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PREFACE 
Increasing demand on high-strength and light materials led to the development of bulk  
Ultra-Fine Grained (UFG) materials with superior mechanical properties. UFG materials 
produced by Severe Plastic Deformation (SPD) have distinguished characteristics such as 
high strength along with retaining the ductility up to certain levels, owing to the process 
of grain refinement. Nonetheless, industrial applications of these materials are still 
limited because of the cost, shape, or the efficiency of the process. For instance, HPT as 
a conventional and famous SPD technique, although efficient in imposing large amounts 
of strains up to 90 mm/mm, is limited to fabricating thin-disk samples which are not 
eminently practical for industrial use. In the case of ECAP, another famous SPD 
technique, imposing high amounts of strains on the materials is time consuming because 
each pass of ECAP applies a strain value in the order of ~1 mm/mm, and as a result, it 
needs a repetition of a couple of times to press the same sample to achieve a strain value 
of the order of 10 mm/mm.  

To overcome the aforementioned flaws, a new technique called “High Pressure 
Torsion Extrusion” was introduced at the Institute of Nanotechnology in Karlsruhe- 
Germany to facilitate inducing large amount of deformation in bulk samples within one 
pass of processing. This technique favors the benefit of the combination of conventional 
method of HPT and extrusion, and is capable of producing bulk UFG materials with 
considerable improvement in mechanical properties. The main focus in the present study 
is dedicated to the experimental analysis of HPTE and its process parameters on the 
evolution of microstructure and mechanical behavior of materials. 

The main advantage of this technique over other SPD techniques such as ECAP and 
HPT is that process parameters e.g. extrusion speed (υ) and rotational speed (ω) are 
variable even during the process, and therefore, a variety of properties can be expected 
from different samples. Another distinctive characteristic of HPTE is the gradient 
distribution of strain and hardness in the cross section of the processed billets as a 
consequence of torsion. Accordingly, materials in the central zone of the billet are softer 
and at the periphery, are harder. This fact makes this technique suitable when costly 
surface hardening of a billet is required while ductility should retain in the core. 
Considering the market-oriented media with an approach to improve the mechanical 
properties of materials without using costly alloying elements, this technique seems to 
be a time-efficient method to fabricate UFG materials only within one pass of extrusion 
with improved mechanical properties. 
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1. INTRODUCTION: AN OVERVIEW OF THE THESIS

1.1. Aims and objectives 
The primary aim of this study is to evaluate the effect of HPTE on the evolution of 
materials, particularly on hardness and microstructure. Special attention will be devoted 
to the process parameters of this technique to examine their influence on the materials 
properties after processing. Moreover, in order to better understand the effectiveness 
of this technique, HPTE will be compared with ECAP. The provided knowledge shall offer 
new insights in Severe Plastic Deformation fields and provide the reader with a detailed 
understanding of this process as well as the effect of process parameters on the 
microstructure and mechanical properties of materials.  

Based on what has been mentioned, the main objectives of this study are 
established upon experimental and numerical analysis of HPTE for evaluation of 
this technique. Furthermore, a comparative study between HPTE and ECAP comes 
within the scope of this thesis to provide further evidence about the effectiveness 
of HPTE on materials evolution. Simulation of HPTE by Finite Element Method 
(FEM) is utilized to demonstrate the materials flow and the strain distribution in this 
technique. 

Two types of materials, aluminum (Al) and niobium (Nb) with fcc and bcc crystal 
structures have been used for experimentations, and hardness and microstructural 
evolution of materials will be evaluated in this study. Microstructural refinement will be 
examined by observation of the grain size in materials using electron microscopy 
techniques as well as studying the X-ray diffraction patterns. Eventually, some 
comparisons will be drawn between the results obtained in this work and the previous 
studies available in the literature about SPD processing of the same materials for further 
analysis and discussion. 

1.2. Outlines of the thesis 
This thesis contains six chapters along with one appendix in which author’s publications 
are presented. The contents of the thesis include literature review, simulations, and 
experiments. After this introduction section, the state of the art will be presented in 
chapter 2. Chapter 3 illustrates the simulation of HPTE processing via FEM. Chapter 4 is 
devoted to SPD processing of aluminum including the methodology of experiments, 
results,  and discussion. Chapter 5 deals with SPD processing of niobium. Eventually, 
the outcomes of this thesis along with some recommendations will be summarized in 
chapter 6. 

1.3. Approbation 
1.3.1. Publications and conferences 
In addition to having published the results of this study in peer-reviewed journals 
presented in the appendix section, the author of this thesis has participated in six 
different symposiums and seminars and delivered lectures or presented posters. 
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1.3.2. Proposals 
Two proposals related to the topics of this thesis were submitted and approved for 
financial/technical support. 

1. German academic research service (DAAD), research proposal for financial 
support of the project and conducting the experiments in Karlsruhe-Germany, 
2016. 

2. Karlsruhe Nano-Micro Facility center (KNMF), Helmholtz association-Germany, 
research proposal as a collaborative project between KNMF and Tallinn 
University of Technology for technical support in microstructural studies of SPD 
processed materials, 2016 

1.3.3. On-going projects 
A cooperative research project has been launched at the University of Quebec -Trois 
Rivieres, Canada to study the functional properties of HPTE processed materials to be 
applied to industrial applications. 
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2. STATE OF THE ART
This chapter provides a brief overview of the studies about Severe Plastic Deformation 
(SPD) and the importance of nanostructured materials. Then, the deficiency of traditional 
SPD techniques and the motivation for introducing a new technique to fabricate bulk 
nanostructured materials with appropriate properties will be discussed; finally, the 
principles of HPTE, geometrical parameters of the die, process parameters, and the 
equivalent strain in HPTE will be elaborated. 

2.1. Literature review 

2.1.1. Bulk nanostructured materials 
Grain size is a key factor in polycrystalline metals which may affect different properties 
including chemical, physical or mechanical aspects [1]. According to Hall-Petch 
relationship (Eq. 1), yield strength of metals increases by decreasing the grain size [2,3]. 

