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ABSTRACT 

 

Severe plastic deformation (SPD) processed ultrafine grained (UFG) materials 

are finding wide application in many industries because of their superior properties. 

Plenty of work has been done on the SPD processing of bar, plate, and rod forms of 

materials. Unfortunately, not much study has been conducted on improving the 

fabrication technique of tubular forms of materials. The conventional tube manufacturing 

processes involve either a seamless tube production method using high temperature 

extrusion which results in a large, non-uniform grain size or production of tubes that are 

seam welded after extrusion through a porthole or spider die. Welded regions are often 

the weak part of the tube and are prone to early failure.  

An attractive substitute for conventional tube forming could be SPD processing 

that imparts high strength by reducing the grain size and not having a seam weld. To 

achieve improvement in the physical and mechanical properties of tubes, use of a novel SPD 

processing technique of tube equal channel angular extrusion (tECAE) is presented in 

this dissertation. Processing of magnesium (Mg) alloy and pure niobium (Nb) tubes were 

conducted in this study. 

Mg alloys tubes are promising candidates to be used in biomedical industries for 

stent application, in transportation, and lightweight engineering application. Mg alloys 

are difficult to work with and possess anisotropic properties. The tECAE technique 

successfully processed Mg-3Al-1Zn alloy tubes at temperatures as low as 120 °C. The 

role of starting texture on strength and deformation behavior of the Mg alloy was 
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investigated by developing new processing routes. A viscoplastic self-consistent crystal 

plasticity model was used to supplement the experimental findings and improve the 

understanding of deformation modes in Mg alloy. Improved mechanical properties and 

unique textures were obtained after tECAE processing. 

Pure Nb tubes were also tECAE processed. Nb tubes are important for particle 

accelerators to make superconducting radio frequency cavities. The effect of 

accumulated strain during tECAE processing on the grain size, texture, and post-processing 

recrystallization temperature was investigated. 

This work shows that tECAE processing has the potential to reduce asymmetry in the 

mechanical properties and improve the strength and ductility by effective grain refinement. 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Motivation 

Tubular forms of materials are used in a variety of applications. The tubes are 

fabricated using conventional processes such as extrusion, welding, and casting [1-5]. 

Such conventionally produced tubes often show inhomogeneous grain size, non-uniform 

mechanical properties, and the presence of impurity elements. In many applications such 

as transportation of fluid, the conventionally processed tubes may provide adequate 

properties but there are certain instances where high purity, good formability, and 

homogenous mechanical and physical properties are desired such as for stent application 

[6, 7], high pressure fluid transfer [8], or tube as a precursor for hydroforming [4, 9]. 

Additionally, if inferior regions such as weld zones are present, the usability or further 

formability of the tubes get limited by the property of that region [2]. Therefore, a need 

exists to develop fabrication techniques that give axisymmetric properties, uniform 

microstructure, high strength, and good ductility to the tubes. 

Severe plastic deformation (SPD) processes such as equal channel angular 

extrusion (ECAE) [10, 11] are widely used methods to refine grain size, alter texture, 

and improve formability in plate and bar forms of materials. The deformation is 

achieved via simple shear leading to grain refinement and microstructural uniformity. 

Materials can undergo multiple ECAE passes to homogenously refine the grain size via 

various routes that are based on the rotation of the billet [11]. ECAE also holds scale-up 
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capability providing it an advantage over some other SPD processes [12]. Although, 

ECAE has proven to be a successful SPD technique to process materials, only a limited 

work has been done on processing tubular forms of materials due to complications in 

tool design [13-16]. 

With the above information in mind, a novel method to process tubular forms of 

materials, using the principle of equal channel angular extrusion, called tube equal 

channel angular extrusion (tECAE) [17] is introduced in this study. The materials used 

for this processing are a magnesium (Mg) alloy tube and commercially pure reactor 

grade niobium (Nb) tube. 

Magnesium alloy tubes are promising candidates to be used in the transportation 

industry and biomedical industry due to their high strength-to-weight ratio, adequate 

mechanical properties, and biocompatibility. Mg’s use is limited because it shows low 

ductility, hence, it is difficult to perform forming operations on it. The commercially 

used techniques for magnesium tube fabrication include casting, extrusion, and porthole 

die extrusion that involves welding [18]. Such processing techniques often impart 

undesired texture, local composition variations, and a coarse grain size resulting in poor 

mechanical properties [1].  Although previous research works have demonstrated the 

potential of using ECAE for improving the formability and strength of Mg alloys bars and 

plates via grain refinement, favorable texture modification, and redistribution of 

secondary phases [19-25], very few techniques have been used to process Mg alloy tubes 

[26-28]. Unfortunately, low temperature processing and texture evolution have not yet 

been studied for SPD of Mg alloy tubes, which are significant for these alloys as low 
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temperature reduces the possibility of softening due to recrystallization and the starting 

texture influences the ability to process the material. Therefore, the present study aims at 

investigating the effect of both texture and temperature on tECAE processing. 

Another material investigated in this research is Nb tube. Niobium has wide 

application in charged particle accelerators because of its superconducting properties. 

Non-uniform and large grain size, and inconsistent mechanical properties are major 

challenges associated with Nb. Therefore, this work has explored the potential of tECAE 

to process Nb tubes suitable for subsequent hydroforming to form superconducting 

radiofrequency (SRF) cavities for particle accelerators. 

1.2 Objective 

The objectives of the present work are motivated by the problems and lack of 

knowledge in fabrication and understanding of tubular forms of Mg alloys and pure Nb 

as explained in the previous section. The objectives of this study are: 

1. To test the hypothesis that high-shear, lower temperature thermomechanical 

conditions inherent to the tube equal channel angular extrusion processing will 

enable the formation of fine-grained microstructure in AZ31 magnesium alloy 

tubes, enhancing the mechanical properties and concomitantly, develop novel 

textures not possible through conventional processing routes. 

2. To develop an improved understanding of the role of temperature and initial 

texture in severe plastic deformation processing of Mg alloys. 

3. To examine the scale-up capability of ECAE processing and understand the 

effects of hybrid ECAE plus tECAE processing on AZ31 alloy. This will be 
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achieved by ECAE processing AZ31 bars having dimensions 50 x 50 x 250 mm3 

via route 4A and 4BC, and subsequently cutting tubes from different orientations 

followed by tECAE processing. 

4. To develop a viscoplastic self-consistent (VPSC) crystal plasticity model for 

predicting and analyzing the texture evolution during the novel tECAE 

processing of AZ31 alloy. 

5. Develop a fundamental understanding of failure mechanisms of AZ31 tubes both 

commercially produced and tECAE processed. 

6. To test the hypothesis that tECAE processing will lead to formation of seamless, 

and fine grained pure Nb tube with improved isotropic mechanical properties in 

the as-worked and recrystallized conditions. 

1.3 Dissertation organization 

A systematic approach involving experiments and modeling was taken to meet 

the above-mentioned objectives and is reported in the following chapters: 

Chapter I provides the introduction and background for this work. The general 

background about Mg alloys is provided specifically highlighting the synergy between 

the deformation mechanisms, texture, grain size and mechanical properties. A brief 

introduction about pure niobium and the challenges faced involving its application in 

superconductive radio frequency cavities is also presented. Lastly, the chapter presents a 

general overview about severe plastic deformation processing and discusses the current 

state of research in tube processing.  
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Chapter II gives information about the experiments conducted and explains the 

model used for texture simulation. In Chapter III, a detailed analysis of one pass tECAE 

processing of AZ31 at temperatures as low as 120 °C is discussed combined with VPSC 

predicted texture results. Chapter IV investigates the role of different starting textures in 

tECAE processing. Additionally, the failure mechanisms of Mg alloys during tensile 

tests are also discussed. Chapter V presents the hybrid ECAE plus tECAE processing 

approach, involving the scale-up use of ECAE. Chapter VI investigates tECAE 

processing of niobium and discusses its recrystallization behavior post SPD processing. 

Chapter VII presents the main conclusions from these studies along with suggestions for 

future work. 

1.4 Background and Literature review 

1.4.1 Magnesium alloys 

Mg offers a unique combination of lightweight and biocompatibility. The low 

density of magnesium (1.74 g/cm3) makes it significantly lighter than aluminum, steel 

and titanium that are the most commonly used structural and bio-implant materials [29-

31]. Cast Mg alloys have been widely used for decades due to their inherently low 

melting temperature (650 °C), good fluidity, and low susceptibility to hydrogen porosity 

[32]. However, the cast structures have big grains and modest mechanical properties, 

hence, with the advancement of materials processing techniques, a growing interest in 

the development of wrought Mg alloys is observed [33].  

In the recent times, significant efforts have been made for conservation of 

energy, reduction in emissions and improvement in fuel economy in the transportation 
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sector, which presents a pressing need to develop lightweight automobiles [34], creating 

a renewed interest in Mg alloys due to its low density and high strength to weight ratio. 

Mg also has the potential to be used in the biomedical industry as biodegradable implant 

material for coronary stents [35], and orthopedic applications as its physical and 

mechanical properties (density, elastic modulus, compressive yield strength, and fracture 

toughness) are comparable to natural bone, and thus reduces stress shielding [36]. Mg is 

an important component of the human body and is metabolized. It is also found in 

human bone tissue, hence its degradation products are less harmful to the body than its 

ceramic, metallic and polymer counterparts [35-37]. Tubular forms of Mg alloys are 

showing much promise in being used as bioabsorbable stents [7].  

Even though Mg alloys provide the above-mentioned benefits, its widespread use 

is limited in the industries because of the following reasons:  

a) The low strength, low ductility, and limited formability of Mg at ambient 

temperatures, make it difficult to use in the transportation industries where most of the 

component forming operations are performed at room temperature. 

b) Wrought Mg alloys develop undesirable texture during processing which further 

limits its formability. 

c) Mg shows low corrosion resistance, hence limiting its use in all industries where 

exposure to moisture is common. 

The promising benefits of using Mg alloys has led to much research and 

development to improve its properties. Mg alloys’ properties can be tailored in various 
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ways, the most common being addition of alloying elements, and developing 

thermomechanical processes to refine grains and control texture. 

Generally, pure metals do not have enough strength to be used for structural 

applications. Alloying elements are then added to improve the mechanical properties 

either by solid solution strengthening, precipitation hardening or by dispersion 

strengthening [38]. Rare earth elements are now being used as alloying elements for Mg 

because they have relatively higher solubility and provides precipitation hardening. 

Significant improvements in the mechanical properties are the result [39, 40]. 

Additionally, rare earth elements may activate non-basal slip activity and weaken basal 

texture [41]. However, the high price of rare earth elements has caused hindrance in its 

use. Mg alloys without rare earth additions have limited strength for structural 

applications. 

1.4.1.1 Magnesium alloy formability 

Magnesium has a hexagonal close-packed (hcp) structure as shown in Figure 1.1 

[42]. All the possible slip and twinning systems active in hcp materials are shown in 

Figure 1.1. Mg’s limited formability is attributed to the fact that it has only one close-

packed plane i.e. the basal plane (0001). Slip on the basal plane follows the Schmid law 

[43], hence, slip occurs when the applied stress on the slip plane and along the slip 

direction attains a critical value known as the critical resolved shear stress (CRSS). 

The CRSS for basal < 𝑎 > slip is the lowest among all the other possible slip 

systems in Mg and is independent of temperature, therefore it is the most easily activated 

(soft) slip system [44]. However, the basal plane has only two independent < 112̅0 > 
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co-planar slip directions, hence the basal slip system cannot accommodate deformation 

along c-axis [45, 46]. 

 

Figure 1.1 Schematic of HCP unit cell with all the possible slip and twinning 

systems [42]. 

 

 

 

For a polycrystalline material to undergo uniform deformation, five independent 

slip systems are required as the per Von Mises [47] or Taylor criteria [48]. Since Mg 

does show limited elongation to failure, it must have other slip systems that facilitate the 

deformation. Prismatic < 𝑎 >  slip system provides two more independent slip system, 

but it cannot accommodate c-axis deformation. Pyramidal I < 𝑎 > and pyramidal II <

𝑐 + 𝑎 >  are the other slip systems present in Mg alloys, out of which the pyramidal I <

𝑎 >  is not completely independent and can be presented as a combination of basal and 
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prismatic slip system. Activation of the pyramidal II < 𝑐 + 𝑎 >  slip system is required 

for uniform deformation [49]. However, CRSS values of the hard prismatic and 

pyramidal II slip systems depend on temperature and are very high at room temperature, 

therefore, they are difficult to activate [50]. A few studies [46, 51, 52] did show 

activation of prismatic < 𝑎 >  and pyramidal II < 𝑐 + 𝑎 >   slip along with basal slip 

system at room temperature, but such deformation was restricted to the grain boundaries. 

So, activation of hard deformation modes is possible at room temperature but not 

homogenously in the material. Hence, Magnesium’s formability is low at room 

temperature whereas at temperatures greater than 180 °C, Mg shows good formability 

due to activation of non-basal, pyramidal < 𝑐 + 𝑎 > slip which accommodates the 

deformation [45]. From the above discussion, it is clear that uniform deformation of Mg 

at room temperature by the slip mechanism is difficult, hence, deformation twinning 

modes may assist in deformation. 

 The twinning mode that accommodates c-axis extension is called extension 

twinning (101̅2), whereas the one that may accommodate c-axis contraction is called 

contraction twinning (101̅1) and (101̅3). Thus, twinning deformations are polar in 

nature [53, 54]. The CRSS value for extension twinning is lower than that of non-basal 

slip at room temperature, and it competes with any non-basal slip that has a component 

of Burger vector along c-axis. Although extension twinning may accommodate c-axis of 

its deformation, it can only sustain strain upto 6.5% and is accompanied by texture 

change and crack formation in the material [45]. Extension twinning has a detrimental 

effect on formability, and it is better to suppress activation of extension twins.  
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Contraction twins are hard to activate because their CRSS is high. They also lead 

to crack formation in the material. In many cases, double twinning can be observed 

which is the formation of extension twins inside contraction twins. This often leads to 

failure of the material as basal slip activity can be observed in these double twins due to 

the preferred grain orientation. This results in inhomogeneous strain distribution, and 

failure of the material [25, 49, 54]. 

The formability of Mg alloys is also influenced by dynamic recrystallization 

(DRX). The kinetics of this depend on temperature, strain rate, and starting grain size. 

DRX is active at elevated temperatures influencing the microstructure and texture while, 

at low temperatures DRX activity is not uniform which may form local soft DRX grains 

leading to void formation and fracture of the material from that region due to strain 

incompatibility. The non-basal planes typically have high stacking fault energy and 

cause continuous DRX (CDRX) in which accumulation of low angle grain boundaries 

due to applied strain leads to formation of high angle grain boundaries [25, 55]. 

Lastly, the Hall-Petch relation [56] is applicable in Mg alloys but the effect of 

texture along with grain size is important for understanding the mechanical behavior. 

Figure 1.2 shows the relation between grain size and various mechanical property 

parameters (yield strength (YS), ultimate tensile strength (UTS), and % elongation) of 

AZ31 alloys having undergone different metal forming processing routes explained in 

ref. [24]. Unlike the face centered cubic (fcc) and body centered cubic (bcc) systems, no 

clear correlation can be found in mechanical properties and grain size of Mg alloys. Such 
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a result is obtained because difference in texture plays a significant role in the 

mechanical properties variations. 

 

 

Figure 1.2 Effect of grain size on yield strength, ultimate tensile strength, and 

elongation during tension testing of AZ31 alloys [24]. Each alloy is processed via 

different SPD route. 

 

 

 

1.4.2 Niobium 

Superconducting radio frequency (SRF) cavities are a key component of charged 

particle accelerators providing energy to the particles by utilizing a carefully controlled 
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radio frequency electric field. The most widely used material for SRF cavities is high 

purity (RRR grade) niobium (Nb). The as-cast pure Nb is made via electron beam 

remelting with slow cooling which allows for the evaporation of most of the impurities 

except tantalum as it has a low vapor pressure. A drawback of slow cooling is that it 

leads to the formation of large grains in the as-cast material which impart 

inhomogeneous properties [57].  

The conventional fabrication technique for SRF cavities involves the electron 

beam welding of two deep drawn half cells. This leads to the formation of welding 

seams, resulting in microstructural changes near the weld which, in turn, may cause 

residual resistance ratio (RRR) degradation [57-59]. Modification in welding parameters, 

better quality control, and improvement in subsequent electropolishing techniques have 

resulted in closing the gap between the theoretical field limits and the obtained field 

values [60]. However, increased interest in the fabrication of seamless tubes has been 

seen in the past, as seamless tubes give an opportunity to simultaneously avoid the 

irregularities caused by welds and reduce the cost of fabrication. Some of the earlier 

efforts made to produce seamless Nb tubes involve spinning [4, 61, 62] and 

hydroforming [9]. One of the major problems in using these techniques is the existence 

of batch to batch variations making it hard to predict the mechanical response and 

structural homogeneity of the tubes, which lead to taking time consuming corrective 

measures. Additionally, inhomogeneous deformation may occur due to non-uniform 

initial microstructure. 
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To address the challenges involved in fabrication of Nb tubes for SRF cavity, it is 

important to understand the formability characteristics of Nb. The deformation behavior 

of any metal depends on its crystal structure, crystallographic texture, presence of 

secondary particles, temperature, and strain rate. Niobium’s crystal structure, active slip 

systems, prevalent deformation textures and their role in formability are discussed here. 

 Nb has a body centered cubic (BCC) crystal structure and a high melting point 

of 2469 °C. It behaves as a Type II superconductor with a Tc of 9.46 K [63]. A BCC 

material has 48 distinct slip systems: two < 111 > slip directions on six {110} slip 

planes each, and four < 111 > slip directions on 12 {112} and 24 {123} slip planes. 

Therefore, the possible slip systems active in Nb are {110} < 111 >, {112} < 111 >

, and {123} < 111 >.  

Nb has the lowest spring constant (most compliant) among all the BCC metals, 

with < 111 > being the most compliant direction [64]. Texture and grain size play a 

crucial role in the deformation processing of Nb. Since the as-cast material has 

extremely large grains, it is difficult to achieve the desired properties for tube 

fabrication, hence deformation processes are used to refine the grain size. Rolling of Nb 

into plate and sheet is the conventional process of grain refinement and material shape 

change. The grain orientation after such processing in Nb generally varies from the 

surface to the interior of the material. The applied strain leads to grain orientations such 

that the majority of the {100} planes are parallel to the sheet normal direction (ND) on 

the sheet surface (rotated cube texture). In contrast, in the interior, the {111} planes are 

often parallel to the sheet ND (γ-fiber texture). This texture difference between the 
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interior and the surface leads to varied and non-uniform mechanical properties [57]. 

