing the billet. The present work has 

shown that optimized die design using detailed FE analysis can eliminate this problem 

effectively. It is suggested to perform similar FE analysis studies for the Φ = 120° die 

to optimize the design and eliminate this problem. 

Although UFG structure was achieved in the present research work and 

subsequently the strength characteristics of CP-Ti was significantly increased. 

However, the grain refinement ratio calculated for both cases (i.e. die angle of 120 and 

90°) shows potential for further refinement and therefore further improvement in 

strength. It is recommended to increase the total induced equivalent strain in billets by 
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subjecting the billets to even greater number of passes. Also, while route BC has been 

used here in all experimental, other routes should be explored and its effects on the 

grain refinement and strength characteristics. Post I-ECAP operations such as 

upsetting and rolling can also be explored as a means of introducing even further grain 

refinement and dislocations. 

This work has considerably improved the process efficiency of the I-ECAP rig. 

Further work to investigate the productivity limits of the I-ECAP can now be 

performed much easily. Design of experiments (DOE) study is recommended on the 

productivity parameters such as feeding stroke, punch amplitude and oscillations. This 

will be highly desirable in determining the feasibility of the process for 

commercialization purposes in future. 

The present study employed EBSD analysis to study relatively large areas of 

the microstructure. The technique proved very useful in determining the changes in 

the microstructure and texture on a global scale and shed light on important 

phenomenons such as twinning and CRDX. For future studies, it is recommended to 

characterize the microstructure in detail by combining EBSD with TEM (transmission 

electron microscopy). In particular, TEM can be a powerful technique in studying the 

twinning activity and its role as a grain refinement mechanism during I-ECAP 

processing. 

The present results shows that although the yield strength, ultimate tensile 

strength and hardness was significantly improved in the processed severely deformed 

material, however, the ductility was reduced. Further research work  can be performed  

to improve the ductility of the processed material without considerable changes in the 

strength characteristics. Annealing the processed billets can be a way of improving the 

ductility. Experiments should be performed to determine the processing window 

(temperature and soaking time) to achieve the best combination of strength and 

ductility. 

This work has determined the warm temperature workability of the material in 

the strain range of 0.01 to 1 s-1. It is recommended to perform higher strain rate testing 

to establish a full picture of the workability characteristics. Such data will be useful in 

the forgeability of the material for making implants. 



Chapter 10 Recommendations for future work 

 

 203 

 

It is recommended to develop some miniature implants using the billets 

processed via I-ECAP such as screws used in dental implants. Implants made with the 

high strength of UFG/nano titanium can be much smaller in the diameter. Smaller 

dental implants introduces less damages to any surrounding areas during surgery, it 

also means less trauma for the patient. 
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