𝜎𝜎𝑦𝑦 =  𝜎𝜎0 + 𝑘𝑘
√𝑑𝑑

(1) 

In this equation, σy is the yield stress, σ0 is the lattice friction stress, k is a constant, and 
d is the grain size. According to this relationship, metals with finer microstructures are 
expected to possess higher strength compared to the coarse grains [4]. 

The dependence of strength on the grain size, according to the Hall-Petch equation, 
led to an increasing interest in the fabrication of Bulk Nanostructured (BNS) materials 
[5]. Processing of BNS materials can be fundamentally divided by two main methods: 
“Bottom-up” procedures in which atoms or molecules are assembled into nanoscale 
clusters and they require subsequent consolidation processes to form bulk materials. 
In contrast, in “Top-down” procedures, structural decomposition applies to a bulk solid 
to obtain a nanostructured composition while retaining the original integrity [6]. Bottom-
up procedures are basically cost-effective in large scale productions, although they may 
induce porosity or contamination into the materials during fabrication [5]. Inert gas 
condensation and electro-deposition are the two famous methods in bottom-up 
procedures where the process starts with the assembly of atoms and ends with materials 
in small volumes, usually on a surface layer [7]. Severe Plastic Deformation (SPD) 
techniques and ball milling are two examples of top-down procedures where the process 
starts with bulk samples and it does not affect the overall shape of the product. Materials 
processed by SPD, in comparison to ball milling, generally retain the initial dimensions 
and show better resistance to air contamination during processing [8].  

SPD has some distinctive characteristics [9]: 

• It can impose extremely high amounts of strain on the materials, sometimes
up to 20 or even more, leading to exceptional grain refinement.

• Although this process is categorized as a deformation technique, the overall
dimensions of the workpiece remain the same after processing.

• Due to the unique attribute of SPD in processing without changing the
dimensions, materials are able to be processed through the same die for
several times and thereby, receive more strain and achieve further grain
refinement after each pass.



15 

Grain refinement in SPD starts with plastic deformation in metals which results in 
changes in crystallographic orientations and the formation of dislocation cells. 
By increasing the plastic straining and accumulation of misorientations, the dislocation 
cells gradually transform into new fine grains [10]. This transformation can lead to the 
formation of High-angle grain boundaries due to the accumulation of dislocations 
between cells at high values of strains [11]. Several techniques and equipment have been 
utilized to characterize the grain refinement in nanostructured materials. A direct 
approach to detect the dimensions of grain refinement is using electron microscopy 
techniques, such as Scanning Electron Microscopes (SEM), Electron Backscattered 
Diffraction (EBSD) and Transmission Electron Microscopes (TEM) [12]. An indirect 
approach to this study is using X-Ray Diffraction (XRD) patterns where the evidence of 
grain refinement can emerge in peak broadening of the XRD patterns [Paper II]. 
As a matter of fact, the origin of peak broadening comes from two main factors: 
(1) refinement of microstructure in crystalline materials; (2) accumulation of micro-strains 
in materials due to lattice distortions [13,14]. There are some techniques that can 
quantify the values of these parameters by evaluating the peak broadening in XRD 
patterns. Williamson-Hall method is one of the famous techniques which is frequently 
used for this purpose [14–17]. 

 Grain refinement and the accumulation of high density of dislocations in SPD 
processed materials are known to be the main mechanisms for promoting mechanical 
strength in materials [18]. Grain size in SPD processed materials is usually in sub-micron 
scales (D<1 µm); thus, they are referred to as Bulk Nanostructured (BNS) or Ultra-fine 
Grained (hereinafter UFG) materials. UFG materials are distinctive of improved 
mechanical, physical and functional properties [5,19,20]. The most outstanding 
characteristics are considered as “enhanced yield and ultimate strength” which enable 
them to be utilized in light structures with strong mechanical properties in manufacturing. 
UFG materials have also shown high-cycle fatigue resistance, enhanced fracture 
toughness at low temperatures, uniform corrosion, improved biocompatibility and 
enhanced diffusivity [12,21]. These attributes help them to demonstrate long-term 
potentials for a variety of engineering and industrial applications such as superplastic 
forming and diffusion bonding processes, cryogenic and outer space applications, 
biological tissues, hydrogen storage in metal hydrides for green energy applications, etc. 
[22].  Such prominent features of UFG materials absorbed the researchers’ attention to 
study and to devote their effort towards the development of new methods for fabricating 
UFG materials with enhanced properties.  

Nowadays, production of BNS and UFG materials is changing from laboratory-scale 
research into commercial applications. The evidence of this shift can be revealed by 
considering the facts that firstly, recent studies on UFG materials are shifting from pure 
metals to commercial alloys; and Secondly, more research studies have been dedicated 
to the development of new SPD techniques towards economical production of such 
materials [12].  

2.1.2. Multifunctional properties of nanostructured and UFG materials 
The main goal of grain refinement in SPD processing of metals is to improve mechanical 
properties such as yield strength and hardness. However, in the case of alloys, SPD not 
only provides the grain refinement but also leads to other hardening mechanisms such 
as formation of nano-twins, segregations and secondary phase precipitations in materials 
[23–27]. 
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In addition to tensile strength and hardness improvements, other enhancements in 
mechanical properties of materials have been noticed in UFG materials. Wear resistance 
of materials may increase after SPD processing since this parameter is closely correlated 
with hardness [28,29]. Fatigue life in UFG materials is usually enhanced owing to the 
presence of high density of grain boundaries which impedes crack propagation [30]. 
Enhancement of such properties makes these metals superior compared to their 
coarse-grain counterparts in the market, especially in terms of critical design parameters 
like strength to weight ratio and fatigue life [31]. 