Additionally, the accumulated strain after deformation processing can reduce the cavity 

performance due to the presence of high dislocation density, hence subsequent heat 

treatment is done to remove these dislocations. The rolling process also interferes with 

the repeatability of the properties as grains orient in an unpredictable manner after 

recrystallization heat treatment. Batch to batch variations are observed. Additionally, 

producing a uniform fine-grained recrystallized microstructure is challenging after 

conventional thermo-mechanical processing as these processes are unable to adequately 

break-down the initial as-cast structure [65].  

It has been reported that rolling to greater than 70% reduction (high strain) in 

thickness leads to an increased fraction of the desired {111}||ND orientations by slip on 

{123} planes. Application of such an amount of strain during rolling, reduces the size of 

the material and hence further application of strain becomes difficult. A limitation in 

texture development and modification is the result. The consequence of a non-uniform 

recrystallized grain size and texture variations is difficulty in obtaining optimum 

performance from the SRF cavity. 

Severe plastic deformation (SPD) is an effective technique to overcome the 

challenge of limited accumulated strain and formation of ultrafine-grained material. 

Equal channel angular extrusion (ECAE), an SPD technique, has been used in the past to 

process bars and plate forms of various metals including Nb. It has been shown by 

Balachandran et. al. [66] that fine-grain recrystallized microstructures can improve the 

performance of SRF cavities. Therefore, the SPD process of tECAE is used in this study 
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for Nb tube deformation. tECAE applies axisymmetric strain in the material, hence, 

forming a seamless tube with ultrafine grain structure. This study aims at evaluating 

various processing routes to produce tubes having uniform recrystallized microstructure, 

favorable texture, and desired mechanical properties suitable for hydroforming. 

1.4.3 Current state of research in tube fabrication 

Material microstructure such as grain size significantly influences mechanical, 

physical, and chemical properties. Specifically, the strength of the material is related to 

its grain size as per the Hall-Petch relation [56], and it follows from this relation that a 

reduction in grain size imparts higher strength to the material. Such an increase in 

strength with reduction in grain size is a result of increased grain boundaries inhibiting 

dislocation motion. Therefore, several metal forming techniques have been developed to 

convert a coarse-grained material to a fine-grained material. The conventional forming 

methods such as rolling, forging, and extrusion provide limited grain refinement due to 

the limitation in total strain that can be imposed before the material’s cross-section 

becomes too small to process further. 

To achieve ultrafine grains (UFG), grain size in the range of 100 nm to 1 μm, 

severe plastic deformation (SPD) techniques are used where extremely high strains are 

imposed on the material either in one step or multiple steps [67]. It is a metal forming 

process that applies high plastic strain leading to microstructural refinement in bulk 

material which in turn improves the strength and provides reasonable ductility. 

Additionally, SPD processing introduces a high dislocation density in the material, 

hence, leading to further increase in strength. The ability of such processing to improve 
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and alter the strength and properties of materials has led to development of several new 

SPD processes including equal channel angular extrusion [10, 11, 68] (ECAE, also 

known as equal channel angular processing or ECAP), high pressure torsion (HPT) [69], 

accumulative roll-bonding (ARB) [70], cyclic extrusion compression (CEC) [71] to 

name a few. These SPD studies have been conducted on plates, sheets, and bars of 

various alloys. However, studies on enhancing the mechanical performance and 

understanding the role of texture in tubular forms of materials using SPD remain scarce 

in the literature. 

Initial attempts were made in 2006 to utilize conventional ECAP for processing 

tubes using a flexible mandrel to prevent buckling of the tube. Nagasekhar et. al. [14], 

ECAP processed titanium grade-1 tube by using an ECAP tool with deformation angle 

of 150° and sand filling as a flexible mandrel to prevent the buckling of the tube during 

processing as shown in Figure 1.3. Using the same tool, Valder et. al. [15] in 2012, 

ECAP processed Aluminum tubes. In both of these processing approaches, limited grain 

refinement and limited improvement in mechanical properties were observed. 

Djavanrodi et. al. [16] in 2013 utilized a polyurethane rubber mandrel to ECAP 

process Cu tube. Jafalour et. al. [72] in 2016 used hydraulic oil as a flexible mandrel to 

in a 120° deformation angle ECAP tool to process 6061 Al alloy. In all these tube 

processing approaches using an ECAP tool, several problems occurred: (1) non-uniform 

tube thickness (2) non-uniform circumferential deformation occurs in the tube, hence 

axisymmetric properties was not achieved. 3) Lower hydrostatic stress makes ECAP less 

effective in processing tubular materials. 4) A non-uniform heterogenous hardness 
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distribution was observed through the cross section 5) Using oil as a mandrel can cause 

sealing difficulties.  

 

 

Figure 1.3 Schematic of ECAP for processing tubular material. Sand used as 

mandrel [15]. 

 

 

 

Toth et. al. [73] and Wang et. al. [74] developed a high-pressure tube twisting 

and a tube high pressure shearing process based on the HPT technique to process tubular 

forms of metals. The shortcomings of these methods include non-uniform strain 

distribution, through material thickness variations, and limited scale-up capability. 

Another SPD processing technique developed was tubular channel angular pressing 

(TCAP) [75]. In this approach, inhomogeneous strain is applied during the processing 

due to the tool design. One more technique was developed by Faraji et. al. [76] called 

parallel tubular channel angular pressing (PTCAP). This tool design is similar to the tool 

used in the present study, but unfortunately, not much work was done on low 
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temperature processing of Mg alloys, texture evolution, and no work was done on Nb 

processing using the PTCAP tool. 
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CHAPTER II  

EXPERIMENTAL METHODS AND SIMULATIONS
 

 

2.1 Introduction 

In this study, bulk severe plastic deformation (SPD) processing was conducted 

on bar and tubular forms of materials. The process of equal channel angular extrusion 

(ECAE) and tube equal channel angular extrusion (tECAE) are described and explained 

in this chapter. Two materials that are SPD processed in this research are AZ31 Mg alloy 

(nominal composition: 3% Aluminum, 1% Zinc, 0.20% Manganese, and the rest 

Magnesium) and commercially pure reactor grade niobium (99.7% Nb). SPD processing 

results in a change in crystallographic texture. Specifically, Mg alloys having hcp 

structure, are anisotropic, and hence, understanding its deformation mechanisms by 

analysis with a crystal plasticity model is important. Therefore, along with the 

experimental work, modeling and simulation are utilized. This chapter explains the 

model used in the research. 

2.2 Equal channel angular extrusion (ECAE) 

Equal channel angular extrusion is one of the most effective and versatile SPD 

techniques used for material processing. It was developed by Segal in the 1970s in the 

 

*Portions of this chapter reprinted with permission from “Tube equal channel angular 

extrusion” by A. Srivastava, M.W. Vaughan, B. Mansoor, W. Nasim, R.E. Barber, I. 

Karaman, K.T. Hartwig. Materials Science and Engineering: A 814 (2021), 141236 
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former Soviet Union. During ECAE processing, a thin region of  material undergoes 

simple shear at the intersection of two channels of equal cross-section, resulting in 

microstructural break up and grain refinement [10, 11, 68]. The two channels form an 

angle 𝜑 at the intersection. A schematic of an ECAE tool with 𝜑 = 90° as die angle 

(deformation angle) is shown in Figure 2.1. Few tool designs have a curvature near the 

outside region at the intersection of two channels. This is referred to as corner angle or 

fan angle (The fan angle is 0° in Figure 2.1) and is denoted as ω in this text. It has been 

observed that presence of a non-zero fan angle reduces the shear applied on the 

workpiece [77].  The material to be processed (workpiece) could be in the form of bar, 

billet, or plate [19-21, 78-83]. The workpiece is inserted into the upper channel and 

pressed through the die into the lower channel using a punch. The material undergoes 

shear deformation at the intersection of the two channels.  As both channels are of equal 

cross section, the initial and final area of cross-section of the workpiece remains nearly 

the same, hence, multiple passes can be performed which enables a large amount of total 

accumulated strain. The result can be a homogenous and uniform ultra-fine grain size. 

The effective strain imposed on the material is a function of die angle 𝜑 and the 

fan angle ω. The relationship is shown in Eq. 2.1 [84].  

𝜀𝐸𝐶𝐴𝐸 = 𝑁 (
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√3
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2
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2
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2
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𝜔 

2
)))   (2.1) 

where, 𝜑 is the deformation angle and 𝜔 is the fan angle, which is equal to 0° in the 

schematic shown. N is the number of passes. 

For a 90° tool, an effective strain of 1.15 is applied on the workpiece per pass. If 

the same bar is extruded for multiple passes, the total strain accumulates. 
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Figure 2.1 ECAE tool schematic. LD, ED, and FD are the longitudinal direction, 

extrusion direction, and flow direction, respectively [85]. 

 

 

 

 

Figure 2.2 Schematic of different ECAE routes. Route B is also known as route BA. 

Note that route E is a hybrid route, therefore it is not shown separately in the 

schematic [86]. 
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The multiple passes in ECAE can be performed by rotating the bars in between 

each pass leading to formation of different routes of ECAE processing [10]. These routes 

are based on the change in shear plane orientation with respect to the original orientation 

of the bar, resulting in development of different microstructure, grain morphology, and 

texture. The important ECAE routes are shown in Figure 2.2 and explained as follows: 

Route A: Orientation of the bar remains the same throughout all passes. This processing 

results in formation of elongated and laminar grains. 

Route B: Rotation of 90° for even numbered passes and 270° for odd numbered passes. 

This forms a fibrous microstructure.  

Route Bc: Rotation of 90° in the same direction (clockwise or anti-clockwise) between 

each pass. This results in formation of an equiaxed microstructure. 

Route C: Rotation of 180° between each pass. Strain reversal occurs in this route. The 

material element deforms in odd numbered passes and is restored in even number of 

passes. The microstructure consists of equiaxed grains after even number of passes. 

Route E: Rotation of 180° for all even numbered passes and by 90° (either clockwise or 

anti-clockwise) for the odd number of passes. This is a hybrid route which is based on 

route C with a rotation of 90° at each even numbered of pass. During route C, 

deformation occurs along one plane, with an added 90° rotation, the deformation occurs 

on 2 planes and the material element still reverts to its original shape. The microstructure 

for this route is more equiaxed compared to route C. 

 Various parameters are needed to be optimized to best process different kinds of 

material via ECAE. Some difficult to work with materials that have low ductility can be 
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ECAE processed by increasing the die angle, reducing the extrusion speed, increasing 

the processing temperature, or applying back pressure [11]. 

2.3 Tube equal channel angular extrusion (tECAE) 

Based on the ECAE process, the tECAE process is developed to process tubular 

forms of material. The tECAE process is conducted in two passes (steps) in which a 

tubular workpiece undergoes a shear expansion step followed by a shear contraction step. 

This combined expansion and contraction ensures that the tube’s dimensions remain 

unchanged after processing, thus allowing for further multi-pass processing. A schematic 

of tECAE tool is shown in Figure 2.3 and consists of the following components: a top die 

(dark blue), a bottom die (light blue), and a mandrel (gray). The workpiece is placed in a 

cavity in the top die; a hollow punch is used to push it through the channel into the bottom 

die. Heating bands are used to achieve the appropriate processing temperature (not shown 

in Figure 2.3). The tool is mounted on a platform, where a hydraulic press is used to push 

the hollow punch. 

During each step, the workpiece passes through two deformation zones, hence 

after one complete tECAE processing (2 steps), the material passes through a total of four 

shear deformation zones. During the first pass, (expansion step) the tube passes through 

the deformation zones 1 and 2. A small copper ring, 6 mm long, is placed between the 

workpiece and the hollow punch. The onset of deformation of the copper tube marks the 

completion of one pass. This protects the hollow punch from deforming in each pass 

enabling it to be re-used. After the expansion pass, the expanded tube undergoes the 

second pass (contraction step) in another die shown in Figure 2.3. During the second pass, 
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the tube passes through the deformation zones 3 and 4 enabling the tube diameter to 

contract back to its original dimensions. The finished tube is deformed symmetrically, via 

axisymmetric circumferential uniform strain [17], in addition to the shear strain. This type 

of axisymmetric uniform strain cannot be developed via conventional ECAE processing, 

where the cross-sectional area is conserved in each pass. After complete extrusion, the 

deformed tubular workpiece is removed from the bottom die. The axis notation used in 

tECAE processing is shown in Figure 2.4(b), where TD represents the tangential direction, 

RD represents the radial direction, and tED represents the tECAE processing direction. 

The angle of deformation in zone 1 is φ1, which is equivalent to the first pass of 

deformation of a bar in conventional ECAE [10]. Deformation zone 2 in tECAE is at an 

angle φ2, which is equivalent to rotating the bar by 180° after the first pass in conventional 

ECAE and processing it again, which is essentially route 2C in conventional ECAE 

nomenclature [10].  

In each pass, the sum of the simple shear strains in the two deformation zones and 

the circumferential strain for the expansion (or contraction) pass of tECAE gives the 

accumulated plastic strain per pass. Eqs. 2.2-2.4 are used to calculate the accumulated 

shear strain per pass. More details about the tool can be found in refs. [17, 85]. 

𝜀𝑡𝐸𝐶𝐴𝐸 = 𝜀𝑆𝑖𝑚𝑝𝑙𝑒 𝑠ℎ𝑒𝑎𝑟 + 𝜀𝜃         (2.2) 
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𝜀𝑆𝑖𝑚𝑝𝑙𝑒 𝑠ℎ𝑒𝑎𝑟 = ∑
1

√3
(2 cot(

𝜑𝑖

2

2
𝑖=1 + 

𝜔𝑖

2
) + 𝜔𝑐𝑜𝑠𝑒𝑐(

𝜑𝑖

2
+ 

𝜔𝑖

2
))     (2.4) 

𝜀𝜃 =  
2

√3
ln

𝐷2

𝐷1
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where 𝜑𝑖 (𝑖 = 1,2) is the deformation angle equal to 135° in this study, D1 is the inner 

diameter of the tube before each pass (equal to 32 mm in this study), and D2 is the inner 

diameter of the tube after each tECAE processing pass (38 mm here). 𝜔𝑖 is the fan angle 

(corner angle) which in theory is equal to 0° by tool design.  

 

 

Figure 2.3 Schematic of the tube equal channel angular extrusion (tECAE) process. 

The shear expansion step shows the first pass whereas the shear contraction step 

shows the second pass. 
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Figure 2.4 Tube cross-section during the expansion pass of tECAE showing 

deformation angles (ϕ1, ϕ2) and fan angles (ω1, ω2). (b) The axes notation used for 

the tube are shown. RD is the radial direction, TD is the tangential direction, and 

tED is the tECAE direction[85]. 

 

 

 

The cylindrical die used in this study has an inner diameter of 3.81 cm, while the 

mandrel’s diameter is 3.18 cm. The accumulated strain calculated from Eqs. 2.2-2.4 is 

1.16 per pass. Although, after considering the material flow, the obtained 𝜑1 and 𝜑2 

values were 141° and 135° respectively, whereas fan angle 𝜔1 and 𝜔2 were 30° and 22° 

respectively, which resulted in a accumulated strain of 1.05 per pass. 

A tECAE tool having smaller deformation angles (say 90°) would give a higher 

total accumulated strain per pass. Figure 2.5 shows the calculated total plastic strain 

accumulated per pass for tools with different deformation angles and varying fan angles. 

Note that, for the tools having smaller tool deformation angles, close to 90°, the change in 

the fan angle has a significant effect on the total strain per pass. This effect decreases as 

the deformation angle increases. 
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2.4 Viscoplastic self-consistent crystal plasticity modeling and simulation 

The ECAE and tECAE processed materials develop textures different from the 

starting condition. In the present study, the experimentally measured texture evolution 

results after the tECAE process are supplemented with viscoplastic self-consistent 

(VPSC) crystal plasticity model that has been effective in texture predictions and 

analyzing flow response of non-cubic metals [25, 87]. While the details of the model can 

be found in the refs. [25, 87-89], a brief introduction to the model is presented here. 

 

 

 

Figure 2.5 Total strain per pass vs. fan angle (ω) for different die angles (φ). As the 

angle of deformation is increased, the total strain per pass decreases and the effect 

of fan angle on total strain per pass also decreases. 

 

 

 

Many crystal plasticity models have been used for texture simulation that works 

on the basis of interaction of each grain with its surrounding, such as relaxed constraints 

[90], full constraint [48, 91], and rate-sensitive crystal plasticity [92] model which works 

well for cubic materials. For non-cubic (e.g. hexagonal) materials, the limited slip 

systems and role of twinning increases the complexity in the model. The VPSC model 
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works well for non-cubic metals. It considers grains to be ellipsoidal shaped viscoplastic 

inclusions that are embedded in a homogenous effective medium. For texture, the grains 

having same orientations are represented by their volume fraction in the polycrystalline 

aggregate, resulting in discrete texture that is comparable to the experimentally 

measured continuous texture. 

2.4.1. VPSC model for tECAE processing 

In the present study, the VPSC model is used for texture evolution and analysis 

of active deformation modes during tECAE processing. Among the possible active 

deformation modes, three slip systems, namely, basal, prismatic, and pyramidal and two 

twining systems, namely, extension and contraction twins are considered. For the 

individual deformation mechanisms, the evolution of threshold stress (𝜏𝑠) is associated 

with the accumulated shear strain (Г), defined by the Voce hardening law as: 

𝜏𝑠 = 𝜏0
𝑠 + (𝜏1

𝑠 + 𝜃1
𝑠Г) {1 − 𝑒𝑥𝑝 (

𝜃0
𝑠Г

𝜏1
𝑠 )}  (2.5) 

where 𝜏0
𝑠 is the critical resolved shear stress (CRSS), 𝜏1

𝑠 the back-extrapolated threshold 

stress, 𝜃0
𝑠 is the initial hardening rate, and 𝜃1

𝑠 the latent hardening parameter for 

deformation system s.  

The Voce hardening parameters for the Voce hardening law were obtained by 

using an optimization tool for simulating tensile stress-strain responses along the three 

orthonormal directions of the AZ31 pre-tECAE hot-rolled plate (the plate was heat-treated 

at 350 °C for 12 hours under vacuum and then water-quenched) at different temperatures. 