Besides mechanical-property improvement which is the primary purpose of using 
severe plastic deformations, UFG metals have represented notable improvements in 
other aspects such as physical and technological properties. Superplasticity, which is the 
ability of polycrystalline materials to receive extremely high amounts of deformations, 
namely elongations in the order of 400% in tension [32], has been reported in UFG 
materials. In some commercial aluminum alloys processed by SPD, elongations up to 
1000% were recorded at strain rates of 10-2/sec [21]. Hydrogen storage in metal hydrides 
is another interesting application of UFG materials as energy careers. Hydrogen storage 
in metals has been recently used for mobile applications, but the main issues arise from 
poor kinetics of absorption-desorption and high hydrogen desorption temperatures. 
Grain refinement in metals may accelerate the kinetics of H-sorption due to the increased 
volume fraction of grain boundaries [8]; particularly in the case of magnesium hydrides, 
hydrogen desorption temperature can decrease to 100 °C [33]. Production of 
nanostructured biomaterials is an outstanding example whereby SPD technologies 
represent industrial applications for medical implants such as bone replacement and 
dental applications [20]. Pure titanium is among the best selections of biomaterials 
possessing good biocompatibility and biocorrosion properties, but with the downside of 
low strength. Nanostructured titanium processed by SPD has overcome this weakness 
owing to the improved mechanical properties [34]. UFG materials processed via SPD 
contain large amounts of dislocation densities and point defects in microstructure 
because of receiving extreme plastic straining. These defects act as a barrier against the 
thermal conductivity and as a result, thermal resistivity will increase which is a drawback 
to copper alloys and other conductors [35]. However, this effect of SPD can be utilized in 
thermoelectric materials and thermoelectric generators for producing electricity by 
increasing the thermal resistivity and thereby enhancing the thermoelectric efficiency in 
materials [36,37]. 

Due to the abovementioned benefits, UFG materials are made more famous in 
different industrial sectors such as aerospace technology, renewable energy, medical 
implants and micro-manufacturing, and more investigations have been conducted 
towards SPD techniques either to modify the conventional methods or to devise new 
methods for fabricating materials with superior properties. The following section will 
review the most well-known SPD techniques which are frequently used in research 
studies. 

2.1.3. The advent of Severe Plastic Deformations (SPD) 
Early efforts towards severe deformation of metals started by Bridgman in the 1940s, 
when he studied about “torsion combined with compression” [38], and later during  the 
1980s, his research ended to the invention of “High Pressure Torsion” or briefly HPT [39]. 
In HPT, a disk-shape sample is located between two anvils and receives compressive 
pressure, and rotation of one anvil applies torsional stress to the disk (Figure 1). 
The equivalent strain imposed on the disk depends on the number of rotations (N), 
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disk thickness (h), and radial distance from the center (r) (see Eq. 2 [39]). Accordingly, 
points with different distances from the center encounter with different amounts of 
strain during processing, and subsequently, materials will show a non-homogeneous 
distribution of grain refinement and mechanical properties along the radius of the disk 
after processing. 

 

Figure 1. (a) Illustration of HPT die [40]; (b) parameters of an HPT disk. 

 

𝜀𝜀�̅�𝐻𝐻𝐻𝐻𝐻 = 2𝜋𝜋𝜋𝜋𝜋𝜋
√3ℎ

         (2) 

Increasing demand for polycrystalline materials with more homogeneous and 
equiaxed microstructure led to the invention of another SPD technique so-called “Equal 
Channel Angular Pressing” (ECAP) [41]. Afterwards, ECAP turned into the most popular 
batch process among SPD techniques [42].  
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Figure 2. Illustration of ECAP [43]. 

Equivalent strain in ECAP relies on the die parameters shown in Figure 2 (the angle 
between the two channels ϕ, and the corner angle ψ), and can be measured by Eq. 3 
[44]. Repetition of extrusion in ECAP die by N times, may accumulate the strain in the 
sample. 

𝜀𝜀�̅�𝐸𝐸𝐸𝐸𝐸𝐻𝐻 =  𝜋𝜋
√3
�2. 𝑐𝑐𝑐𝑐𝑐𝑐 �𝜑𝜑+𝜓𝜓

2
�+  𝜓𝜓. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �𝜑𝜑+𝜓𝜓

2
��      (3) 

In addition to ECAP and HPT, more SPD techniques have been introduced to the society 
of Nano-SPD researchers, including Cyclic Extrusion-Compression (CEC) [45], 
Accumulative Roll Bonding (ARB) [46], Repetitive Corrugation and Straightening  (RCS) 
[47], Twist extrusion (TE) [48] and some others. The main common characteristic in these 
techniques is to retain the original shape of the sample unchanged during processing and 
therefore, keep repeating the process on the same sample for a number of times to 
achieve a certain level of grain refinement or to obtain the desired properties. 

2.2. Motivation 
HPT and ECAP are probably the most attractive and famous SPD techniques up to date 
[30]; each of them has its own advantages and disadvantages in materials processing. 
For instance, HPT can impose high amounts of strains such as 90 mm/mm or even more 
and fabricate UFG materials with extreme grain-refinement and improved mechanical 
properties.  Due to the nature of torsional deformation and its dependency on the 
distance from the central axis, a non-uniform distribution of strain is applied to the 
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materials by HPT [39]; however, this method imposes the restriction of fabricating  
thin-disk samples with an approximate diameter of 10 mm and a thickness of less than 
1mm [30], which impedes its development for commercial use [10].  In contrast, ECAP 
may produce UFG materials in bulk shapes with homogeneous microstructure, 
depending on the ECAP route [44] and die geometry [Paper VII]; nonetheless, the main 
drawback in ECAP is the non-continuous nature of the process [30], because each pass 
of extrusion imposes a certain amount of strain on the sample that barely reaches 2.  
In order to obtain higher values of strain in materials, samples should be re-inserted into 
the die and extruded for several times. This endeavor makes the process labor-intensive 
and time-consuming for industrial use. These limitations urged researchers to conduct 
more research to fix these flaws in SPD techniques. 

Subsequent to introducing ECAP in the 1970s and 1980s by Segal [44], several 
modified versions of ECAP have been developed to overcome those limitations and to 
enhance the efficiency of the process. Rotary-die ECAP was introduced to facilitate the 
process for several passes without any need to remove the sample from the die [49,50]. 
Multi-pass ECAP facility was introduced to produce the materials in several passes of 
ECAP in one press [51]. ECAP with Parallel-Channel kept the metal flow undistorted in 
one full press, thereby strain distribution in the whole sample-length remained uniform 
[52]. Continuous processing of ECAP is another subject that has been widely developed 
to form metals in a variety of shapes including wires and stripes [53]. Equal Channel 
Angular Swaging (ECAS) is a cost-efficient method which is a combination of ECAP and 
incremental rotary swaging and has this potential to be extended as a continuous SPD 
process [54]. These techniques mainly have the benefit of applying several passes of 
ECAP by inserting the sample only for one time and thereby, increasing the efficiency of 
the process.  

Recently, a modified method of ECAP called “Indirect Extrusion ECAP” (IE-ECAP) has 
been developed by implementing the principles of indirect extrusion in order to reduce 
the friction between the die and workpiece for processing of hard materials [Paper II, 
Paper IV]. It has been proved that the extrusion load of tantalum reduced by 23 % during 
the first pass using this modified technique, and as a result, it made it possible to extrude 
the sample to a higher number of passes; whereas using the conventional method of 
ECAP, the punch broke after the third pass [55]. Section 5.1.3 will demonstrate this 
technique with details. 

The main limitation in all ECAP-based techniques is the low amount of strain that can 
be applied to the materials in one pass, even in multi-pass ECAP facility where the highest 
strain values barely exceed 6 [51]. This limitation is an opportunity for HPT and its new 
generations in which strain values of 20 mm/mm and higher are readily attainable. There 
are several reports in the literature which have tried to scale up HPT for industrial 
purposes such as HPT using ring-shaped samples [56], High pressure tube twisting [57], 
continuous HPT-processing of wires [58], and Incremental HPT [59].  

In comparison to ECAP processed materials which are in bulk shapes and can be used 
for general-purpose applications, modified HPT techniques are mainly useful when 
materials in special shapes or specific purposes are required to be used such as in tubes 
or thin wires. This fact initiates the idea of fabricating HPT processed materials in bulk 
shapes if they can be extruded as a rod. This idea generated the fundamental concepts 
of “High Pressure Torsion Extrusion” or HPTE. As it will be shown in the following,  
in addition to the mechanism of torsional straining, this technique benefits by imposing 
extra strain through the mechanisms of expansion and extrusion. The concept of 
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expansion and extrusion was primarily implemented by Pardis et al [60]  in a modified 
SPD technique called “Cyclic Expansion-Extrusion” (CEE) which was a variation of the 
conventional method of “Cyclic Extrusion-Compression” (CEC) [45]. It has been  
shown that CEE can evolve the microstructure and hardness of materials by means  
of consecutive expansion and extrusion in several passes without any need for  
back-pressure [61]; the same concept has also been implemented in HPTE.  

As it will be illustrated in the next section, HPTE has the advantage of using variable 
process parameters (such as extrusion speed which directly affects the amount of 
deformation) while in other conventional SPD methods, process parameters are usually 
dependent on die geometry and are not changeable during processing. For instance,  
in the case of ECAP, the main process parameters are the channel angle ϕ, and corner 
angle ψ (see Figure 2); and they are fixed after die manufacture. This fact makes HPTE 
more attractive in terms of applying a wider range of deformation to the materials.  
In order to better understand the effect of HPTE on materials, HPTE experiments are 
accompanied by ECAP in this study to employ a comparative approach to the effect of 
SPD processing on materials. ECAP is believed to be the most predominant SPD technique 
in the processing of bulk nanostructured materials owing to its simplicity and rather  
low-cost productivity. A large number of research studies are available in the literature 
using this technique for processing of different materials. Both ECAP and HPTE share 
some common aspects such as processing of bulk billets, extruding the materials to apply 
deformation, and the possibility of re-extruding the same sample for further 
deformation; nevertheless, the amount of strain, mechanics of deformation, and the 
resulting properties in materials are different in each technique. Methodology of the 
experiments and the results of experiments obtained by each technique will be 
elaborated in the following chapters.  

2.3. Principles of High Pressure torsion Extrusion (HPTE) 
The Principal mechanism of deformation in HPTE is based on torsion. That is to say, 
compressive torsional strain in the deformation zone is applied to the materials.  
By extruding the sample, each section of the billet passes through the deformation zone 
and undergoes this torsional straining. Additionally, due to the special shape of the 
deformation zone which is conical, materials will experience two additional deformations 
of expansion and extrusion (see Figure 3). 

HPTE facility is a computer-controlled machine (manufactured by W. Klement GmbH) 
and is composed of upper die, lower die, and punch which are made of tool steel. The 
upper die is fixed, but the lower die is attached to an electromotor by a chain and can 
rotate with a rotational speed of ω to apply torsional stress to the material. The punch is 
attached to a hydraulic press to extrude the specimen (with an extruding speed of υ) 
through the channel. This channel varies in diameter within different sections: D0=12 
mm, the diameter at the inlet channel; D1=14 mm, the diameter at the deformation zone; 
and D2= 10.6 mm, the diameter at the outlet channel (see Figure 3-b).  
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Figure 3. (a) HPTE die components; (b) Schematic illustration of HPTE die and the parameters 
[paper I]. 
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Torsional straining of the specimen is possible by rotating the die only if the frictional 
torque (provided by the die) is enough to prevent the specimen from slipping on the 
surface of the die. To meet such conditions, some jutting elements have been provided 
in the deformation zone of the channel to provide this engagement and to restrain the 
specimen (Figure 4). 