Details regarding the determination of these parameters and tensile stress-strain responses 

are given in Ref. [25]. Table 2.1 depicts the voce hardening parameter values used. 
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The Predominant Twin Reorientation (PTR) scheme [88] is implemented to 

account for the reorientation of grains due to twinning. In this scheme, at each 

deformation step, the  reorientation of a grain by twinning is assessed by comparing the 

accumulated twin volume (𝑉𝑎𝑐𝑐𝑢) in each grain with a threshold value (𝑉𝑡ℎ). If the 

accumulated twin volume exceeds the threshold value, grain reorientation occurs, and 

the volume of the reoriented grain is added to the effective twin volume fraction (𝑉𝑒𝑓𝑓). 

Eq. 2.6 shows the relation used in the PTR scheme. 

𝑉𝑡ℎ = 𝐴1 + 𝐴2 (
𝑉𝑒𝑓𝑓

𝑉𝑎𝑐𝑐𝑢)   (2.6)  

where 𝐴1 and 𝐴2 are constants set to 0.1 and 0.4 respectively in the present study. 

Further details about the PTR scheme can be found in refs. [25, 88, 93]. 

The tubes undergo two passes (expansion and contraction) of tECAE. The strain 

acting on the tubes in each pass comprises of two parts - simple shear strain from the 

conventional ECAE simple shear model and the circumferential strain that accounts for 

changes in wall thickness and length of the tube. Although the changes in tube thickness 

take place in-between odd and even deformation zones, it is assumed that such 

dimensional change are accounted for after even (2,4) deformation zones for the 

purposed calculations. Hence, Eq. 2.8 is used to determine the strain rate after 

deformation zones 1 and 3 whereas Eq. 2.9 is used after zones 2 and 4. ∆𝑡, the time 

required for one pass is given by Eq. 2.7 [77]. 

∆𝑡 =  𝑊ω √2𝑉⁄   (2.7) 

𝛾1,3̇ = (𝜀𝑠𝑖𝑚𝑝𝑙𝑒 𝑠ℎ𝑒𝑎𝑟/ ∆𝑡)  (2.8) 
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𝛾2,4̇ =  (𝜀𝑡𝐸𝐶𝐴𝐸/ ∆𝑡)  (2.9) 

where ∆𝑡 is the time required for one pass, W is the width of the tube, V is the extrusion 

speed and 𝜔 is the fan (corner) angle. 

For the deformation zone 2 calculations, the strain rate was calculated using 

equation 𝛾2̇ =  (𝜀𝑡𝐸𝐶𝐴𝐸/ ∆𝑡).  The velocity gradient tensor in the global coordinate system 

for deformation zone 1 (𝐿1) and for deformation zone 2 (𝐿2) are given by Eq. 2.10 and 

2.11, respectively: 

𝐿1 = (
𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝛾1,3̇ −𝑐𝑜𝑠2𝜃𝛾1,3̇ 0

𝑠𝑖𝑛2𝜃𝛾1,3̇ −𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝛾1,3̇ 0

0 0 0

)    (2.10) 

𝐿2 = (

(𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 + ln
𝐷2

𝐷1
)𝛾2,4̇ 𝑐𝑜𝑠2𝜃𝛾2,4̇ 0

−𝑠𝑖𝑛2𝜃𝛾2,4̇ −(𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 +
∆ℎ

ℎ
)𝛾2,4̇ 0

0 0 0

)  (2.11) 

After completion of first pass, the tube is further processed for a second pass 

(contraction step). Although the deformation angle during the second pass is the same as 

the first pass, the shear direction is opposite, so the velocity gradient tensor for the different 

deformation zones (deformation zone 3 and 4) of the second pass are given by Eq. 2.12 

and 2.13, respectively: 

𝐿3 = (
𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝛾1,3̇ 𝑐𝑜𝑠2𝜃𝛾1,3̇ 0

−𝑠𝑖𝑛2𝜃𝛾1,3̇ −𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃𝛾1,3̇ 0

0 0 0

)   (2.12) 

𝐿4 = (

(𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 + ln
𝐷1

𝐷2
)𝛾2,4̇ −𝑐𝑜𝑠2𝜃𝛾2,4̇ 0

𝑠𝑖𝑛2𝜃𝛾2,4̇ −(𝑐𝑜𝑠𝜃𝑠𝑖𝑛𝜃 +
∆ℎ

ℎ
)𝛾2,4̇ 0

0 0 0

) (2.13) 
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where 𝜃 = (90° - φ /2), φ= 135°, ℎ1 is the initial length of the tube = 25 mm, ℎ2 is the 

length of the tube after one pass = 23 mm, and ∆ℎ is the change in the length of the tube. 

In this study, the initial texture measured via x-ray diffraction (XRD) was converted into 

a weight file, as required for the VPSC model. The starting texture was discretized into 

~335 orientations (i.e. grains) to be used as input for the model. 

 

 

Table 2.1 Voce hardening parameters obtained by simulating the tensile stress-

strain responses along three orthonormal directions of the pre-tECAE hot rolled 

plate at different temperatures using an optimization tool. 
 

τ0 (MPa) τ1 (MPa) 

 
120 °C 175 °C 200 °C 120 °C 175 °C 200 °C 

Basal 23.2 17.5 14 5.51 10.5 14.5 

Prismatic 110.4 88.9 82.4 21.2 24.3 40 

Pyramidal <c+a> 170.5 76.8 62.5 93.9 85.3 9.4 

Extension twinning 52.8 74.4 99.3 0 0 0.1 

Contraction twinning 130 121 110 62.4 64.1 83.2 
 

θ0  (MPa) θ1 (MPa) 
 

120 °C 175 °C 200 °C 120 °C 175 °C 200 °C 

Basal 3718 655.4 347.6 33.72 1.65 0.15 

Prismatic 532.3 175.5 0.8 0 0 0.1 

Pyramidal <c+a> 909.3 475.2 121.9 0 0 0.1 

Extension twinning 0 0 0.8 0 0 0.1 

Contraction twinning 3122.7 1294.5 1261 0 0 0.1 
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CHAPTER III  

TUBE EQUAL CHANNEL ANGULAR EXTRUSION AS A METHOD FOR 

PROCESSING MG-3AL-1ZN ALLOY TUBES AT VARIOUS TEMPERATURES

 

 

This study describes a severe plastic deformation processing technique for 

tubular materials, in the interest of enhancing mechanical properties via grain refinement 

and crystallographic texture control. tECAE processing was conducted at 200 °C, 175 

°C, and 120 °C. A refined microstructure and increased strength levels after only one 

pass were achieved. The texture evolution and the active deformation modes, and their 

relative activities, were successfully predicted using a viscoplastic self-consistent 

(VPSC) crystal plasticity model as a function of processing temperature. 

3.1 Materials and Methods 

A commercial hot rolled 25 mm thick AZ31 plate, with a nominal composition of 

3% Al, 1% Zn, 0.20% Mn and remaining Mg, was obtained from MetalMart 

International Inc. and used for all experiments. The as-received material was annealed at 

350°C for 12 hours in an argon atmosphere, and subsequently water quenched to 

produce a twin free, homogenous starting microstructure, as shown in Figure 3.1(b). 

 

*Portions of this chapter reprinted with permission from “Tube equal channel angular 

extrusion” by A. Srivastava, M.W. Vaughan, B. Mansoor, W. Nasim, R.E. Barber, I. 

Karaman, K.T. Hartwig. Materials Science and Engineering: A 814 (2021), 141236 

©2021 Elsevier Ltd.  
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This annealed and quenched material is called the pre-tECAE condition in this work. 

The starting texture of AZ31 is shown in Figure 3.1(d). 

 

 

Figure 3.1 (a) Schematic of the AZ31 magnesium plate from which the tube was 

sectioned. The scanning electron microscopy (SEM) image of the pre-tECAE 

condition and corresponding grain size distribution are shown in (b) and (c), 

respectively. (d) shows the experimentally measured {𝟏𝟎�̅�𝟎} and {0002} pole 

figures of the pre-tECAE condition. 

 

 

 

Three tubes with 2.9 mm thick walls and lengths of 25 mm, with 37.8 mm outer 

and 32.0 mm inner diameters, were cut by wire electrical-discharge machining (EDM) 

from the AZ31 plate in the pre-tECAE condition (Figure 3.1). The sample orientation was 

selected such that the axis of the tube was parallel to the normal direction of the plate (see 

Figure 3.1(a)). This selection gives a unique starting texture for tECAE, with the c-axes 
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aligned with the axis of the tube (see Figure 3.2(a)), which is for example, different than 

the initial textures for conventional ECAE of the AZ31 alloy (Figure 3.2(b and c)) taken 

from Al-Maharbi et al. [19]. It is important to note that the starting texture of Mg alloys 

being processed by ECAE has a significant influence on the formability and the resulting 

mechanical properties [21]. 

The tECAE tool was preheated to the desired processing temperature, and one 

pass of tECAE processing was carried out on three different tubes at 200 °C, 175 °C, or 

120 °C. All tubes were lubricated with boron nitride to minimize friction with the 

tooling. The tECAE experiments were carried out at an extrusion rate of 4.57 mm/min, 

and each workpiece was removed from the tool following extrusion and water quenched. 

This extrusion rate was selected based on prior studies on ECAE processing of AZ31 

alloys to minimize chances of shear localization [20, 21, 94].  The final dimensions of 

the tubes after processing were measured, where the outer diameter was about 43 mm, 

the inner diameter was about 38 mm, and the height was about 23 mm. 

 

 

 

Figure 3.2 The unique initial texture for tECAE in the current work orients the 

basal planes normal to the tED. In contrast, (b-c) show that in conventional ECAE 

of AZ31 billets, the basal planes must be parallel to the ED. (b-c) have been adapted 

from [19]. 
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The samples for microstructure and texture analysis were cut via wire EDM in the 

plane perpendicular to the tangential direction (TD), which was chosen for investigation 

because the TD in tECAE is equivalent to the flow direction (FD) in  conventional ECAE, 

and thereby is easy to compare with past studies [19]. To reveal grain boundaries, samples 

were polished to a final step of 1 µm diamond paste, followed by etching for 5 seconds in 

acetal-picric solution (2.5 ml acetic acid, 17.5 ml ethanol, 2.5 ml water, and 1.05 g picric 

acid). The SEM and optical microstructures were observed using an FEI Quanta-600 SEM 

and a Keyence VH-Z100 digital microscope, respectively. Grain size analyses were done 

using MIPAR® image analysis software [95]. 

For crystallographic texture measurements, a Bruker-AXS D8 X-ray 

diffractometer (XRD) with Cu Kα (wavelength of 0.15406 nm) radiation was used.  Pole 

figures were plotted via the Matlab MTEX toolbox [96]. Vickers microhardness 

measurements were taken via a Qualitest QV-1000 hardness machine, where at least ten 

measurements were made on the plane perpendicular to TD. Tensile tests were conducted 

on flat, “dog-bone” specimens with gage dimensions of 1.5 x 3 x 12 mm3, cut on the wire 

EDM in the tube extrusion direction (tED). Tensile tests were performed on an MTS 

Insight system using a 5 kN load cell at an initial strain rate of 5 x 10-4 s-1. Two samples 

were tested for each tECAE processing. 

A viscoplastic self-consistent (VPSC) crystal plasticity model was calibrated 

(system variables defined) to predict the post-deformation texture and identify the active 

slip and twinning modes during tECAE processing at various temperatures. The 
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parameters used are described in Chapter II. The basal (0002) and prismatic (101̅0) pole 

figures were predicted along with the active deformation modes. 

3.2 Results 

3.2.1 Microstructural evolution 

Figure 3.3 presents optical microscopy (OM) images of as-annealed (pre-tECAE) 

and tECAE processed AZ31 magnesium alloy at low magnifications, to illustrate the 

microstructural changes seen across the thickness of the tube. Here, intersecting micro-

shear band regions are observed in the middle of the cross section. In Figure 3.3(c-d), the 

regions labelled ‘1’ were formed due to shear in deformation zone 1, whereas the regions 

labelled ‘2’ were formed due to shear in deformation zone 2. Such micro-shear bands are 

clearly visible in samples processed at 200 °C and 175 °C; however, in the tube processed 

at 120 °C (Figure 3.3(e)), the shear bands formed almost horizontally. In addition, the tube 

processed at 120°C showed a high density of twin boundaries (see Figure 3.6). 

The average grain size in the material before tECAE was 9.6 ± 5.6 μm (Figure 

3.1(b-c)), and it was unimodal. However, a bimodal grain size distribution was obtained 

in the samples processed at 200 °C and 175 °C, as shown in Figure 3.4-3.5, respectively. 

These images were obtained from the tangential plane (refer to Figure 2.4 for axis 

notations).  

The bimodality was investigated by dividing the microstructural area into coarse 

and fine grain regions. The equivalent grain diameters were measured individually as 

shown in Figure 3.4 (b-c) and Figure 3.5 (b-c). The separate and combined grain size 

distributions are shown with a normal distribution fitting. For 200 °C processed material, 
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the average coarse grain diameter is 7.5 ± 2.2 μm, and the average fine grain diameter is 

1.6 ± 0.9 μm, giving a combined overall grain diameter of 1.8 ± 1.5 μm. A similar grain 

size analysis was done for the sample tECAE processed at 175 °C (see Figure 3.5). In this 

case, the average coarse grain diameter is 7.6 ± 2.1 μm, whereas the average fine grain 

diameter is 1.4 ± 0.7 μm giving a combined overall grain diameter of 1.5 ± 1.3 μm. The 

grain size distribution in material processed at 175 °C shows a narrow spread and a higher 

number of fine grains than the material processed at 200 °C. A similar trend in grain 

refinement was observed following two passes of conventional ECAE using the routes A 

and C [19]. A “necklace” grain structure is present in the samples processed at 200 °C and 

175 °C (see Figure. 3.4(c) and 3.5(c)), indicative of continuous dynamic recrystallization 

(CDRX) activated via non-basal slip [25]. 

 

 

 

Figure 3.3 (a) Schematic of the pre- and post-tECAE processed tubes, showing the 

region from which optical microscopy images are taken for (b) pre-tECAE, (c) 200°C 

tECAE, (d) 175°C tECAE, and (e) 120°C tECAE. Dashed ovals labelled 1 and 2 

represent micro shear bands developed during shearing in zones 1 and 2 respectively. 
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Figure 3.4 (a) SEM image of 200°C tECAE processed AZ31 taken on the tangential 

plane. (b) and (c) show, respectively, the individual coarse and fine grains, with 

their size distributions. (d) presents the combined grain size distribution. 

 

 

 

Figure 3.5 (a) SEM image of 175°C tECAE processed AZ31 taken on the tangential 

plane. (b) and (c) show, respectively, the individual coarse and fine grains, with 

their size distributions. (d) presents the combined grain size distribution. 
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Figure 3.6 SEM image of the AZ31 magnesium alloy sample, tECAE processed at 

120°C. Extensive twinning activity is evident. 

 

 

 

3.2.2 Texture evolution 

The XRD measured texture evolution during one pass of tECAE at 200 °C, 175 

°C, and 120 °C are shown in Figs. 11-13, respectively. For comparison, the basal pole 

figure of pre-tECAE material is also demonstrated in Figures 3.7-3.9, which represents 

the typical texture of a rolled AZ31 magnesium alloy plate, with the basal planes parallel 

to the rolling plane and the c-axes generally aligned along the ND [97, 98].  

In all the tECAE processed conditions, only subtle changes in texture were 

observed. In addition, the grains were oriented away from the tED, towards the RD. The 

final texture obtained after tECAE is, in general, similar to the initial texture.  

As texture predictions were conducted using the VPSC crystal plasticity model, 

for comparison, the simulated results, including the relative deformation mode activities, 

are displayed along with the experimental results in Figures 3.7-3.9. Here, the simulated 



 

40 

 

textures showed higher concentrated intensity peaks than the experimental textures, which 

is due to the model’s limitations, i.e. a lack of consideration for dynamic recrystallization 

(DRX) and grain refinement.  

 

 

 

Figure 3.7 (a) Cross-section view of a tECAE processed AZ31 magnesium alloy 

tube showing regions before tECAE (red arrow), after deformation zone 1 (brown 

arrow), and deformation zone 2 (black arrow). (b) Experimentally measured 

prismatic {𝟏𝟎�̅�𝟎} and basal {𝟎𝟎𝟎𝟐} pole figures of the tube after tECAE at 200°C. 

(c) and (d) show VPSC simulated pole figures and deformation mode activities after 

deformation zone 1. (e) and (f) display VPSC simulated pole figures and 

deformation mode activities after deformation zone 2.   
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Figure 3.8 (a) Cross-section view of a tECAE processed AZ31 magnesium alloy 

tube showing regions before tECAE (red arrow), after deformation zone 1 (maroon 

arrow), and deformation zone 2 (blue arrow). (b) Experimentally measured 

prismatic {𝟏𝟎�̅�𝟎} and basal {𝟎𝟎𝟎𝟐} pole figures of the tube after tECAE at 175°C. 

(c) and (d) show VPSC simulated pole figures and deformation mode activities after 

deformation zone 1. (e) and (f) display VPSC simulated pole figures and 

deformation mode activities after deformation zone 2.   

 

 

 

Because the AZ31 workpiece passes through two deformation zones during one 

pass of tECAE, the resultant texture evolution is a combination of a two-step deformation 

process. While the imposed deformation through both zone 1 and zone 2 from one pass of 

tECAE initially appears reminiscent of the 2C route in conventional ECAE [19], one 

cannot model tECAE as the conventional 2C route because in conventional ECAE, route 
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2C imposes a rigid rotation of 90° between passes. In contrast, in tECAE, no such rigid 

rotation occurs between deformation zones 1 and 2. This effect is further discussed in the 

next section. 

 

 

 

Figure 3.9 (a) Cross-section view of a tECAE processed AZ31 magnesium alloy 

tube showing regions before tECAE (red arrow), after deformation zone 1 (brown 

arrow), and deformation zone 2 (green arrow). (b) Experimentally measured 

prismatic {𝟏𝟎�̅�𝟎} and basal {𝟎𝟎𝟎𝟐} pole figures of the tube after tECAE at 120 °C. 