 

Figure 4. (A) Wireframe representation of the die demonstrating the jutting elements inside the 
die; (B) Cross-section of the die; (C) A piece of workpiece extracted in the middle of the process; 
the effect of the jutting elements can be seen on the workpiece [Paper V]. 

 

Once the punch extrudes one specimen, the process stops, the punch rises from the die; 
a new specimen will be inserted and then, the process starts over. In this way, the whole 
length of the specimen gradually passes through the deformation zone and experiences 
torsional straining as well as expansion and extrusion.  

Equivalent strain in HPTE depends on the rotational speed of the die (ω), the inverse 
value of extruding speed (1/υ), the radial distance from the central axis of the billet (R), 
the ratio of the channel diameters (D1/D0), (D1/D2), and can be calculated by Eq. 4 [62]. 

𝜀𝜀�̅�𝐻𝐻𝐻𝐻𝐻𝐸𝐸 = 2 𝑙𝑙𝑙𝑙 𝐷𝐷1
𝐷𝐷0

+ 2 𝑙𝑙𝑙𝑙 𝐷𝐷1
𝐷𝐷2

+ 2𝜋𝜋∙𝜔𝜔∙𝑅𝑅∙𝐷𝐷1
√3∙𝑣𝑣∙𝐷𝐷2

       (4) 

In this Equation, the first and second terms come from expansion and extrusion, and 
since the diameters are fixed, their corresponding values will not change. The third term 
is resulted from torsion and may vary depending on the extruding speed (υ), rotational 
speed (ω), and the distance from the central axis of the billet (R). Theoretically, in a 
specific specimen, the strain caused by torsion in the center is zero since R=0, and the 
only imposed strain originates from expansion and extrusion. The maximum deformation 
is applied to the area near to the edge of the specimen, where R obtains its maximum 
value (the farthest points from the center). Increasing the amount of ω or reducing the 
amount of υ results in increasing the total value of strain (𝜀𝜀)̅ imposed on the specimen.  
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As it is demonstrated in Figure 5, one advantage of HPTE due to the presence of 
torsion is the steep gradient velocity in materials flow during processing which makes it 
possible to fabricate hybrid materials with helical architecture [62].  

 

Figure 5. Demonstration of fabricating helical architecture by HPTE; (a) sample before processing, 
(b) sample after processing [62]. 
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3. MODELING AND SIMULATION OF HPTE BY FINITE
ELEMENT ANALYSIS

This chapter will focus on CAD modeling of HPTE as well as simulation of the process by 
Finite Element Analysis (FEA). The aim of this chapter is to study the effect of HPTE 
processing on materials flow and imposed strain. Subsequently, the correlation between 
the strain and radius in the cross section of the HPTE specimens will be presented.  

3.1. Modeling and simulations 

3.1.1. Drafting and modeling 
CAD modeling of the die was made by SOLIDWORKS®2016 based on the exact dimensions 
of the die. Then, the drafts were imported to Deform-3D, Ver11 for FEA simulations. 
Assumptions for simulations rest on the following conditions: Neglecting the generated 
deformation-heat during processing, considering the die as a rigid body, and friction 
coefficient of 0.4 [Paper V].  

3.1.2. Simulation of the process 

3D modeling of the die and workpiece were imported to DEFORM for simulations. 
Tetrahedral elements (4 nodes) were selected for meshing procedure. However, mesh 
size should be selected carefully as this parameter directly affects the accuracy of the 
results [63]. As a rule, the smaller is the mesh size, the more accurate is the result. 
However, decreasing the mesh size will sharply increase the computation time.  Hence, 
there should be an optimal value for the mesh size where the results are good enough, 
but computation time is not too long. The optimum value can be found by the mesh 
convergence study as presented below. Using DEFORM, the operator may control the 
mesh size by changing the total number of elements (see Figure 6). In this study, different 
element numbers ranging from 8000 to 25000 have been selected, and extruding load as 
the target was evaluated to analyze the mesh sensitivity. Table 1 shows the predicted 
values of force and the required time for running the simulations. 

Figure 6. Demonstration of three different mesh sizes in simulations. 
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Table 1: Effect of meshing procedure on extrusion force and running time for simulation 

Number of elements Predicted force [kN] Required time for 
simulation [h] 

8000 23 0.5 

10000 32 0.8 

12000 41 1 

15000 43 1.5 

20000 41 2 

25000 42 2.5 

 

Mesh sensitivity diagram is plotted in Figure 7. As it can be seen, the sensitivity of the 
mesh size after selecting 12000 elements disappeared. Therefore, this mesh size (with 
an average length of 2mm for each element) has been chosen as the optimum value for 
the simulations in this work. 

 

Figure 7. Mesh sensitivity diagram. 

In order for validating the simulation results, one experiment with the extrusion 
speed of υ=7 mm/min and rotational speed of ω= 1 rpm was performed to measure the 
required force for extrusion of the sample through the die; and validation was satisfied 
by comparison between the experiment and simulations with a relative error of 6 %. 

Figure 8 shows the simulated models of HPTE in which the side view and cross section 
of the specimens are shown to illustrate the distribution of stress, strain and strain rate 
in HPTE. As it can be seen in the distribution of strain, the highest values of strain are 
located at the periphery of the specimen, near to the edge, which are in conformity with 
the equation of strain in HPTE (Eq. 4). 
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Figure 8. Illustration of stress (a), strain (b), and strain rate (c) in HPTE specimen. 

In order to compare the results of simulation with theoretical values obtained by 
Eq.4, twenty nodes from the cross section of the specimen were selected through a line, 
evenly spaced apart from each other (see Figure 9), and the corresponding value of each 
node along with its theoretical counterpart was plotted in Figure 10. 
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Figure 9. Selection of random nodes from the cross section of the specimen. 

As it is demonstrated in Figure 10, the two graphs show the same increasing trend, 
confirming the intrinsic nature of torsional straining in HPTE specimens. Nonetheless, 
there is a slight discrepancy between the two graphs that is related to the effect of 
friction which was not taken into account in the theoretical equation of strain (Eq. 4), 
while this friction was considered in the simulations between the material and the die.  

 

Figure 10. Distribution of strain in the cross section of HPTE specimen; simulation vs. theory.  
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4. SPD PROCESSING OF ALUMINUM
This chapter presents the experimental procedures performed on aluminum by HPTE and 
ECAP. The main aim of this chapter is to establish a detailed analysis about the effect of 
HPTE versus ECAP on the microstructure and hardness of materials. Moreover, 
a comparative analysis will be conducted to evaluate the results obtained here compared 
to the results reported in the literature about SPD processing of aluminum.  

4.1. Methodology of experiments 

4.1.1. Materials and characterization techniques 
Commercially-Pure (CP) aluminum AA1050 (Al 99.5) with the purity of 99.5 wt% was 
annealed at 345ᵒC for 30 minutes and then cooled to room temperature. In order for 
microstructural observations, samples were mechanically polished and then 
electropolished at 20 V and 1 A for 8 seconds at room temperature using a solution of 
70 vol.% ethanol, 20 vol.% perchloric acid, and 10 vol.% glycerin. The images were taken 
from the cross section of the billets (transversal direction) in ECAP and HPTE samples. 
Microstructural observation of HPTE samples was performed at three different locations 
on the cross section of the samples: in the center, in the mid-radius region (≈2.7 mm 
from the central axis of the samples) and in the edge zone (≈4.5 mm from the central 
axis). 

An optical microscope of “Nikon Eclipse Ci-L” was implemented to take an image from 
the annealed sample. SEM images were obtained by using “Ultra-55 Ziess” microscope 
running at 15 kV in electron-backscattered mode. Electron backscatter diffraction (EBSD) 
imaging was carried out by using FEI Quanta 3D scanning electron microscopes operating 
at 20 kV. The images were taken from the cross section of the samples, perpendicular to 
the extrusion direction. The scanning step size in EBSD was about 25 nm, which 
corresponds to one-pixel size. To eliminate disputable orientations caused by orientation 
noise, a 2°criterion was used as the lowest limit for misorientation. A cut-off value of 15° 
was employed to differentiate between the low-angle grain boundaries (LAGBs) and 
high-angle grain boundaries (HAGBs).  

X-ray Diffraction (XRD) patterns of the samples were obtained by a “PANalytical 
Empyrean” facility with a copper anode (CuKα radiation of λ=1.5406Å), operated at 
45 kV, and 40 mA with a pixel detector in Bragg-Brentano geometry. Scans were carried 
out in a 2θ range from 36° to 120° with a scan step of 0.013° and 10 seconds per step in 
continuous rotating mode. PANalytical Highscore Plus-Version 3.0 was used for 
refinement and analysis of the patterns. Williamson-Hall method [64] was employed to 
predict the microstructural parameters of the processed materials, and thereby, 
estimating the values of crystallite size and dislocation densities. 

Microhardness of the samples was measured by a “Micromet-5104” in Vickers scale 
with a load of 1.96 N (200 gr) and a dwell time of 15 s. Indentation was applied in several 
points along two perpendicular diameters in the cross section of the samples (Figure 13-a), 
each point spaced apart from the other one evenly with a distance of 0.9 mm. 

Compressive strength of HPTE processed samples was measured by A “SHIMADZU” 
universal testing machine on the samples in accordance with ASTM E9-89a [65]. It should 
be noted that although tensile test is a common technique for mechanical-property 
evaluation, in this scenario since the HPTE processed billets are supposed to be soft in 
the core and hard at the peripheral zone, preparation of dumbbell-shaped specimens 
and performing the tensile test on these samples might not be a good choice to represent 
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the whole characteristics of the material as a unique feature. In this regard, compressive 
test was selected and performed on the samples at a compressive speed of 2 mm/min 
and a Teflon sheet was used as a solid lubricant; the criterion of the maximum 
length-reduction of 66.67 % (e=2/3) was established in the test.  

The relative errors for the measured values of microhardness, volume fraction of 
high-angle grain boundaries (VHAGB), compressive strength, grain size, and dislocation 
densities were 2, 5, 5, 10, 20 %, respectively. 

4.1.2. HPTE processing of aluminum 
Aluminum samples were cut into a length of 35 mm and a diameter of 11.8 mm to obtain 
the desired dimensions for HPTE processing. 

HPTE experiments were performed at room temperature and Molybdenum Disulfide 
(MoS2) was used as a lubricant in all experiments to reduce the friction between the die 
and workpiece. The main process parameters of HPTE (extrusion speed, υ; and rotational 
speed, ω) are variable and user may choose different values to apply different range of 
strains to the materials. Due to the mechanism of deformation in torsion, the imposed 
strain on the material varies depending on the distance from the center (R) in the cross 
section of the sample. In this set of experiments, three different regimes were selected 
as shown in Table 2 with their corresponding strain values. All samples were processed 
in one pass of HPTE. 

Table 2: Notation of HPTE regimes and the corresponding process parameters 

HPTE 

Sample ID v [mm/min] ω [rpm] 

Equivalent strain [mm/mm] 

R [mm] 

0 0.9 1.8 2.7 3.6 4.5 

v7w1 7 1 0.9 1.5 2.1 2.7 3.3 3.9 

v1w1 1 1 0.9 5.2 9.5 13.8 18.1 22.4 

v1w3 1 3 0.9 13.8 26.7 39.7 52.6 65.5 

4.1.3. ECAP processing of aluminum 
Aluminum samples in the annealed conditions with a length of 130 mm and a diameter 
of 15.8 mm were processed for ECAP. The ECAP die used here was a parallel-channel 
ECAP die shown in Figure 11 with the die parameters of φ=110ᵒ and ψ =70ᵒ.  
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Figure 11. Parallel channel ECAP die. 