(c) and (d) show VPSC simulated pole figures and deformation mode activities after 

deformation zone 1. (e) and (f) display VPSC simulated pole figures and 

deformation mode activities after deformation zone 2.   
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The onset of texture weakening from the initial strong wrought basal plate texture 

was observed in all the tECAE cases due to the presence of the active deformation modes, 

as shown in Figures 3.7-3.9. Basal slip was found to be active at all temperatures, which 

is well documented as it is the most active deformation mechanism in Mg alloys. It was 

found that tECAE processing at 200°C enabled pyramidal < 𝑐 + 𝑎 > slip to become much 

more active relative to lower tECAE temperatures, demonstrating readily activation of this 

slip system above 180°C [45] (see Figure 3.7 (d) and (f)). In contrast, tECAE at 175°C 

favored the activation of extension twinning during the initial stages of deformation, until 

a strain of ~ 0.1, and, subsequently, prismatic < 𝑎 > slip activity was observed along with 

the basal slip (see Figure 3.8 (d) and (f)). Lastly, for tECAE at 120°C, twinning played a 

major role in the deformation process. Here, extension and contraction twinning were 

active along with basal < 𝑎 > and prismatic < 𝑎 > slip. 

3.2.3 Mechanical properties 

The average Vickers hardness values obtained for the AZ31 magnesium alloy 

before tECAE and after tECAE processing at 200°C, 175°C, and 120°C are listed in 

Table 3.1. The microhardness of the pre-tECAE processed sample was the lowest 

whereas an increase in microhardness is observed as the tECAE processing temperature 

decreased. The maximum microhardness was obtained for the sample processed at 

120°C. 

Figure 3.10 presents the tensile true stress vs. true strain responses of the pre-

tECAE and post-tECAE processed samples. The tensile response of a bulk AZ31 sample 

processed by one pass of conventional ECAE at 200°C [19] is also shown in Figure 3.10 
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for comparison. The strain level achieved in one pass of tECAE (i.e. two shear deformation 

zones) is about the same as the strain level imparted to the material processed by one pass 

(single shear zone) of conventional ECAE. 

 

 

Table 3.1 Tensile mechanical properties and Vickers hardness results for the AZ31 

magnesium alloy after different processing conditions. 
 Tensile test Vickers Hardness 

Processing Condition 0.2% YS* 

(MPa) 

UTS** 

(MPa) 

Elongation 

(%) 

HV
300

 

Pre-tECAE 79 345 17.6 55.8 ± 3.0 

tECAE @ 200°C 132 357 20.5 63.2 ± 2.1 

tECAE @ 175°C 161 305.5 10.5 66.2 ± 3.0 

tECAE @ 120°C 199 265 3.2 76.7 ± 1.8 

Pre ECAE [19] 58.5 319 14.9 - 

200°C ECAE (1A) [19]  100 256.5 11.2 - 
*YS = Yield strength, **UTS = Ultimate tensile strength 

 

 

The tension test samples, from the conventional ECAE processed billet, are 

machined along the longitudinal direction (LD) of the billets, to enable texture comparison 

with tECAE processed samples. The c-axes are oriented along the LD for conventional 

ECAE, which is similar to their orientation after tECAE. Relative pole figures of ECAE 

and tECAE processed samples at 200°C are also shown in Figure 3.10 for comparison 

with the tensile loading direction, which is the LD for conventional ECAE and the tED 

for tECAE. Therefore, both tensile results are comparable and allow for texture effects to 

be largely ignored when comparing mechanical properties. 

Table 3.1 shows the yield strength, ultimate tensile strength (UTS), elongation to 

failure, and Vickers hardness values of all processed materials. The sample tECAE 
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processed at 200°C shows the highest UTS and elongation. As the tECAE processing 

temperature was decreased, the yield strength increased, but the tensile strength decreased. 

A comparison of the tECAE and conventional ECAE results for 200°C processing shows 

that the tECAE material has significantly higher yield strength, tensile strength, and 

elongation to failure despite the similarity of textures (Figure 3.10). 

 

 

 

Figure 3.10 Top – the crystallographic texture results for the 200°C ECAE [19] and 

200°C tECAE tensile samples are included for comparison. Bottom - room 

temperature tensile true stress vs. true strain responses of bulk AZ31 after different 

processing conditions. 

 

 

 



 

46 

 

3.3 Discussion 

3.3.1 Microstructure evolution 

Figures 3.3-3.6 show the microstructures of the AZ31 tubes after one pass of 

tECAE conducted at 200 °C, 175 °C, or 120 °C, respectively. The tECAE processing 

temperature has a significant effect on the microstructure developed. For 200 °C 

processing, a bimodal grain size distribution is obtained after one pass (Figure 3.4), and 

two observations are noteworthy. First, microstructure is refined from the original large 

grain size, but the refinement is not homogenous. A plausible explanation for such a size 

distribution is that the accumulated strain intensity was insufficient for uniform grain 

refinement as the material has undergone only one tECAE pass. Second, no twin 

deformation modes are active, thereby limiting refinement via the formation of twin 

boundaries. Similar to 200 °C tECAE, the material after tECAE processing at 175 °C 

(Figure 3.5) showed bimodal grain size distributions, where twinning was rarely observed. 

In general, when a Mg alloy is deformed, high stress concentration occurs at the grain 

boundaries due to limited slip compatibility with the neighboring grains [99]. This high 

stress concentration along with elevated temperature (above 175 °C in present study) 

assists in activation of hard non-basal slip systems to maintain slip compatibility. The non-

basal dislocation could cross slip or lattice rotation could occur leading to formation of 

sub-grains along grain boundaries. Accumulation of dislocations or grain boundary 

migration will increase the misorientation of sub-grains, hence, resulting in a necklace like 

formation of new fine grains along grain boundaries via dynamic recrystallization 

mechanism while leaving the core of the grains less refined hence leading to bimodal grain 
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size distribution [99, 100]. These findings are also supported by VPSC simulations (Figure 

3.8(d, f)), indicating that tECAE at 200 °C and 175 °C favors the activation of non-basal 

slip systems to accommodate plastic flow, which likely limits the degree of grain 

refinement due to lack of twinning.  

In contrast, the material processed at 120 °C (Figure 3.6) displays a significant 

volume fraction of twins. At lower temperatures, the critical resolved shear stress (CRSS) 

for prismatic and pyramidal slip are high and hence much harder to activate, so achieving 

homogenous deformation is difficult [50]. Therefore, activation of twinning systems is 

expected, and relative activity of deformation modes simulated by VPSC supports this 

observation. However, twin boundaries can serve to strengthen the material, as evident by 

the higher hardness and yield strength for tECAE samples processed at 120 °C (Table 3.1). 

Performing multiple passes of tECAE should result in further grain refinement and 

homogenization of the microstructure similar to conventional ECAE as strain accumulates 

with each pass.   

Notice also that fragmented substructures, such as the micro shear bands, are 

produced that extend along the shear direction in tECAE samples processed at 200 °C and 

175 °C (Figure 3.3). The fine shear bands formed at different deformation zones intersect 

in the middle of the sample and results in fine dynamically recrystallized (DRX) grains 

[21]. From Figure 3.4 and 3.5, it is likely that these DRX grains formed via continuous 

DRX (CDRX), due to the accumulation of applied strain, which leads to the formation of 

low angle grain boundaries which eventually transform into high angle grain boundaries 

[101, 102] via non-basal slip [103]. VPSC predictions of active deformation modes at 200 
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°C (see Figure 3.7) showed that along with basal slip, pyramidal < 𝑐 + 𝑎 > slip was also 

active at 200 °C especially during deformation zone 1, while prismatic slip was active at 

175°C to accommodate applied deformation, supporting the inference that CDRX was the 

mechanism by which these DRX grains formed. 

3.3.2 tECAE-imposed texture evolution and VPSC modeling 

The textures shown in Figures 3.7-3.9 for tECAE at different temperatures show 

only subtle changes after one pass in comparison to the initial pre-tECAE texture. 

Nevertheless, the materials processed at different temperatures show differing degrees of 

shift in texture orientations. This minimal change in texture is probably due to the 

combined effects outlined as follows: 

(i) The amount of deformation imposed by tECAE is insufficient to necessitate 

significant changes in texture after one pass. In this regard, notice that only a small 

change in texture is obtained after 1 pass of conventional ECAE as well [19, 21], 

where the imposed total accumulated strain is slightly higher than it is here (1.16 

vs. 1.05). 

(ii) The possible lack of texture change is rooted in the nature of the tECAE shearing. 

The shear strain applied in deformation zone 1 is opposite in direction to that 

applied in deformation zone 2 (similar to route 2C of conventional ECAE). So, 

the grains, which oriented to the new orientation after deformation zone 1, are 

partially reoriented back towards the initial orientation after deformation zone 2. 

(iii) The starting texture in deformation processing of Mg alloys plays a significant 

role in the texture evolution. The initial texture in all the tECAE conditions is such 
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that the c-axis is along the tED direction, leading to contraction along c-axis 

during tECAE processing. It is also reported in the literature, that contraction 

along the c-axis leads to limited texture modification [104]. The contraction twins 

formed, during low temperature deformation, are narrow and, hence, the volume 

fraction of twins is low. Because twinning is largely responsible for texture 

evolution, the minimal activation of twinning results in only a small change in 

texture for tECAE at 175 °C and 200 °C [104]. However, when twinning is 

strongly active, as in tECAE at 120 °C, it appears that the unique nature of tECAE, 

being symmetric with two shear deformation zones that are orthogonal to one 

another, results in minimal texture evolution overall. 

Regarding deformation mechanisms, it is well established that Mg, having an HCP 

crystal structure, has insufficient slip system for homogenous deformation at low 

temperatures; hence, twinning compensates for this limitation and provides formability to 

Mg [105]. Activation of these deformation modes depend on their critical resolved shear 

stress (CRSS), which is dependent on temperature for non-basal slip whereas it is athermal 

for basal slip and twinning systems [44, 50, 105]. Thus, slip systems along with twinning, 

play a significant role in the texture evolution during tECAE. 
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Figure 3.11 Simulated texture evolution during tECAE of AZ31 magnesium alloy at 

200°C with increasing plastic strain ({0002} pole figures are shown). Applied plastic 

strain on (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.45 (after deformation zone 1), and (f) 0.6, 

(g) 0.7, (h) 0.8, and (i) 0.92 (after deformation zone 2). 

  

 

 

With this in mind, the texture evolution and the active deformation modes are 

shown in Figure 3.7 after tECAE processing at 200 °C. Simulated texture results, after 

passing through deformation zone 1, shows a rotation of basal poles away from the tED 

direction. This rotation gets partially reverted towards the tED after the material passes 

through deformation zone 2. To understand the texture evolution incrementally with 

applied strain during tECAE processing, VPSC simulations are used to predict the texture 

evolution at different stages of plastic strain. For 200°C, Figure 3.11 (a-i) shows the 

predicted basal pole textures with incremental strain during tECAE processing.  

Basal poles appear to orient away from the tED when the tube passes through 

deformation zone 1, and as the strain increases, the basal texture intensifies, indicating 

that most of the material’s basal planes have reoriented in the same fashion. However, 
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when the tube passes through deformation zone 2, due to the reversal in strain direction, 

the basal texture reorients towards tED direction again (Figure 3.11 (f-i)), hence 

confirming that the shear direction plays a significant role in the texture change. The 

deformation mechanisms’ activities leading up to deformation zone 1 and deformation 

zone 2 are shown in Figure 3.7 (d) and (f), respectively, for 200°C tECAE processing. 

Here, the relative mode activity vs plastic strain plot shows basal slip to be the most active 

mode, followed by pyramidal < 𝑐 + 𝑎 > slip (see Figure 3.7 (d) and (f)). At this 

temperature, the pyramidal < 𝑐 + 𝑎 > slip accommodates the c-axis deformation. 

Additionally, prismatic slip or twinning activity were suppressed. Similar texture results 

were obtained by Al-Maharbi et. al. [19] during conventional ECAE processing as well. 

Thus, it seems plausible that texture evolution was enacted via pyramidal < 𝑐 + 𝑎 > slip 

during tECAE at 200°C, where deformation zone 2 reversed the texture evolution imposed 

via deformation zone 1, resulting in minimal texture changes overall while yielding 

significant grain refinement after only a single pass. 

When the tECAE processing temperature was reduced to 175 °C, a limited change 

in texture was seen as well. At 175 °C, the activation of extension twinning was seen in 

the initial stages of deformation and was followed by prismatic slip activity (Figure 3.8 

(d, f)). The activation of extension twinning causes the grains to reorient by 86.4°, which 

leads to the basal plane orienting perpendicular to the tECAE direction; hence, prismatic 

slip can activate later in the process [25]. Again, due to the nature of shear deformation in 

tECAE, texture change was limited. It appears from Figure 3.8 and 3.12 that extension 

twinning resulted in texture evolution away from the tED. However, after extension 
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twinning was activated, it was replaced for the more favorable prismatic < 𝑎 > slip 

through the rest of the shear deformation zones 1 and 2. Thus, prismatic slip prevented 

abrupt texture evolution at 175 °C. It is also worth noting for 200 °C and 175 °C that strain 

can be accommodated via DRX, which is not accounted for in the VPSC model. Thus, the 

experimental textures can maintain perhaps an even more similar texture to the pre-tECAE 

one, given the contributions of DRX. 

 

 

 

Figure 3.12 Simulated texture evolution during tECAE of AZ31 magnesium alloy at 

175°C with increasing plastic strain ({0002} pole figures are shown). Applied plastic 

strain on (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.45 (after deformation zone 1), and (f) 0.6, 

(g) 0.7, (h) 0.8, and (i) 0.92 (after deformation zone 2). 

 

 

 

In comparison to 175 °C and 200 °C, AZ31 tubes tECAE processed at 120 °C are 

somewhat of a novelty, as it is not possible to conduct first pass conventional ECAE 

directly at such a low temperature on AZ31. Given the discussion of the texture evolution 

effects of tECAE, it appears that the 180° opposed deformation zones 1 and 2 in tECAE 
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can enhance the capability for grain refinement and formability at such low temperatures. 

According to Figure 3.9, tECAE at 120 °C results in minimal texture change overall, yet 

Figure 3.9 (d,f) show that extension twinning is highly active initially, while passing 

through deformation zone 1. In contrast, contraction twinning becomes favored 

afterwards, throughout deformation zone 2. These deformation modes are coupled 

strongly by prismatic and basal slip activity, indicating that many deformation 

mechanisms are activated simultaneously during tECAE at 120 °C. 

 

 

Figure 3.13 Simulated texture evolution during tECAE of AZ31 magnesium alloy at 

120°C with increasing plastic strain ({0002} pole figures are shown). Applied plastic 

strain on (a) 0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.45 (after deformation zone 1), and (f) 0.6, 

(g) 0.7, (h) 0.8, and (i) 0.92 (after deformation zone 2). 

 

 

 

Given the complexity of the active deformation mechanisms from Figure 3.9 (d,f), 

Fig. 3.13(a-i) sheds some additional light on the intermediate textures that develop during 

tECAE at 120 °C. Here, it appears that the texture initially is modified via extension 
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twinning, as shown previously in tECAE at 175 °C. Given the extensive activity of 

deformation mechanisms favoring c-axis strain for tECAE at both 120 °C and 200 °C, the 

greater texture change for these two conditions after tECAE in comparison to tECAE at 

175 °C may be a consequence of the c-axis strain accommodation at 200°C and 120 °C. 

In addition, the presence of extension twinning, followed by contraction twinning at 120 

°C, indicates that double twinning occurred at this temperature. This could explain the 

lower elongation to failure levels for tECAE at 120 °C, as double twinning leads to void 

nucleation and macroscopic failure [25, 54]. Thus, it appears that tECAE processing is, in 

a way, a combination of contraction along the tED direction and extension along the RD 

direction, so, to accommodate c-axis contraction, either the pyramidal slip or contraction 

twinning deformation mode is required [49]. Since at 120 °C, the tECAE processing is 

performed at low temperature, activation of hard pyramidal < 𝑐 + 𝑎 > slip is difficult 

[50]; hence, extension, contraction, and perhaps double twins formed to accommodate this 

strain imposed via tECAE given the initial texture.  

Overall, it appears that one pass of tECAE results in minimal texture change, 

despite the activation of a variety of different deformation mechanisms. Here, it appears 

that the unique strain state imposed by deformation zone 1 and 2, which are orthogonal to 

one another, prevent strong texture change while favoring grain refinement. In fact, even 

at 120 °C, texture change is minimal. This is advantageous when texture change is 

undesirable; however, if strong texture modification is the goal, tECAE may not serve the 

purpose, although, the results of multiple passes of tECAE are yet to be determined. Thus, 

the introduction of different die angles for deformation zone 1 and deformation zone 2 
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may be important for future tECAE tool designs, in the interest of designing a SPD 

technique of tubes that enables unique tube textures to be developed. 

3.3.3 Mechanical properties 

Tensile tests were conducted by applying tension along the tED axis. The texture 

evolution results indicate that mostly c-axis extension is involved for tension in this 

direction. Significant strain hardening is observed in all cases. The initial stain hardening 

occurs due to extension twinning, which further leads to hardening by non-basal slip [97]. 

A significant increase in yield strength after tECAE processing is seen in Figure 3.10. This 

was expected at lower temperatures due to the grain size refinement and the existence of 

twin boundaries. Also, according to the Basinski mechanism, glissile dislocations in the 

matrix are transformed into sessile dislocations inside twins, leading to a further increase 

in strength [104]. Among the tECAE processed materials, the lower the processing 

temperature, the higher the resulting yield strength. However, at lower temperatures, the 

tensile strength is low. In 120 °C tECAE processed material, which has a heavily twinned 

structure, abrupt and early failure occurs possibly due to stress concentration at the twin 

boundaries [25]. 

The sample processed at 200 °C shows the highest elongation to failure compared 

to the lower temperature processed samples. This is due to the presence of small DRX 

grains and the absence of twinned grains obtained after tECAE processing. The tensile 

response of the conventional ECAE processed AZ31 magnesium alloy, taken from [19], 

is also shown in Figure 3.10 for comparison with the tECAE processing. Tensile stress-

strain responses of similarly textured AZ31 samples processed at 200 °C by conventional 
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ECAE and tECAE are shown, thus, isolating the effect of texture on tensile flow response 

of AZ31. The tECAE processed materials demonstrate better tensile properties than the 

conventional ECAE processed materials due to the improved grain refinement in tECAE 

processed material. The grains obtained in [19] have DRX grains of 1 - 5μm and a non-

recrystallized average grain size of 20 μm which is larger than that obtained in the tECAE 

processed material. Note that the initial grain size in conventional ECAE processed 

material in ref. [19] was larger than the present AZ31 hot rolled plate (25 μm vs. about 10 

μm). Along with this, the microhardness of tECAE processed material is higher than the 

pre-tECAE material, as expected from Hall-Petch strengthening [56]. Tube ECAE 

processed materials have refined grains, and additional twin boundaries at lower 

temperature processing which contribute to the strength, resulting in a higher hardness. 

3.3.4 Opportunity for low temperature processing of Mg alloy tubes 

It is important to note that in the present study, one pass of tECAE directly at the 

low temperature of 120 °C was successful, which may be attributable to important 

microstructural and likely configurational factors. In comparison, several prior works have 

shown that hot rolled AZ31 cannot be directly processed successfully at temperatures 

below 150 °C via conventional ECAE [19, 21, 94]. Rather, in conventional ECAE, 

typically, multiple passes via a temperature-step-down method are required in order to 

process AZ31 below 150 °C [21].  

One important factor that may have contributed to successful processing of AZ31 

by tECAE at such low levels of temperature i.e. 120 °C is the relatively fine grain size 

(~10 µm) of the starting material. Refined grain size minimizes twinning-induced failure 
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[106, 107] by suppressing twinning modes. Likewise, the initial texture of material 

significantly affects the active deformation modes [21, 25].  This is highlighted by the 

stark differences between the texture of starting material used for tECAE versus 

conventional ECAE which appears to have had a positive impact on formability in tECAE. 

Regarding formability, it is worth noting that the accumulated strain per deformation zone 

was lower in tECAE as compared to conventional ECAE. Also, the axisymmetric 

deformation in tECAE by a combination of simple shear and circumferential strain 

provided a uniform tube thickness which was not possible to attain using conventional 

ECAE. Thus, tECAE is indeed useful for low temperature processing of Mg alloy tubes. 

3.4 Summary 

A new technique of tube ECAE processing, called tECAE, has been introduced 

herein. This SPD technique has the potential of drastically enhancing the mechanical 

properties of tubular materials. The influence of one pass of this SPD technique on texture 

evolution and deformation mode activity was investigated utilizing both experimental 

observations and simulations. The tECAE approach successfully processed AZ31 alloy 

tube directly at 120 °C, where conventional ECAE processing of AZ31 bulk alloy is not 

possible. Refined grain sizes, with higher yield strengths and elongation to failure levels 

in comparison to the pre-tECAE material was obtained after only a single pass of tECAE. 

tECAE imposed minimal texture change at a variety of different processing 

temperatures, owing to the tool geometry. In addition, tECAE appears to maintain minimal 

texture change due to the activation of c-axis deformation mechanisms; thus, texture 

changes remained subtle even when twinning modes were highly active, at 120°C. 
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Although only a slight change in texture is obtained after one tECAE pass, the 

onset of weakening the basal texture obtained, forecasts that multi-pass tECAE is an 

appealing method to promote further texture modification and possibly further weakening 

the basal texture.  

VPSC simulations were used to accurately predict texture and active deformation 

modes during the one pass tECAE processing. Different deformation mode activities were 

obtained by tECAE processing at different temperatures. Being able to predict the 

deformation modes can help in designing the experiments and tools to achieve better 

desired properties via tECAE. 

Only one pass of tECAE was performed herein. Grain refinement and 

improvement in mechanical strength of AZ31 tubes after one pass of tECAE confirm that 

this technique could be used to fabricate strong tubular Mg products. The effects of 

multiple passes of tECAE on other materials is explored in the later chapters of this report. 
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CHAPTER IV  

THE ROLE OF STARTING TEXTURE ON TUBE EQUAL CHANNEL ANGULAR 

EXTRUSION OF MG-3AL-1ZN ALLOY 

 

The evolution of texture after tECAE processing of AZ31 alloy depends on 

several factors including rate of extrusion, temperature, and initial grain orientations in 

the tube. The effect of processing temperature is already discussed in Chapter III. In this 

chapter, AZ31 tubes are tECAE processed at the most widely used ECAE processing 

temperature of 200 °C while investigating the role of the starting texture on 

processability of the tubes. The objectives of this study are: 

1. To understand the influence of starting texture on tECAE processing of Mg 

alloys. In the previous studies on conventional ECAE [19, 21] it has been 

observed that mechanical properties and processabilities are significantly 

influenced by the starting texture. 

2. Develop a VPSC model that successfully predicts texture evolution after 

complete (2 passes) tECAE processing.   

3. To compare the strengths and ductility of post-processed AZ31 tubes with 

commercially extruded tube.  

4. To investigate the failure mechanism of tubes during tension tests.  

4.1 Materials and Methods 

A 50 mm thick commercial hot-rolled AZ31 plate (nominal composition: 3% Al, 

1% Zn, 0.20% Mn and remaining Mg) purchased from MetalMart International Inc. was 
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used in this study. The plate was annealed at 350 °C for 12 hours in argon atmosphere 

followed by quenching in water to reduce the presence of mechanical twins and have a 

homogenous starting microstructure prior to deformation processing. The material in this 

condition is called AsRec from here onwards throughout the text. Three tubes, 50 mm 

long, 38 mm outer diameter and 3 mm thickness were cut from the plate on a wire 

electro-discharge machine (EDM) from three different orientations as shown in Figure 

4.1. Each tube was further sectioned from the middle to obtain the final tube length of 25 

mm for tECAE processing. 

The tubes are named according to the orientation of their axes with respect to the 

reference axes shown in Figure 4.1. The rolling direction (R’D) of the plate is along the 

x-axis; the transverse direction (TD) is along y-axis; the normal direction (ND) is along 

z-axis. The tubes along x and y axes essentially show similar behavior, hence results 

from only one tube, along the y-axis, are presented here. The tube with its axis along the 

y-axis is referred to as AY and that along the z-axis is referred to as AZ in this work. 

The different tube orientations were selected to study the effect of different starting 

textures for tECAE processing of this Mg alloy. This was possible because the rolled Mg 

plate has strong texture with basal poles oriented primarily along the plate normal 

direction as expected. 

The tECAE processing was performed at 200 °C with an extrusion speed of 4.57 

mm/min. The tool was preheated to 200 °C and the sample was placed in the tool for 20 

minutes, a sufficient time for the tubes to reach thermal equilibrium. All the tubes were 

wrapped in Teflon sheet to reduce friction between the tool and the tube workpiece. In 
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the expansion pass, the tube comes out in the expanded form with the outer diameter of 

the tube being 43 mm, and the inner diameter being 38 mm, and the height being 23 mm. 

The expanded tube after the expansion pass is then processed in the tECAE contraction 

tool for the contraction pass at 200 °C. This brings the tube back to its original 

dimensions which is the essence of ECAE processing so that a high amount of strain can 

accumulate by multiple passes. The tECAE process applies axisymmetric loading, 

leading to uniform axial and radial deformations. Additionally, after each tECAE pass, 

the tube is quenched in water to retain the as-processed microstructure. 

 

 

 

Figure 4.1 Schematic of AZ31 plate and the orientations of the tubes cut from it. 

ND is the normal direction along the z-axis. R’D is the rolling direction along the y-

axis. T’D is the transverse direction along the x-axis. The tubes are labelled 

according to the orientation of the tube axis with respect to x, y, or z co-ordinates. 

The reference used for the tubes are TD for the tangential direction, RD for the 

rolling direction, and tED for the tECAE processing direction. 

 

 

 

To analyze the microstructural features of the material, all the samples were cut 

by wire EDM along the plane perpendicular to the tangential direction (equivalent to the 
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flow plane in ECAE, refer to Figure 2.1 for orientation notation). The microstructure 

was investigated using a Keyence VH-Z100 optical microscope (OM), and a Tescan 

FERA scanning electron microscope (SEM). The samples were mechanically polished 

upto 1 μm followed by etching with acetic-picral solution the composition of which is 

already mentioned in Chapter III to reveal the grain boundaries. 

Texture results were obtained using a electron backscatter diffraction (EBSD) 

detector from Oxford Instruments equipped on the Tescan FERA SEM. The samples 

were mechanically polished to 1200 grit size, then chemically polished in 10% Nital 

solution for 10 minutes, followed by a final surface preparation via ion milling using a 

Leica EM TIC 3X for 30 minutes with an accelerating voltage of 5 KeV and a sample 

inclination of 3° to get a clean, flat surface. For EBSD data, 20 keV accelerating voltage 

was used with the resulting indexing rate between 60% and 95%. The step size was 

appropriately selected depending on the grain size of the sample. Since the AsRec grains 

are coarse, a step size of 0.5 μm was used, whereas for tECAE processed fine grain 

material, a step size of 0.1 μm was used. The EBSD results were analyzed using 

AztecCrystal software from Oxford Instruments. The data clean-up consisted of wild 

spikes (isolated pixels different from all of their neighbors) removal and zero solution 

removal with no less than 5 indexed neighbors’ agreement. Various information such as 

Inverse pole figure (IPF), kernel average misorientation (KAM), twin boundaries on 

band contrast (BC) maps, and pole figures were obtained during post-processing of data 

for a detailed investigation of texture evolution.  
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Microhardness measurements were taken on a Leco LM300AT Vickers hardness 

set up from the extrusion plane of the sample by applying a load of 300 g with a dwell 

time of 13 seconds. For the hardness measurements, the cross-section was divided into 

12 regions each separated by 30° angle. Five readings were taken from each region 

starting from a location close to the outer surface and moving towards the inner surface. 

A total of 60 measurements were taken on each sample to determine the homogeneity of 

hardness.  

Flat “dog-bone” shaped tension specimens with gage length of 8 mm and cross-

section of 1.5 x 3 mm2 were prepared to conduct tensile tests on a servo-hydraulic MTS 

system at room temperature. From the AsRec condition, samples were cut from two 

different orientations, one with gage length along the normal direction (referred to as 0° 

ND), and another perpendicular to the ND (referred to as 90° ND). For the tECAE 

processed condition, the gage length was along the tED orientation. At least two tension 

specimens were tested for each condition with an initial strain rate of 5 x 10-4 s-1. To 

carry out a detailed investigation of the failure mechanism during the tension tests, 

fractured samples were polished and etched with acetic-picral solution along the gage 

length near the fractured region to reveal the grain boundaries, and analyzed under the 

SEM and OM. For comparison, a commercial AZ31 extruded tube was also tensile 

tested, and the fractured microstructure investigated. While EBSD results were obtained 

for fractured commercial AZ31 tube, an extremely low indexing rate was obtained for 

samples tensile tested post tECAE processing, hence, not included in this study. 
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A VPSC crystal plasticity model was used in this study as well to predict the 

texture evolution after two passes of tECAE. A brief introduction to the model is 

provided in Chapter II. 

4.2 Results 

4.2.1 Microstructure and texture evolution 

Figure 4.2 depicts the OM and SEM images of the AsRec and tECAE processed 

tubes. Here, the AsRec material shows fully recrystallized microstructure with a mixture 

of coarse and relatively fine grains distributed throughout the material with an average 

grain size of 10.8 ± 9.9 μm. The particles circled in Figure 4.2(b) aligned mostly along 

the rolling direction (R’D) are Al8Mn5 particles. The AY and AZ tubes both show 

substantial grain refinement after tECAE processing, although the grain refinement is 

not homogenous, especially in the AZ tube. Fine grains formed by shear deformation 

and dynamic recrystallization are arranged in-between unrefined grains (dotted white 

circle in Figure 4.2(e)) forming large shear bands in the AZ tube. The presence of 

several twinned grains can also be seen in the AZ tube. The average grain size in the 

tECAE processed AY tube is 1.5 ± 0.9 μm with the largest grain size being 11.3 μm and 

the smaller grain size being 0.4 μm. In contrast, the AY tubes show more uniform grain 

refinement. The tECAE processed AY tube is free of shear bands, although some coarse 

grains are still present. The average grain size in the tECAE processed AZ sample is 1.8 

± 1.2 μm with the larger grain size of 13.9 μm, and the finer grains of 0.4 μm. 
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Figure 4.2 OM and SEM images of AsRec, and tECAE processed AY and AZ 

samples 

 

 

 

The EBSD crystallographic texture results of the AsRec sample are shown in 

Figure 4.3. A typical rolled texture found in a hot-rolled AZ31 [108] with the c-axis 
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oriented towards the normal direction (ND) is seen. Although the material was annealed 

at 350 °C for 12 hours, it still exhibits the presence of a small fraction of twins as 

indicated in the band contrast map overlapped with special boundaries (see Figure 

4.3(c)). Various twins that can possibly be present in Mg alloys are differentiated by 

measuring the misorientation angle of the c-axis with the < 12̅10 > direction. The 

misorientation angle for {101̅2} extension, {101̅1} contraction, and {101̅1} − {101̅2} 

double twins are 86° ± 5, 56° ± 5, 38° ± 5 respectively [109]. 

 

 

 

Figure 4.3 Texture results of the AsRec AZ31 sample (a) inverse pole figure map, 

(b) kernel average misorientation map, (c) band contrast map with twin 

boundaries, and (d) (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures. (e) and (f) show Grain G1 

and Grain G2 with twinned structures respectively. 
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Figure 4.3(c) shows a higher fraction of extension twins compared to other twin 

variants. To elucidate the reorientation caused by extension twins, unit cell orientations 

in grain G1 and G2 are shown in Figure 4.3(e) and (f). In G1, three twinned regions with 

similar extension twin variants are formed. The corresponding pole figure demonstrates 

the reorientation caused by extension twinning. The amount of twin fraction present is 

very small; hence its effect is not seen in the Figure 4.3(d) pole figure. Grain G2 shows 

the formation of sub-grains because of twinning. 

The kernel average misorientation (KAM) map shows the internal residual strain 

in the grains. KAM of AsRec material shown in Figure 4.3(b) shows high strain 

concentrations near the twins and low angle grain boundaries. 

 

 

 

Figure 4.4 Starting texture for AY and AZ samples shown in (a) and (b) 

respectively before tECAE processing. Basal poles are orientated perpendicular to 

tED in AY whereas it is along tED in the AZ sample, before tECAE processing. 
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The starting textures for both the tECAE cases are shown in Figure 4.4. In the 

case of AZ, the basal poles are parallel to the tECAE direction whereas in AY, the basal 

poles are perpendicular to tECAE direction. This provides an opportunity to investigate 

the effect of starting texture, and texture evolution during tECAE processing. Note, it is 

not possible to perform conventional ECAE with the starting texture of AZ sample. 

 

 

 

Figure 4.5 Texture results of the tECAE processed AY sample (a) inverse pole 

figure map, (b) kernel average misorientation map, (c) band contrast map with 

twin boundaries, and (d) (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures. (e) shows the grain 

orientations of comparatively coarse grains and (f) shows the (𝟎𝟎𝟎𝟐) pole figure of 

the coarse gains. 
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Figure 4.6 Texture results of the tECAE processed AZ sample (a) inverse pole 

figure map, (b) kernel average misorientation map, (c) band contrast map with 

twin boundaries, and (d) (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures. (e) shows the grain 

orientations of comparatively coarse grains and (f) shows the (𝟎𝟎𝟎𝟐) pole figure of 

the coarse gains. 

 

 

 

The texture results of the AY tube after tECAE are shown in Figure 4.5. Basal 

peak splitting is evident from the (0002) and (101̅0) pole figures. A similar texture 

evolution was observed in AZ31 processed via route 2C of ECAE having similar starting 

texture [19]. After 2 passes of tECAE processing, a significant grain refinement is 

achieved, although the refinement is not uniform. The grains which did not undergo 

refinement, maintained its original orientation as observed in Figure 4.5 (e) and (f). 

Almost no twins are present in the microstructure which is expected as the slip system 
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accommodates the majority of deformation at 200 °C [45]. The KAM map shows high 

residual strain in the coarse grains and along low angle grain boundaries. 

The texture evolution of tECAE processed AZ tube is shown in Figure 4.6. It is 

clear from the microstructure that grain refinement is less uniform than in the tECAE 

processed AY tube. The majority of the basal poles have rotated away from the tECAE 

direction by approximately 15 - 35°. These results indicate that the finer recrystallized 

grains are formed along the un-recrystallized coarse parent grains. The un-recrystallized 

coarse grains are analyzed separately as shown in Figure 4.6 (e) and (f). The basal poles 

of large un-recrystallized grains are oriented along the TD direction. The AY tube shows 

a comparatively more uniform microstructure than the AZ tube after tECAE.  

 

 

 

Figure 4.7 VPSC simulated pole figures and deformation mode activities for the AY 

sample after tECAE 
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Figure 4.8 VPSC simulated pole figures and deformation mode activities for the AZ 

sample after tECAE 

 

 

 

The VPSC model accurately predicted the texture results for the AY and AZ 

tubes. The predicted (0002) and (101̅0) pole figures and deformation mode activities 

are shown in Figure 4.7 and 4.8. Activation of the basal and pyramidal < 𝑐 + 𝑎 > slip 

systems was obtained for both the cases. 

4.2.2 Mechanical properties 

The hardness measurements obtained for the tECAE processed AY and AZ 

samples are plotted on a contour plot shown in Figure 4.9. A relatively homogenous 

hardness distribution is observed, showing that tECAE is an effective method of 

obtaining uniform mechanical properties.  
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Figure 4.9 Contour plots of the Vickers hardness of tECAE processed AY and AZ 

samples. Relatively uniform hardness values were obtained across the cross-section 

of the tubes. 

  

 

 

Table 4.1 Mechanical properties of AZ31 alloy in the as-annealed and tECAE 

condition compared with commercially made AZ31 tube under tension. (YS: yield 

strength, UTS: ultimate tensile strength, VH300 is Vickers hardness)  
Sample Orientation 0.2% YS 

(MPa) 

UTS (MPa) Elongation 

(%) 

VH300 

AsRec 0° ND 62.8 ± 0.5 293.9 ± 1.5 11.5 ± 0.3 55.8 ± 3.0 

90° ND 180.3 ± 2.6 270.3 ± 0.1 9.2 ± 0.2 

tECAE-AY tED 195.8 ± 0.2 327.9 ± 3.8 17.3 ± 1.4 72.1 ± 2.6 

tECAE-AZ tED 165.6 ± 12 289.6 ± 3.3 10.7 ± 1.8 70.2 ± 2.4 

Commercial 

AZ31 tube 

ED 200.4 ± 5.8 316.5 ± 5.8 9.9 ± 0.7 - 

 

 

Table 4.1 shows the mechanical properties and the average Vickers hardness of 

AZ31 alloy before and after tECAE. The hardness increases after tECAE as expected. 

Uniaxial tension responses are shown in Figure 4.10. For the AsRec condition, a large 

variation between the 0° ND and 90° ND flow response is seen. The tECAE processed 

AZ sample has a yield strength slightly lower than the AsRec 90° ND sample and its 
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ductility also did not increase much whereas the AY sample shows significant 

improvement in ductility and strength. For comparison, an extruded commercial AZ31 

tube was also tested. 