The equivalent strain that can be obtained by extruding the sample through each 
ECAP channel is equal to 𝜀𝜀 ̅= 0.78 mm/mm. Samples were processed for 4 and 8 passes 
of ECAP at room temperature by using route Bc by which the sample is rotated for 
90 degrees between consecutive passes and thereby produces fairly homogeneous 
properties in the material [Paper VI, Paper VII]. The following table shows the process 
IDs along with the corresponding equivalent values of strain in each regime. 

Table 3: Notation of ECAP regimes and the corresponding imposed strain 

Process ID Notes Equivalent strain [mm/mm] 
ECAP4 after 4 passes 3.1 
ECAP8 after 8 passes 6.2 

4.2. Results of experiments 

4.2.1. Compressive strength of HPTE samples 
Results of compressive testing of HPTE processed aluminum are presented in Figure 12. 
According to this graph, HPTE substantially improved the compressive yield strength and 
ultimate strength of materials after processing.  
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Figure 12. Stress-strain diagram obtained from compression test. 

Table 4 illustrates the corresponding values obtained by compression test for the 
processed samples beside the initial one. The yield strength in aluminum improved from 
the initial value of ~44 MPa to ~141, ~194, and ~207 MPa, in v7w1, v1w1, and v1w3 
samples, respectively, after processing. Sample v7w1 demonstrated a significant 
difference between the yield strength and ultimate strength in compression, whereas 
the other two samples (v1w1, v1w3) represented almost similar values in yield and 
ultimate compressive strength. 

Table 4: Compressive strength of HPTE processed aluminum 

Sample Yield Strength 
[MPa] 

Improvement 
rate in Y.S† [%] 

Ultimate Compressive 
strength [MPa] 

Improvement 
rate in U.C.S [%] 

Initial  44 _ 109 _ 

υ7ω1 141 220 175 60 

υ1ω1 194 340 195 79 

υ1ω3 207 370 209 92 

†. The improvement rates in Yield strength and Ultimate strength for each sample are measured 
based on comparison with the initial sample. 

4.2.2. Hardness evolution 
Hardness testing is a useful tool to demonstrate the effect of a hardening mechanism in 
metallic materials, especially when it comes into the evaluation of the effect of strain 
distribution on mechanical properties. Results of microhardness testing performed on 
the samples are shown in Figure 13. 
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Figure 13. a) Illustration of a specimen exposed to microhardness; b) Microhardness distribution 
in HPTE processed samples. 

The most homogeneous hardness distribution in this figure is found in the initial 
sample (annealed) with an average value of 28 HV0.2. ECAPed samples also showed 
rather a homogeneous distribution with the average hardness values of 47 and 51 HV0.2 
in ECAP4 and ECAP8, respectively. However, hardness distribution in the cross section of 
HPTE samples is basically inhomogeneous and represents a V-shape distribution; lower 
values of hardness are found in the central zone and higher values are distributed near 
to the edge (the peripheral zone). The minimum hardness values in the HPTE samples 
are 40, 46, and 60 HV0.2 located in the center, and the maximum values are 51, 64, and 
67 HV0.2 in the peripheral zone for the samples v7w1, v1w1, and v1w3, respectively. 
This V-shape distribution of hardness in the HPTE samples is in agreement with the 
distribution of strain along the diameter of HPTE sample shown in Figure 10. 

4.2.3.  Microstructural refinement 
As indicated before, the primary purpose of each SPD process is to reduce the grain size 
in metallic materials with the intention of improvement in material properties. Figure 14 
shows the microstructure of aluminum samples in annealed conditions (obtained by 
optical microscope) and ECAP processed conditions (obtained by SEM-Backscattered 
electron imaging).  
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Figure 14. Microstructural observation of annealed and ECAPed aluminum. 

The average grain size in the annealed case was measured as 130 µm and this value 
reduced to 1.1 µm in ECAP4 and 0.9 µm in ECAP8. 

As mentioned before, HPTE is supposed to present a gradient distribution of 
properties across the cross section of the sample due to the mechanism of torsion which 
was applied to the materials.  In order to demonstrate this gradient in the microstructure 
of the samples graphically, EBSD technique was implemented and three different 
sections for each regime (e.g. the center, the mid-radius, and the edge zone) were 
assessed for microstructural evolution. As it can be observed in  Figure 15, HPTE made 
different levels of grain refinement in the materials, depending on the regime and 
distance from the center. 
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Figure 15. EBSD mapping of HPTE processed samples. 

As expected, coarse grains are located in the center and finer grains are distributed 
near to the periphery. Figure 16, Figure 17, and Figure 18 represent the statistical analysis 
of the EBSD maps regarding the grain size and misorientation angles for each regime and 
each section. The values of average grain diameter (Dave) and volume fraction of  
High Angle Grain Boundaries (percentage of grain boundaries with the misorientation 
angle of above 15°- VHAGB) are inset into the graphs. 
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Figure 16. Distribution of grain size (left) and grain-boundary misorientation angles (right) for the 
v7ω1 sample. 
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Figure 17. Distribution of grain size (left) and grain-boundary misorientation angles (right) for 
the v1ω1 sample. 
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Figure 18. Distribution of grain size (left) and grain-boundary misorientation angles (right) for the 
v1ω3 sample. 

 In general, the average grain size decreased after processing in all cases. According 
to the results, there is a wide variation in the microstructure and volume fraction  
of HAGBs (VHAGB) in v7w1 sample by moving along the radius from center to edge  
(Dave=1.2 – 122 µm, VHAGB = 20 – 55 %). This variation is fairly smaller in v1w1 sample 
(Dave= 0.7– 9.9 µm, VHAGB = 48 – 55 %). Sample v1w3, however, showed the smallest 
variation in grain-size distribution and VHAGB along the radius (Dave= 0.7 – 1.9 µm,  
VHAGB = 65 – 66 %) and thereby representing more homogeneity in microstructure. 