 

 

 

Figure 4.10 Room temperature tensile flow response of AZ31 after different 

processing conditions. 

 

 

 

4.3 Discussion 

4.3.1 Microstructure and texture 

The microstructure of AsRec AZ31 shows a non-uniform grain size and the 

presence of a small fraction of twins. The grains are equiaxed with both coarse and fine 

grain structure. Even though the heat treatment was performed, all the extension twins 

were not eliminated. This could be due to incomplete recrystallization during the 

annealing process as the plate size was large and thick, probably limiting the core of the 

plate from reaching a high enough temperature for adequate time. 

The tECAE processed AY and AZ tubes both show grain refinement, however, a 

difference in microstructure is observed. In the AY sample, the grains are more equiaxed 
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and do not show shear band formation, whereas, in the AZ sample, grains are slightly 

elongated and show shear band formation. The shear bands (circled with white broken 

lines in Figure 4.2) are formed at an inclination of about 45 - 50° from the tECAE 

direction (vertical) near the inside surface of the tube which increases to about 70 - 75° 

from the tECAE direction near the outer surface of the tube. A theoretical inclination 

angle calculated for one pass of conventional ECAE processing with a 90° deformation 

angle is 26.6° from the extrusion direction[110]. Additionally, the AY tube shows 

comparatively more homogenous grain size distribution than the AZ tube that has a 

higher fraction of coarse grains. Although, coarse grains exist in the tECAE processed 

AZ sample, they are finer than the starting grain size. It should be noted that the initial 

material also exhibits inhomogeneous grain size distribution with several coarse and fine 

grains in the microstructure. So, the grains are possibly refined from the initial size, but 

for a more uniform refinement, higher number of tECAE passes with more accumulated 

shear strain is needed. 

Further, the difference is grain morphology is probably due to fewer dynamically 

recrystallized (DRX) grains in the AZ sample compared to the AY sample, which 

enables slip to cause grain elongation [19]. The KAM maps shown in Figure 4.5 and 4.6 

for tECAE processed AY and AZ samples respectively show the amount of strain 

gradient present in the material. The strain gradient is less in the AY sample meaning 

that more DRX has occurred whereas in the case of the AZ sample, a higher strain 

gradient is seen, specifically in the coarse grains. This situation provides enough strain 

gradient to trigger continuous DRX (CDRX). Thus, the significance of the starting 
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texture in the SPD processing of Mg alloys is identified. Non-uniformity in the 

microstructure is also obtained in conventional ECAE studies performed on AZ31 as 

shown in refs [19, 21]. 

The texture obtained in the AY and AZ tubes is a result of 2 passes of tECAE 

processing. The tECAE processed AY tube shows basal peak splitting. Grains that did 

not undergo refinement maintained the initial texture whereas the refined grains are 

rotated by 40 - 60° away from the initial orientation, resulting in basal poles being 30 - 

50° away from the tED direction. This confirms the role of shear direction for texture 

change. Similar basal poles split have been observed in other studies performed on Mg 

alloys [19, 111, 112]. Such texture evolution is attributed to the activation of the < 𝑐 +

𝑎 > slip system. In other studies, such a tilt of basal poles has been attributed to the 

double twinning mechanism [113]. Since in this study the processing was performed at 

elevated temperatures, the pyramidal < 𝑐 + 𝑎 > slip system activated along with basal 

slip to accommodate the deformation. This is further confirmed by the activities results 

from the VPSC simulation shown in Figure 4.7 which depicts the basal slip to be the 

most active mode followed by pyramidal < 𝑐 + 𝑎 > slip. This is expected as 

temperature-sensitive slip mechanisms are preferentially activated at 200 °C [44]. 

Pyramidal slip system accommodates deformation along the c-axis at this elevated 

temperature. An almost negligible amount of twinning activities exists. The few twins 

that are observed are formed mostly in the coarse grains where twin growth is easier than 

twin nucleation. 
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Texture evolution in the tECAE processed AZ sample is shown in Figure 4.6. 

Tilting of basal poles by 15-35° away from the tECAE direction, towards the shear 

direction, again depicts the role of shear direction. The VPSC results shown in Figure 

4.8 accurately predict the texture evolution. While the split basal peaks show almost 

equal intensity in the AY sample, the AZ sample’s pole figure shows more tilting than 

peak splitting, with less intensity of the basal peaks observed along the radial direction 

(RD). It is important to note here that the texture obtained after tECAE processing of 

both AY and AZ tubes approaches a similar grain orientation and are significantly 

influenced by the shear direction. Hence, more passes of tECAE could lead to the 

development of unique axisymmetric textures in Mg alloys showing reduced asymmetry 

in mechanical properties. Additionally, the texture developed after tECAE is 

significantly different from the conventionally extruded tubes in which strong basal 

textures form perpendicular to the extrusion direction [114]. Development of such a 

unique and weakened basal texture provides an opportunity to achieve enhanced 

mechanical and physical properties in Mg alloys. 

4.3.2 Evolution of mechanical properties 

The microhardness of tECAE processed materials are higher than in the AsRec 

condition due to the difference in grain size as per Hall-Petch strengthening [56]. The 

hardness distribution, after tECAE process, is quite uniform as shown in Figure 4.9. This 

confirms a homogenous strain distribution through the thickness of the tube providing 

circumferential uniformity. Other tools designed to process tubes have shown variability 

in the strain distribution [115, 116]. 
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The tensile test responses are presented in Figure 4.10. The two orientations of 

AsRec samples, namely, 0° ND and 90° ND show a noticeable difference in their tensile 

flow response which is expected and attributed to a difference in texture [117]. The 0° 

ND sample shows the highest strain hardening. In this case, the basal poles are oriented 

along the ND, hence, c-axis extension takes place during tensile deformation, leading to 

activation of basal slip and extension twinning. During the initial deformation, the 

extension twins reorient the grains to 86° away from the tension axis [53, 117]. This 

reorientation makes the grains favorably oriented for hard non-basal prismatic slip to 

activate, resulting in strain hardening [25]. The twin boundaries limit dislocation motion 

inside the twins, causing strain hardening at the later stages of deformation [104].  In 

contrast, for the 0° ND sample, the c-axis is perpendicular to the tension axis, hence, 

deformation should occur via prismatic slip based on the grain orientation [25]. It is 

known that prismatic slip cannot accommodate c-axis compression, therefore, either 

contraction twins or pyramidal slip system activates. Since the critical resolved shear 

stress (CRSS) for pyramidal slip is temperature dependent and is high at room 

temperature [44], it is plausible to assume that contraction twins are activated in this 

case. The strain hardening shown in 0° ND sample is less than the 90° ND sample 

because the reorientation caused by contraction twins is 56° which is lower than that for 

extension twins, hence comparatively softer twin mechanisms are active. Also, extension 

twins can form inside contraction twins, forming double twins which causes a 

reorientation of 38° which further facilitates activation of basal slip system [25, 53, 54, 

117]. 
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Figure 4.11 SEM images of a fractured surface after tensile loading on the tECAE 

processed AY sample. The basal (𝟎𝟎𝟎𝟐) pole figure is provided for reference. The 

white dotted circled regions indicate secondary Al8Mn5 particles. 

 

 

 

Figure 4.10 also shows the tensile flow response of tECAE processed samples, 

and commercially produced tube for comparison. A large improvement in the ductility of 

tECAE processed AY material can be seen, whereas the AZ sample shows only a modest 

improvement in ductility. Both AZ and AY tECAE processed materials have a smaller 

grain size, which is generally expected to give a higher strength in the material [56]. In 

the case of Mg alloys, not only grain size, but texture play a major role in determining 

the mechanical properties. In order to understand the deformation modes active, and 

failure mechanisms of the tECAE processed tensile specimens, microstructure along the 

gage length near the fracture surface were prepared and observed under SEM and optical 
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microscope. Attempts were made to obtain EBSD texture but due to the high strain in 

the material, indexing could not be done. We were able to obtain EBSD maps of 

extruded commercial AZ31 material probably because it has a large grain size. 

 

 

 

Figure 4.12 SEM images of the fracture surface after tensile tests on the tECAE 

processed AZ sample. A basal (𝟎𝟎𝟎𝟐) pole figure is provided for reference. The 

white dotted circled regions indicate the secondary Al8Mn5 particles. 

 

 

 

In general, the void formation observed in the AZ31 material can be categorized 

as two types: (V1): voids at the second phase particles and (V2): voids formed away 

from second phase particles. The formation of both types of voids is evident from the 

microstructure of the tECAE processed and tensile tested AY and AZ samples. Figure 

4.11 shows the tECAE processed AY sample’s fractured surface. Elongated grains, with 
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a few coarse grains can be seen. A complicated network of twins can also be observed in 

the samples, specifically in the coarse grains. The nucleation of large voids occurs from 

the twinned region and it has been shown by Azghandi et. al. [118] that coarse grains 

provide a comparatively easy path for void growth. The analysis of the deformation 

mechanism active can be performed looking at the texture developed after tECAE 

processing. The split basal peaks favor activation of both basal and prismatic slip. The 

fact that most of the grains are elongated along the tension direction, shows that this is a 

slip-dominated deformation. Still, both these slip systems cannot accommodate 

deformation along the c-axis, hence, activation of either pyramidal slip or twinning 

system is possible. Therefore, the twins formed in the AY sample tensile test could be 

extension or contraction or double twins. The activity of twins means that pyramidal slip 

was not activated to accommodate deformation. In contrast, the AZ sample did not show 

grain elongation. The AZ sample has a large fraction of coarse grains which provide an 

easier path for void growth, leading to early failure. 

On comparing the tensile flow response of AY and AZ with that of an extruded 

commercial AZ31, we see that the yield strength of the tECAE processed AZ is lower 

than that of commercial AZ31 tube whereas the ductility is similar. For tECAE 

processed AY, the yield strength is similar to commercial AZ31 tube, but the ductility is 

greater. The deformation behavior of commercial AZ31 is analyzed and the 

microstructure along with inverse pole figure maps, pole figures, and grain 

misorientation are shown in Figure 4.14. From the SEM images, the formation of a high 

fraction of twins is seen. EBSD results confirm the formation of a high fraction of 
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double twins. The maxima obtained in the range of 5-10° misorientation with the <

12̅10 > axis could show either low angle grain boundaries or twinning of grains or both. 

In the present situation, grains twinning has the higher possibility. The local maxima 

obtained with around 30-40° misorientation with the < 12̅10 > axis shows the presence 

of {101̅1} − {101̅2} double twins. In double twins, extension twins nucleate within 

contraction twins resulting in grain reorientation by 38°, and hence favor activation of 

soft basal slip. This results in strain incompatibility inside the twin, resulting in void 

formation and abrupt material failure. 

 

 

Figure 4.13 OM and SEM of the fractured surface along the extrusion direction 

after tensile testing on commercially manufactured AZ31 tube. 

 

 

 

To sum up, the higher ductility in the tECAE processed AY material is due to: 

(1) The grain orientation in the AY sample promotes slip dominated deformation. (2) 
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More homogenously refined grains in the AY sample makes void growth difficult. It has 

been reported in ref. [118] that the void growth rate is higher in coarse-grained material 

than in fine-grained material. (3) Coarse grains lead to the formation of twins, which in 

turn leads to a concentration of stress at the twin boundaries, causing early failure.  

 

 

Figure 4.14 ESBD mapping results of tensile tested commercially manufactured 

AZ31 tube. (a) Inverse pole figure map, (b) misorientation angle distribution, and 

(c) (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures 

 

 

 

4.4 Summary 

Two passes of tECAE at 200 °C was implemented in this study to process AZ31 

alloy tubes having two different starting textures. Drastic grain refinement and changes 

in texture and mechanical properties were obtained after the tECAE process. The 

influence of texture change and grain refinement were clearly observed on the 

mechanical properties. The sample with basal poles being perpendicular to the tECAE 

direction showed the highest increase in strength and ductility. A uniform distribution of 
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microhardness was achieved after tECAE processing validating the fact that tECAE 

provides uniform grain refinement leading to improved mechanical properties 

throughout the tube. 

The discussion of the failure mechanism confirms that the texture orientation in 

the AY material promotes slip dominated deformation, providing better ductility. A 

comparison of mechanical properties was made with commercial AZ31 tube which 

confirms that tECAE indeed improves the mechanical properties of Mg alloy tubes. 
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CHAPTER V  

EVOLUTION OF MICROSTRUCTURE, TEXTURE, AND STRENGTH OF MG-

3AL-1ZN ALLOY BY HYBRID PROCESSING USING ECAE PLUS TECAE  

 

The previous Chapter IV investigated the role of two different starting textures 

on mechanical properties and processability via tECAE. The improvement in mechanical 

properties obtained, specifically from one texture orientation, influenced the action to 

investigate the effect of other unique starting textures. Therefore, in this chapter, a 

hybrid SPD processing route for tubular forms of AZ31 alloy at 200 °C is investigated. 

This combination of ECAE and a following tECAE process is investigated here. The 

objectives of this study are:  

1. To examine the scale-up capability of ECAE for processing large bars of Mg 

alloys. It is expected that ECAE processing will provide homogenous grain 

refinement irrespective of the workpiece size. 

2. To provide a unique starting texture for tECAE processing, different from that 

reported in Chapter IV.  

3. To determine the influence of the combined ECAE plus tECAE on the 

mechanical properties of AZ31. 

5.1 Materials and Methods 

The AZ31 alloy plate used in this study is the same that was used in Chapter IV 

and received the same pre deformation heat treatment. The details about the plate 

dimensions and heat treatment can be found in Chapter IV. After the heat treatment, two 
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bars, namely Bar-1 and Bar-2 of dimensions 5 x 5 x 25 cm3 each were sectioned from 

the plate with the long side of the bars being along the plate rolling direction. Bar-1 and 

Bar-2 were ECAE processed at 200 °C through a tool having a sharp 90° deformation 

angle in a sliding wall tool via four passes of route A and BC respectively and quenched 

after each pass to retain the microstructure. Note that all the ECAE passes were 

conducted without the application of back-pressure. Magnesium alloys ECAE processed 

without back-pressure have a tendency to shear localize or form large cracks on the 

sample surface even at elevated temperature processing [119, 120]. Such shear 

localization did not occur in the current study. 

 

Table 5.1 Description of sample processing and sample labels. ED, FD, and LD 

show extrusion direction, flow direction, and longitudinal direction; 2 passes here 

means one expansion step followed by one contraction step. 
Sample label Processing 

AsRec Initial material after heat treatment. 

4A 4 passes of ECAE via route A 

4BC 4 passes of ECAE via route BC 

4A-tECAE-ED Tube cut from 4A bar with tube axis along ED followed by 2 passes of tECAE 

4A-tECAE-FD Tube cut from 4A bar with tube axis along FD followed by 2 passes of tECAE 

4A-tECAE-LD Tube cut from 4A bar with tube axis along LD followed by 2 passes of tECAE 

4BC -tECAE-ED Tube cut from 4BC bar with tube axis along ED followed by 2 passes of tECAE 

4BC -tECAE-FD Tube cut from 4BC bar with tube axis along FD followed by 2 passes of tECAE 

4BC -tECAE-LD Tube cut from 4BC bar with tube axis along LD followed by 2 passes of tECAE 

ED: extrusion direction; FD: flow direction; LD: Longitudinal direction 

 

Both the ECAE processed bars were used as the starting material for tECAE 

processing. Tubes having an outer diameter 38 mm, wall thickness of 3 mm, and length 

of 25 mm were obtained using wire electro-discharge machine (EDM) from three 

different orientations of the bar as shown in Figure 5.1. The descriptions of all the 
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samples used are shown in Table 5.1. All the tubes were tECAE processed through a tool 

having 135° deformation angle at 200 °C via 2 passes (expansion and contraction) and 

subsequently water quenched. An even number of passes through the tECAE process 

ensures that the tube regains its original dimensions. During both ECAE and tECAE 

processing, the workpiece was wrapped in Teflon sheet which acted as lubricant. The 

shear strain applied during ECAE processing is 1.15 per pass, whereas the shear strain 

applied during tECAE process is calculated to be 1.05 per pass. Therefore, the total 

accumulated strain in the tubes after 4 passes of ECAE and 2 passes tECAE processing 

is 6.7 each. 

 

 

Figure 5.1 Schematic of ECAE and tubes sectioned from ECAE processed bar. P.F. 

designates the punch face, where the punch pushes the bar into the ECAE inlet 

channel. 
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The sample preparation and post-processing technique for microstructure and 

texture analysis were the same as used in Chapter IV, therefore it is not repeated here for 

the sake of brevity. For mechanical property analyses, tension tests and Vickers hardness 

measurements were taken, the procedures of which are discussed in previous chapters. 

For the ECAE processed materials, tension specimens were obtained from the ED, FD, 

and LD orientations (refer to Figure 5.1 for axes notation), whereas, for the tECAE 

processed material, all the tension specimens were obtained from tED orientation. 

Vickers hardness measurements were taken on the transverse plane of AsRec sample, 

from the tangential plane of tECAE processed samples, and from all the three planes of 

ECAE processed material. At least 10 measurements were taken on each. The Vickers 

hardness values are given in Table 5.2. 

 

Table 5.2 Grain size, tensile test, and microhardness results of AZ31 alloy 

processed via various routes. 
Sample Orientation Average 

Grain 

size (μm) 

0.2 % YS 

(MPa) 

UTS (MPa) % 

Elongation 

VH300 

AsRec 0° ND 10.8 ± 9.9 62.8 ± 0.5 293.9 ± 0.3 11.5 ± 0.3 55.8 ± 3.0 

90° ND 180.3 ± 2.6 270.3 ± 0.1 9.2 ± 0.2 

 

4A 

ED  

2.3 ± 1.4 

219.9 ± 3.6 327.0 ± 0.3 14.4 ± 0.8 66.0 ± 2.0 

FD 242.8 ± 4.7 322.2 ± 3.8 14.0 ± 1.2 

LD 130.4 ± 0.5 325.0 ± 2.5 15.4 ± 0.8 

 

4BC 

ED  

1.5 ± 0.9 

114.6 ± 3.3 280.5 ± 1.0 19.9 ± 0.8 70.9 ± 1.1 

FD 200.7 ± 3.3 320.4 ± 10.2 12.9 ± 4.3 

LD 108.5 ± 3.4 253.9 ± 3.6 14.7 ± 0.8 

4A-tECAE-ED tED 1.5 ± 0.9 126.8 ± 5.8 311.5 ± 6.4 17.6 ± 0.5 68.5 ± 1.8 

4A-tECAE-FD tED 2.3 ± 1.4 247.7 ± 0.7 321.5 ± 0.1 13.8 ± 0.9 72.9 ± 1.05 

4A-tECAE-LD tED 1.8 ± 1.2 146.3 ± 3.7 301.9 ± 7.3 14.0 ± 0.8 72.0 ± 1.0 

4BC -tECAE-ED tED 1.9 ± 0.8 185.0 ± 25.2 328.0 ± 0.8 15.7 ± 3.6 69.9 ± 1.0 

4BC -tECAE-FD tED 1.8 ± 1 161.7 ± 5.0 316.9 ± 14.3 15.7 ± 2.9 68.13 ± 0.7 

4BC -tECAE-LD tED 1.4 ± 0.7 181.7 ± 2.5 325.0 ± 13.9 16.3 ± 5.2 71.5 ± 1.2 
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5.2 Results 

5.2.1 Microstructure and texture evolution 

The microstructure and texture of AsRec material are shown in Figure 4.2 (a) and 

(b) and Figure 4.3 respectively of Chapter IV. Figure 5.2 shows the microstructure in the 

as-worked conditions. Much finer grains were formed after the SPD processing. The 

average grain sizes are shown in Table 5.2 for all conditions. While a drastic reduction in 

the grain size is achieved after 4 passes of ECAE as expected, the grain refinement in 

4BC is slightly higher than that in the 4A specimen. The grain size of the tubes processed 

via tECAE after ECAE processing do not show much further refinement. In all the cases, 

a homogeneous equiaxed fine grain structure is achieved after the two stages of SPD, 

with a very few relatively coarse grains distributed sporadically in the microstructure.  

The crystallographic texture results measured via EBSD for the as-worked 

material are presented in Figures 5.3-5.9. The following information is reported here: 

inverse pole figure maps, kernel average misorientation (KAM) maps, band contrast 

with overlaying twin boundary maps, and (0002) and (101̅0) pole figures. The SPD 

processing caused significant changes in the texture. 
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Figure 5.2 SEM images of as-worked AZ31 samples (a) 4A ECAE (b) 4BC ECAE. 

(c), (d), and (e) are 4A ECAE followed by 2 passes of tECAE processed ED, FD, 

and LD tubes respectively. (f), (g), and (h) are 4BC ECAE followed by 2 passes of 

tECAE processed ED, FD, and LD tubes respectively.   

 

 

 

 
Figure 5.3 Texture results of 4A ECAE processed sample: (a) inverse pole figure 

map, (b) kernel average misorientation map, (c) band contrast map with twin 

boundaries, and (d) (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures. 
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Figure 5.4 Texture results of 4BC ECAE processed sample: (a) inverse pole figure 

map, (b) kernel average misorientation map, (c) band contrast map with twin 

boundaries, and (d) (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures. 

 

 

 

 

Figure 5.5 The basal pole orientations after ECAE and before tECAE. This is the 

starting orientation for tECAE processing for tubes cut from different orientations.   
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Figure 5.3 shows the texture evolution after 4A processing. The basal poles are 

spread around LD with an angle of 20°. Negligible fractions of twins were formed as 

seen in the band contrast map (Figure 5.3(c)). The texture evolution after 4BC processing 

is shown in Figure 5.4. The basal poles are rotated by 45° away from the ED in this case. 

While the texture evolution after 4A ECAE processing is similar to that pre tECAE 

texture of AZ sample in Chapter IV, the 4BC route provides a unique starting texture for 

further tECAE processing. 

The texture evolution after ECAE plus tECAE process was also investigated. The 

starting texture for tECAE processing for all the tube orientations are shown in Figure 

5.5. Figure 5.6 (a)-(d) present the texture results for 4A-tECAE-ED from the tEP, which 

is the plane perpendicular to the tube extrusion direction. Most of the basal poles show 

an inclination of 15-30° away from the tED and towards the RD. Similar texture results 

have been obtained for the AZ samples that were directly tECAE processed from the 

plate and are discussed in Chapter IV. 

The texture evolution of 4A-tECAE-FD specimen is illustrated in Figure 5.6 (e)-

(h). The texture change in this case is slightly less than that observed for the 4A-tECAE-

ED case. For the 4A-tECAE-LD case, drastic texture changes were observed as shown in 

Figure 5.7. In this case, the presence of randomly oriented coarse grains can also be seen 

which can skew the texture results, hence pole figures are also obtained by excluding 

these coarse grains to get more representative texture. Weakened basal poles and a more 

randomized grain orientations are observed in this case. 
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Figure 5.6 Texture results of 4A-tECAE-ED is shown in (a) - (d) and those of 4A-

tECAE-FD are shown in (e)-(h). (a) and (e) show the inverse pole figure maps with 

tED into the plane; (b) and (f) show the (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures; (c) and 

(g) represent the kernel average misorientation maps; (d) and (h) show band 

contrast maps with twin boundaries.  
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Figure 5.7 Texture results of the 4A-tECAE-LD sample: (a) and (c) are the inverse 

pole figure maps with and without coarse grains respectively; (b) and (d) are the 

(0002) and (101 ̅0) pole figures with and without coarse grains respectively; (e) is 

the kernel average misorientation map; (f) is the band contrast map with twin 

boundaries. 

 

The texture evolution after tECAE processing 4BC processed ED tube is depicted 

in Figure 5.8 (a) – (d). It is interesting to note that some of the grains have their basal 

poles oriented toward the tED orientation while some grains have their basal poles 

perpendicular to the tED direction. This results in enhanced mechanical properties as 

discussed in the next section.  
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Figure 5.8 Texture results of 4BC-tECAE-ED is shown in (a) - (d) and that of 4BC-

tECAE-FD is shown in (e)-(h). (a) and (e) show the inverse pole figure maps with 

tED into the plane; (b) and (f) show the (𝟎𝟎𝟎𝟐) and (𝟏𝟎�̅�𝟎) pole figures, (c) and (g) 

represent the kernel average misorientation maps; (d) and (h) show band contrast 

maps with twin boundaries. 
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For the 4BC-tECAE-FD case (see Figure 5.8 (e)-(h)), the basal poles are inclined 

away from the tED orientation and tilted by ~ 15 - 30° away from RD. Similar texture 

results are obtained for the 4BC-tECAE-LD specimen as shown in Figure 5.9. 

The KAM plots shown in all the cases show a strain gradient in different grains. 

Coarse grains and low angle grain boundaries have high strain compared to their 

surroundings. Additionally, band contrast maps are shown along with twin boundaries. 

In all the cases, a negligible amount of twin formation was seen. 

5.2.2 Evolution of mechanical properties 

The tensile flow responses of the as-worked samples are shown in Figure 5.10 

and 5.11. The strength and elongation values along with Vickers hardness are presented 

in Table 5.2. Mechanical response of the AsRec sample is discussed in previous 

chapters, hence it is not repeated here. The UTS and elongation of the three orientations 

from the 4A material are similar, but a difference in yield strengths is apparent.  

Among the samples that were further tECAE processed after 4A, 4A-tECAE-ED 

shows the highest ductility. The tensile strengths of tECAE processed materials are again 

comparable with each other, while being slightly lower than the 4A processed material. 

The yield strengths after tECAE processing are higher for all the cases when compared 

with respective orientations of 4A processed material, except for the 4A-tECAE-ED 

condition. For 4BC samples, ED has the highest ductility followed by LD and FD 

respectively (refer to Figure 5.11 and Table 5.2). The yield strengths of ED and LD are 

similar while it is higher for the FD orientation. Additionally, 4BC FD shows the highest 

tensile strength. 
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Figure 5.9 Texture results of 4BC-tECAE-LD sample: (a) inverse pole figure map, 

(b) (0002) and (101 ̅0) pole figures, (c) kernel average misorientation map, and (d) 

band contrast map with twin boundaries. 

 

 

 

The samples that were further tECAE processed after 4BC, 4BC-tECAE-LD have 

the highest ductility while the tensile strengths are similar in all the cases (see Figure 

5.11). The variation in yield strength is less after tECAE when compared to only 4BC 

processed material. Overall, the tensile behavior of as-worked materials shows 

substantial improvement over the starting material. 
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Figure 5.10 Tensile test response of 4A ECAE and 4A ECAE + tECAE processed 

samples along with the orientation of grains with respect to the tensile axis. Red 

arrows show the tensile test pull direction which is vertical and horizontal for 4A 

LD and 4A ED but it is out of the plane for 4A FD, and all the 4A + tECAE. 

 

 

 

 

Figure 5.11 Tensile test response of 4BC ECAE and 4BC ECAE + tECAE processed 

samples along with the orientation of grains with respect to the tensile axis. The 

reference axis shows the tensile test pull direction which is vertical and horizontal 

for 4BC LD and 4BC ED sample, whereas it is out of plane for 4BC FD, 4BC -

tECAE-ED, 4BC -tECAE-FD, and 4BC -tECAE-LD. 
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5.3 Discussion 

5.3.1 Microstructure evolution 

Route A and BC were selected for ECAE processing AZ31 alloy because in each 

pass of these routes, the following pass has a very distinct shear plane orientation 

compared to the previous pass [11]. While no rotation occurs in between each route A 

pass, during route BC, bars are rotated by 90° between passes. Thus, the shear plane 

rotations are different leading to variation in grain morphology, grain size, and texture 

evolution. Grain refinement starts to occur during ECAE processing even after one pass 

due to the application of plastic shear strain [19]. But to achieve uniformly refined 

grains, the material needs to be extruded through at least four passes, which results in 

accumulation of a large plastic shear strain of 4.6. Generally, four passes of ECAE are 

conducted due to following reasons: first, the routes involving a 90° rotation are realized 

along four spatially different planes after four passes. Second, a near saturation in grain 

refinement is reached after four passes due to reaching the limit of dislocation density. 

Further processing causes a very slight increased refinement which has also observed in 

previous studies [121, 122]. Therefore, the tECAE processing performed post ECAE did 

not cause much change in the grain size but it did influence the texture which is 

discussed later in the text. Overall, extensive grain refinement is achieved after four 

passes of ECAE processing, irrespective of the route while further tECAE processing led 

to texture changes but not necessarily contributed to further grain refinement. 

The as-worked microstructures depict no twin formation (see Figure 5.2). Further 

detailed investigations of twins were performed through the band contrast maps in which 
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twins have been superimposed. A negligible amount of twin fraction is seen in the 

ECAE and ECAE + tECAE processed tubes. This is due to the processing being 

performed at 200 °C which is a high enough temperature to activate pyramidal < 𝑐 +

𝑎 > II slip system to accommodate the c-axis deformation. Twinning gets suppressed 

when the pyramidal slip system is activated [25, 45]. 

5.3.2 Mechanical properties 

The mechanical behavior of Mg alloys is be discussed next. In general, with 

grain refinement, the yield strength increases as per the Hall-Petch relation [56]. For Mg 

alloys, the interplay between grain size and grain orientation plays a significant role in 

their mechanical response. The difference in tensile flow behavior of AsRec material is 

already explained in previous chapters of this report. Now, let us first understand the 

tensile behavior of 4A material. The schematic of the hcp unit cell shown in Figure 5.10 

and it represents the orientation of majority of the grains in 4A and subsequently tECAE 

processed material. The direction of tension pull is also shown for each tension test 

orientation. For Mg deformation, the activation of different slip and twin systems is 

based on Schmid’s law [43]. The critical resolved shear stress (CRSS) values for each 

deformation mode are significantly different, hence, the mechanical response of the 

material depends on the angular relationship between crystallographic texture and the 

mechanical loading direction. In the present case of the 4A LD sample, the deformation 

will occur by activation of basal slip and extension twinning. In the initial part of 

deformation, extension twinning activates which reorient the grains by 86° along <

12̅10 > orientation away from the tension direction [53, 117]. Such a reorientation 
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allows the hard non-basal prismatic slip system to accommodate the deformation, which 

results in strain hardening [25]. As the deformation proceeds, twin boundaries limit 

dislocation motion inside the twins, causing further strain hardening [104]. The obtained 

texture is also responsible for the tension behavior of 4A ED and 4A FD being similar to 

each other. The yield strength of both 4A ED and 4A FD are similar and higher than 4A 

LD. Since the tension pull in both these samples leads to c-axis contraction, such 

deformation can be accommodated largely by hard non-basal prismatic slip. Since the 

CRSS for activation of prismatic slip is high, this leads to a higher yield strength. Similar 

observations have been made in refs.[121, 123, 124]. The pyramidal and contraction 

twins are not considered here because their CRSS values are very high at room 

temperature [25, 117]. 

Second, the tensile flow response of 4A ECAE + 2 passes of tECAE processed 

materials is discussed. The texture evolution of 4A-tECAE-LD involves grains with 

various orientations, hence, various slip and twin systems are possibly active during 

tensile loading. The activation of multiple deformation modes in this case has improved 

the yield strength compared to the 4A LD case, but it is lower than the other two 

orientations after 4A processing. Similarly, for the 4A-tECAE-ED case, the strain 

hardening is not observed, and majority of the grains are oriented around 45° away from 

the tension axis, hence resulting in deformation by basal slip. The slip dominated 

deformation is the reason for the ductility being higher in the 4A-tECAE-ED case than 

other cases. The 4A-tECAE-FD material shows the highest yield strength as extension 

twins accommodate the deformation. Note, that the texture difference between 4A and 
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4A-tECAE-FD specimens is not much, which is the reason for their stress-strain flow 

response being similar. 

Third, the tensile flow response of 4BC along with the orientation of most of the 

grains are shown in Figure 5.11. In this case, most of the grains are oriented at an angle 

of around 45° away from both ED and LD. Hence, the yield strength of both 4BC ED and 

4BC LD are similar. This happens because the grain orientation is favorable for 

deformation via basal slip. No strain hardening is observed in both these cases. 

However, 4BC LD failed abruptly showing a lower ductility than 4BC ED and 4BC FD. 

This could be due to the presence of either coarse grains or grains having an orientation 

different from most of the grains leading to early crack initiation and fracture. 

Lastly, the 4Bc + 2 pass tECAE sample’s tensile behavior is discussed. Similar 

tensile flow curves are obtained for all three conditions, namely, 4BC-tECAE-ED, 4BC-

tECAE-FD, and 4BC-tECAE-LD. This is because the majority of the grains are oriented 

in such a way that the tensile axis will contract the c-axis, resulting in activation of hard 

prismatic slip to accommodate the deformation, and a high yield strength is achieved.  

The microhardness results reported in Table 5.2 show a drastic increase in 

hardness after ECAE processing. This increase occurs due to grain refinement following 

the Hall-Petch relation [56]. A saturation in hardness increase is achieved after ECAE 

processing and not much increase in hardness is obtained after further tECAE 

processing. This occurs due to limitations in further grain refinement as discussed 

previously. A homogenous hardness distribution is achieved after tECAE processing as 

shown in Chapter IV. 
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So, to sum this up, the ECAE processing does improve mechanical properties of 

Mg alloys and further development of a unique texture can be obtained in tubes via 

tECAE processing, which is not possible in conventional tube processing techniques 

resulting in inferior tube properties. Due to the hcp crystal structure of Mg alloys, 

anisotropy will exist in the material, but it can be reduced by reducing and reorienting 

the basal pole intensity, which could be achieved by selecting suitable processing routes.     

5.4 Summary 

A combination of ECAE and tECAE processing was successfully performed on 

AZ31 alloy tubes. The unique route of SPD processing imparted a high accumulated 

plastic strain of 6.7. The grain refinement obtained in AZ31 during tECAE process, after 

4 passes of ECAE, was modest but a drastic variation in texture was obtained. A 

saturation in grain refinement occurs in SPD which has been observed in various earlier 

studies. From the results obtained it can be concluded that the ECAE process can be 

successfully scaled-up to sizes usable for manufacturing components in industries. The 

microstructure obtained after ECAE is independent of the workpiece size. Similarly, this 

principle can work for processing longer tubes using the tECAE method. Unique 

textures were developed in the subsequent tECAE processed samples which imparted 

improved strength and ductility to AZ31 alloy. Therefore, it can be concluded that with a 

suitable thermomechanical treatment, optimized microstructures can be produced in Mg 

alloys with enhanced mechanical properties via ECAE and tECAE. 
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CHAPTER VI 

MICROSTRUCTURE, TEXTURE, AND MECHANICAL PROPERTIES OF SEVERE 

PLASTIC DEFORMATION PROCESSED AND RECRYSTALLIZED NIOBIUM 

TUBES 

 

It is evident from the previous chapters that the ECAE based SPD processing 

techniques lead to grain refinement and improvement in mechanical properties in hcp 

material. In continuation of this, tECAE processing of a bcc metal, niobium, is 

investigated in this chapter. The tECAE method imparts uniform strain throughout the 

tube resulting in uniform grain refinement. The objectives of this study are: 

1. To obtain fine-grained Nb tubes which may be used for hydroforming operations 

to produce SRF cavities. 

2. To obtain axisymmetric properties in the tubes processed via tECAE. The 

experimental design enables application of axisymmetric strain to the tubes 

which causes homogenous deformation. 

3. Investigate the recrystallization behavior and evolution of mechanical properties 

after tECAE and post-processing heat treatments. 

6.1 Materials and Methods 

A cast ingot of commercially pure niobium obtained from CBMM was used for 

this study. The nominal purity of material is 0.997 with the major substitutional impurity 

of Tantalum ~ 1500 ppm, and interstitial impurities of H (<10 ppm), C (<30 ppm), O 

(67-88 ppm), and N (<10 ppm). The material was pre-processed by multi-pass ECAE 
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processed to break down the initial large grain size and obtain a more uniform grain 

structure. Subsequently, 8mm thick wall tube with an outer diameter (OD) of 25 mm and 

200 mm long was machined from the ECAE processed bar. Then the tube was forward 

extruded (FE) to obtain the desired OD of 38 mm and thickness of 3 mm. The details of 

the pre-processing conditions are described in ref. [125], a schematic is provided in 

Figure 6.1. This tube was sectioned into five 25 mm long tubes, followed by a heat 

treatment at 1000 °C for 3 hours in vacuum furnace (10-6 torr). The tubes were allowed 

to cool in the furnace. This ensures uniform and equiaxed microstructure. This is the 

starting condition of the material for tECAE processing and is referred to as FE-annealed 

throughout the text. 

Several passes of tECAE processing was accomplished on the tubes at room 

temperature. Boron Nitride was used as the lubricant to reduce the friction between the 

workpiece and the tool. Out of the five tubes prepared, one tube did not undergo tECAE 

processing and was characterized to provide starting microstructure and mechanical 

properties. Rest of the four tubes underwent tECAE processing for 1, 2, 3, and 4 passes 

accumulating a strain of 1.05, 2.1, 3.15, and 4.2 respectively.   

 Specimens were sectioned from each as-worked tube via the wire-electro 

discharge machine (EDM) to perform post-processing heat treatments at various 

temperatures for 3 hours in a vacuum furnace (10-6 torr) to investigate the 

recrystallization behavior. The heat treatment temperatures selected were 300 °C, 500 

°C, 700 °C, 800 °C, 900 °C, 1000 °C, 1100 °C. These temperatures were selected based 
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on the results obtained by in prior work [65, 125]. After the heating step, the samples 

were left to cool down in the furnace. 

 

 

Figure 6.1 A schematic of  the Nb processing prior to tECAE [125]. 

 

 

 

The samples for mechanical property measurements both in the as-worked and 

post-processing heat-treated conditions were also cut by wire-EDM. Flat dog-bone 

tensile specimens having dimensions of 2 x 3 x 8 mm3 were obtained from two different 

orientations, one with tensile axis along the tECAE direction (tED) and the other with 

tensile axis along tangential or circumferential direction (TD) as shown in Figure 6.2. To 
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obtain the TD tensile specimens, the tubes were first cut in half along tED direction and 

then flattened using a hydraulic press. The dog-bone shaped specimens were cut from 

the flattened part (see Figure 6.2 (b)). Tension tests were performed on a servo-hydraulic 

MTS system with an initial strain rate of 5 × 10−4 𝑠−1 at room temperature using an 

MTS extensometer for recording strain. Several small specimens having dimensions 3 x 

3 x 10 mm3 were obtained for microstructural, microhardness and texture analysis. 

Specimens for mechanical testing and characterization were also obtained from the FE-

annealed case for comparison between pre and post tECAE conditions. 

 

 

Figure 6.2 Sample orientation for tension tests from niobium tubes. (a) Tensile 

specimens with gage length along tECAE (tED) orientation. (b) Tensile specimens 

with gage length along circumference or tangential direction (TD). 

 

 

 

For microstructure, the samples were mechanically polished to 1 μm, followed 

by vibratory polishing in colloidal silica for 24 hours. The etchant consisted of a 1:1:3 

volume mixture of hydrofluoric acid: nitric acid: lactic acid to reveal the grain 

boundaries. A field emission Zeiss – ESB scanning electron microscope (SEM) was used 

to obtain the microstructure images of the FE-annealed and as-worked material. The 
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Vickers hardness measurements were taken at room temperature on the extrusion plane 

(plane perpendicular to tED) of all the samples using a Leco LM300AT Vickers 

hardness equipment by applying a load of 300 g for 13 seconds. For the Vickers 

hardness measurements, the samples’ surface were polished to 1200 grit size SiC paper, 

and at least 10 measurements were taken for each condition. The crystallographic texture 

measurements were taken on the extrusion plane using a Bruker-AXS D8 X-ray 

diffractometer with Cu Kα (wavelength = 0.15406 nm) radiation. A Matlab MTEX 

toolbox [96] was used to plot the pole figures. 

6.2 Results 

6.2.1 Microstructure evolution 

Figure 6.3 shows the SEM images of FE-annealed, and the as-worked materials 

from their respective extrusion planes. The microstructure for Nb tube processed via 3 

passes of tECAE was not analyzed as it is one of the intermediate passes. The FE-

annealed microstructure has equiaxed grains with an average grain size of 12.5 ± 7.6 μm, 

providing a strain free starting material for tECAE processing. The microstructure 

obtained after 1 pass of tECAE shows a collection of deformed coarse and fine grains. 

As the number of passes increase, more grain refinement is observed. 

6.2.2 Hardness evolution with recrystallization 

The FE-annealed condition (pre tECAE) microhardness is 67 ± 1.8 HV. The 

hardness increases to 123 ± 4.4 HV, 136 ± 1.9 HV, 137 ± 5.2 HV, and 141 ± 2.1 HV 

after 1, 2, 3, and 4 passes respectively. A significant increase in hardness after 1 pass of 

tECAE can be seen which is expected. Additionally, the degree of increase in hardness 



 

108 

 

with subsequent passes decreases. Such a saturation in hardness is generally observed in 

conventional ECAE processing [65].  

To understand the recrystallization behavior of Nb processed with different strain 

levels (number of passes), a variation in microhardness is seen after different annealing 

temperatures as shown in Figure 6.4. The hardness values are tabulated in Table 6.1. It is 

important to note that a significant decrease in hardness occurs in the material after 

recrystallization. A material’s hardness may decrease further with heat treatment due to 

subsequent grain growth. The 2 pass and 4 pass of tECAE processed samples show a 

slight increase in hardness from the as-worked condition (25 °C) to 300 °C annealing. 

This is followed by a gradual decrease in hardness to a constant level. For 3 passes of 

tECAE sample, the initial change in hardness is small but the standard deviation is high. 

The 1 pass sample showed a slight decrease in the hardness value compared to the as-

worked condition (25 °C) to 300 °C annealing. Samples with different levels of strain 

reach the minimum hardness values at different annealing temperatures. While the 1 and 

2 passes samples reach the minimum hardness at around 1000 °C annealing, the 3 and 4 

passes samples reach the minimum hardness at around 900 °C. 
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Figure 6.3 SEM images of niobium before and after tECAE processing. FE-

annealed shows the forwarded extrusion annealed material’s microstructure which 

is the starting condition for tECAE. The microstructures after 1,2, and 4 passes are 

shown. 

 

 

 

Table 6.1 Microhardness evolution with different heat treatment temperatures in 

samples tECAE processed for various number of passes. 

 
# 

tECAE 

passes 

25°C 300°C 500°C 700°C 800°C 900°C 1000°C 1100°C 

1P 123 ± 4.4 121 ± 3.7 121 ± 3.9 110 ± 2.9 111 ± 2.3 111 ± 2.4 75 ± 9.0 77 ± 1.8 

2P 136 ± 1.9 141 ± 5.5 144 ± 6.3 134 ± 6.5 127 ± 2.4 97 ± 5.8 80 ± 3.1 77 ± 2.2 

3P 137 ± 5.2 136 ± 8.0 132 ± 2.5 130 ± 3.0 111 ± 7.1 80 ± 4.3 80 ± 3.8 79 ± 1.5 

4P 141 ± 2.1 148 ± 2.7 148 ± 4.0 136 ± 2.9 132 ± 3.0 81 ± 4.1 76 ± 3.5 76 ± 2.2 
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Figure 6.4 Recrystallization curves of 1, 2, 3, and 4 pass of tECAE processed Nb. 

The hardness measurements were taken on the extrusion plane. 

 

 

 

6.2.3 Tension flow curves 

The tension response for the FE-annealed and the as-worked materials are shown 

in Figure 6.5. Tension tests were also performed on the materials that underwent 

recrystallization heat treatment at 1000 °C after 2 and 4 passes of tECAE processing and 

the results are shown in Figure 6.5 (b) and (c) respectively. The tension specimens were 

prepared from both tED and TD direction to investigate the yield strength asymmetry 

after tECAE. The FE-annealed sample shows a significant difference in YS in the tED 

and TD orientations, while the difference in UTS and %elongation is not much. After 1 

pass tECAE, significant improvement in YS is achieved. After 2 and 4 passes, the YS 

increases further, but the degree of increase is less, similar to the trend in hardness 

evolution. The increase in YS, leads to an expected decrease in elongation. Interestingly, 



 

111 

 

the difference in YS between the tED and the TD orientation reduces as the number of 

tECAE passes increase. 

 

 

Figure 6.5 (a) Tensile engineering stress-strain curves of FE-annealed and 1, 2, and 

4 passes tECAE processed Nb. (b) Tensile engineering stress-strain curves of FE-

annealed, 2 pass tECAE processed, and 1000 °C heat treated (recrystallized) Nb 

samples. (c) Tensile engineering stress-strain curves of FE-annealed, 4 pass tECAE 

processed, and 1000 °C heat treated (recrystallized) Nb samples. (tED: tECAE 

direction, TD: Tangential direction, HT: Heat treated at 1000 °C) 

 

 

 

Further analyses of the mechanical properties after recrystallization was 

performed on the 2 and 4 pass tECAE samples as those are of higher importance due to 

the tube sizes being the same as the pre-tECAE sample. After recrystallization, both 2 

and 4 pass tECAE samples show a decrease in the YS while the elongation increases. 
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The UTS is higher than the FE-annealed material. Additionally, the YS is still similar in 

both the orientations. 

6.2.4 Texture evolution 

 

 

Figure 6.6 (110) pole figures of various passes of tECAE processed Nb. (a), (b), (c), 

(d), and (e) are pole figures of FE-annealed, 1 pass, 2 pass, 3 pass, and 4 pass Nb 

respectively. The tECAE direction is out of plane. 

 

 

 

The texture evolution results are shown via (110) pole figures in Figure 6.6. The 

FE-annealed sample has strong (110) poles parallel to the tube extrusion direction. In 

the tECAE processed samples, weakening of (110) texture components can be observed 

as the number of passes increase. The texture components are also slightly rotated away 

from the tED orientation. 
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6.3 Discussion 

6.3.1 Microstructural evolution 

The pre-processed Nb was used in this study because the as-cast microstructure 

is extremely large grained and non-uniform. Secondary worked products such as sheet 

and tube often suffer from non-uniform and inconsistent grain size and texture because 

of cast texture persistence, leading to non-uniform mechanical properties. This could 

result in non-uniform deformation of sheet and tube during SRF cavity fabrication. 

Additionally, non-uniform microstructure causes a decrease in product yield and an 

increase in manufacturing costs. Therefore, to breakdown initial microstructure, the 

material was multi-pass ECAE processed followed by forward extrusion and then 

annealed to obtain a homogenous equiaxed microstructure.  

The starting grain size for tECAE processing is relatively coarse which gets 

refined via the tECAE processing [57, 58, 125]. The tECAE process causes grain 

refinement by shear deformation [85] as seen in Figure 6.3. After 1 pass, the 

accumulated shear strain is relatively low in the material, hence the grain refinement 

achieved is not uniform and several coarse grains still exist in the microstructure. The 

fine grains are arranged between the large grains. As the number of passes increased, 

further reduction in grain size was observed due to accumulation of large shear strain 

upto 4.2.  Previous work on conventional ECAE processing has also proven to be 

effective in grain refinement [58, 65]. 
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6.3.2 Microhardness and recrystallization behavior 

The microhardness increases with the number of passes because of the 

accumulated strain which leads to higher dislocation density and forms tangled 

substructures. The hardnesses increase levels off after two passes and further passes 

result in only a small increase as seen in Table 6.1 and Figure 6.4. Such variation in 

hardness is explained by Hartwig et. al. [65] for the conventional ECAE processing 

which applies well for the tECAE processing. According to ref. [65], during the first 

pass, the grains have different orientations, hence, the grains will show a difference in 

the deformation tendency when strain is applied. Some grains will be oriented along the 

shear deformation direction and accommodate the deformation easily whereas, some 

grains whose slip system is not favorably oriented with the shear deformation direction 

will not deform readily or may rotate, resulting in non-uniform deformation, which in 

turn results in non-uniform grain size. Thus, the variation in hardness is large after 1 pass 

of tECAE as can be seen from the large standard deviation values. As the number of 

passes increase, more grains are favorably oriented resulting in more uniform 

deformation, and higher accumulated dislocation density and high microhardness. 

The effect of different annealing temperatures on hardness evolution are shown 

in Figure 6.4. Heat treatment of Nb tubes is performed because the residual dislocations 

may reduce the SRF cavity performance [57]. The initial increase in hardness could be 

due to recovery or formation of a Cottrell atmosphere restraining the dislocation motion 

[38, 65]. For the tubes processed with different strain levels, the minimum hardness is 

reached at different annealing temperatures. This happens because as the accumulated 
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strain increases in the material with increasing the number of passes of tECAE, more 

stored energy is accumulated in the dislocations, which results in lower temperature of 

recrystallization. Similar results of recrystallization have been obtained in other studies 

based on copper [126] and niobium [65]. Note that the hardness and recrystallization 

temperature for the commercially pure reactor grade Nb (99.7% pure) used in this study 

are higher than RRR grade Nb (>99.99% pure). While for the reactor grade Nb,  

complete recrystallization occurs around 1000 °C, it occurs at around 800 °C for the 

RRR grade Nb [57, 66]. This happens due to the presence of more impurities in reactor 

grade Nb which restrains dislocation motion. The recrystallization temperature is also 

influenced by the amount of dislocations, strain path, and heating rate. The difference in 

the purity level also influences texture evolution.  

6.3.3 Tensile flow behavior 

 The tECAE processed samples have higher strength than the FE-annealed 

material due to grain refinement. It is well known as per the Hall-Petch relation [56] that 

as the grain size decreases, the strength of a material increases whereas the ductility 

decreases. The FE-annealed material shows a difference in yield strength in the extrusion 

direction and tangential directions. This is due to the strong texture in the tube. After 

tECAE processing, a weakened texture is formed, leading to reduction in the anisotropic 

mechanical properties which is evident from the tensile flow response. After 

recrystallization heat treatment at 1000 °C, the yield strength and tensile strength 

decrease whereas ductility is restored close to the pre-tECAE condition. The 

recrystallized material still has higher UTS than the pre-tECAE condition and the yield 
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strength is similar in both orientations. The higher mechanical UTS is a result of a 

smaller grain size even after recrystallization as observed in previous studies as well [58, 

65, 125, 127]. Therefore, it can be concluded that tECAE results in fine grain structure 

and increased isotropic behavior of Nb tubes even after recrystallization. 

6.3.4 Texture evolution 

The texture obtained in the FE-annealed material (Figure 6.6) is similar to the 

dominant textures in extruded and drawn bcc material in which {110} is parallel to the 

major axes [128]. Variation in texture can be seen after tECAE processing with the 

{110} poles being inclined away from tED and weakened in intensity. The texture 

obtained after tECAE is different than that observed after rolling. It is plausible to 

assume that such texture change made the Nb tubes more isotropic. 

6.4 Summary 

The tECAE processing approach was successfully applied to commercially pure 

niobium tubes without causing any fracture in the material. The tubes were processed up 

to four passes of tECAE at room temperature. Post-processing heat treatment was 

performed on the as-worked material to investigate the variation in hardnesses and the 

role of accumulated plastic strain on recrystallization temperature. Tensile test results of 

both the as-worked and heat-treated samples show drastic improvement in tension 

properties with reducing the asymmetry between yield strengths from two orientations 

separated by 90°. Weakening of texture was also observed after tECAE processing. 

Therefore, it can be concluded that the new thermomechanical processing of tECAE is a 

promising technique to improve the properties of Nb, which could subsequently be used 
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for hydroforming SRF cavities. Further investigations on the effect of more passes of 

tECAE on the mechanical properties, microstructural evolution, and EBSD texture 

measurements remains to be performed. 
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CHAPTER VII 

SUMMARY OF RESULTS, CONCLUSIONS AND SUGGESTIONS FOR FUTURE 

WORK 

 

7.1 Results and conclusions 

1. The new severe plastic deformation technique called tube equal channel angular 

extrusion (tECAE) successfully processed AZ31 magnesium alloy tubes at 

various low temperatures (120 °C, 175 °C, 200 °C). 

2. The starting crystallographic textures and grain size significantly influence the 

evolution of texture, grain morphology, and mechanical responses of the 

processed AZ31 tubes due to the activation of different slip systems. 

3. While the AZ31 material with basal poles along tECAE direction did not achieve 

large variation in texture after tECAE processing, all the other starting 

orientations lead to major changes to the texture. The significant effect of texture 

was observed in the mechanical flow response of the material.  

4. The hybrid ECAE and tECAE processing was successfully conducted with 

unique starting textures for tECAE, which enabled a better understanding of the 

influence of starting texture on grain refinement and texture evolution as a 

function of strain. 

5. ECAE can be scaled-up to process large Mg alloy bars. It is concluded that the 

grain refinement, texture modification and improvement in strength is 

independent of the size of the workpiece in ECAE. 
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6. Viscoplastic self-consistent (VPSC) crystal plasticity modeling accurately 

predicts the texture after tECAE processing of AZ31 alloy. The active 

deformation modes during processing were modeled successfully. The 

understanding of different deformation mode activities obtained from VPSC 

could help in developing the best processing route for Mg alloys that result in the 

highest strength and ductility. 

7. Pure niobium tubes were successfully processed up to four passes of tECAE at 

room temperature resulting in a significant increase in the strength of the material 

due to grain refinement. 

8. Post-processing heat treatment of niobium processed to different tECAE strain 

levels show a variation in recrystallization temperature as a function of 

accumulated plastic strain. 

9. The tECAE processing resulted in similar mechanical properties in two 

orientations separated by 90°. It is concluded that tECAE can be an effective 

thermomechanical technique to fabricate Nb tubes with consistent, reproducible 

material properties that show potential for improved hydroformability. 

7.2 Future work 

Based on the findings of this research, several recommendations are offered for 

future studies.  

1. Given the success of the tECAE technique in processing tubular forms of 

materials, new tools must be designed to process longer tubes for applications 

such as in transportation vehicles. Also, designing a tool to process thin tubes 
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with small diameter for implant stents will be beneficial for the biomedical 

industry. 

2. A greater number of tECAE passes should be performed on new Mg alloys at 

lower temperatures (<120 °C) which could possibly lead to further grain 

refinement, enabling one to achieve better mechanical properties and reduce 

anisotropy.  

3. The tECAE processing approach applies axisymmetric shear strain to tubes. 

Therefore, more mechanical tests should be performed from different 

orientations. Since Mg alloys are generally brittle, flattening the tubes to obtain 

the tensile test samples from circumferential (tangential) direction will be 

challenging. Techniques such as ring hoop tensile testing must be investigated.  

4. The effect of tECAE processing on precipitation kinetics, and the corrosion 

response of Mg alloy tubes should be explored.  

5. Hydroforming experiments should be performed on the tECAE processed tubes, 

to evaluate hydroformability relative to that of conventionally fabricated tubes.  

6. The tECAE processing of long Nb tubes will provide the opportunity to produce 

multi-cell SRF cavity via hydroforming, eliminating the need of welding which 

should significantly improve the cavity performance. Thus experiments should 

be carried out that explore the tube geometry (diameter, length, wall thickness) 

and material limits of tECAE. 
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