Results of X-ray diffraction (XRD) patterns of the samples are presented in Figure 19. 
The patterns are presented on a normalized intensity basis. 
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Figure 19. XRD patterns of processed and annealed aluminum. 

Peak broadening of the diffraction patterns in the processed samples may be noticed 
in this image. This peak broadening, as mentioned in chapter 2, is a consequence of 
microstructural deformation [66] and can be employed to identify the crystallite size, 
micro-strains (lattice strain) and the dislocation densities which are retained in the 
materials. These parameters can be estimated by measuring the Full Width at 
Half-Maximum (FWHM) of the peaks and implementing Williamson-Hall equation (Eq. 5) 
[17,67]:  

𝛽𝛽𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽 =  𝐾𝐾𝐾𝐾
𝐷𝐷𝑐𝑐𝑐𝑐

+ 4𝜀𝜀. 𝑐𝑐𝑠𝑠𝑙𝑙𝛽𝛽  (5) 

In this equation, β is the peak broadening (FWHM) in radians, λ is the wavelength of 
the X-ray beam (λ=0.1542 nm for Cu-κα), K is the Scherrer constant (K≈ 0.94) [15,68], 
Dcr is the crystallite size, ε is the lattice strain, and θ is the Bragg angle. 

The experimental value of FWHM (βexp) encompasses the intrinsic value (β) and 
instrumental profile (βins) and it can be unfolded by using Eq. 6 [15] in which the 
instrumental profile is considered to be βins =0.026°: 

𝛽𝛽
  𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒

= 1 −  �𝛽𝛽𝑖𝑖𝑖𝑖𝑖𝑖
𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒

�
2

(6) 

Eq. 5 can be modeled as the equation of a line (y= ax + b); thereby, from the linear plot 
of 4sinϑ in X-axis, and β.cosϑ in Y-axis (Figure 20), the crystallite size (Dcr) and lattice 
strain (ε) can be extracted from the intercept and slope of the line, respectively [69,70]. 
Figure 20 shows the Williamson-Hall plots along with the extracted equations of linear 
curve fitting and corresponding R-squared values for each regression model. 
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Figure 20. Williamson-Hall plots obtained from XRD patterns; sample IDs are shown as insets 
within each graph. 

Using the estimated values of lattice strain and crystallite size, dislocation density (ρ) 
in the processed samples can be calculated by Eq. 7 [67,71,72]: 

𝜌𝜌 = 2√3 �𝜀𝜀2�
1
2

𝑏𝑏×𝐷𝐷𝑐𝑐𝑐𝑐
           (7) 

In this equation, b is the burgers vector and is equal to b= 0.286 nm in aluminum [66]. 
Accordingly, by substituting all known values, crystallite size, lattice strain, and 
dislocation density can be estimated as follows. 
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Table 5: Structural parameters of processed samples obtained by Williamson-Hall method 

Sample ID Crystallite size  
[nm] 

Lattice strain [%] Dislocation density   
[1013 𝒎𝒎−𝟐𝟐] 

V7w1 362 0.06 2.0  

V1w1 290 0.08 3.34  

V1w3 161 0.07 5.26 

ECAP4 483 0.05 1.25 

ECAP8 362 0.07 2.33 

 

According to Table 5, v1w3 encompasses the maximum amount of dislocation density as 
this sample received the highest amount of deformation (equivalent strain of 65 mm/mm 
at the edge zone; see Table 2), and ECAP4 contains the lowest amount of dislocation 
density compared with all other samples. 

4.3. Discussion and interpretation of results 
Results of experiments presented above showed that ECAP processing provides a 
homogeneous distribution of hardness in materials whereas HPTE makes a gradient 
distribution. This variation (from the center to edge) was also observed in the simulation 
of strain distribution (Figure 10). The trend of simulated strain distribution was in 
conformity with the trend of theoretical values of strain expressed by Eq. 4 (see section 
2.3). Results of hardness measurement clearly demonstrated this variation as well. 
Microstructural observation of the samples confirmed the fact that the finest grains in 
each regime are located in the edge zones, and coarse grains are found in the center  
(see Figure 15).  The main mechanism of deformation in the center is basically affected 
by extrusion as the component of torsion in this zone is zero in theory and the equivalent 
strain is 0.9 mm/mm in all samples (see Table 2). Nonetheless, the level of grain 
refinement in the center is totally different in each regime. According to the results, the 
average grain size in the center for the HPTE regime v7w1 is about 122 µm while this 
value for v1w1 is 9.9 µm and for v1w3 is 1.9 µm. The grains in the central zone of v7w1 
are distorted and heterogeneous whereas in the other two regimes, and especially in 
v1w3, grains are looked like to be more equiaxed and homogeneous. This phenomenon 
can be explained by "strain gradient plasticity modeling" [73] by which plasticity can 
spread into the center from the neighboring regions during processing depending on the 
process parameters. In the case of v1w3, extrusion is slow enough so that there will be 
enough time for the deformed materials affected by torsion to spread out the influence 
of torsion from the edge zone to the neighboring zones. In fact, the contribution of shear 
strain on deformation of the central zone increased by increasing the ratio of ω/v as the 
level of grain refinement in the central zone of the samples increased in the order of 
v7w1, v1w1, and v1w3. Effect of gradient plasticity is also evident in the results of 
hardness distribution (see Figure 13), where an extraordinary increase in hardness was 
observed in the central zone of v1w3 and hardness distribution along the radius was 
rather homogeneous but the other two samples showed a big difference in hardness 
between the center and the edge. The evolution of misorientations from low angle to 
high angle in the central zones of the samples can also reflect the gradient-plasticity 
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effect. An inspection of the volume fraction of HAGBs (VHAGB) in Figure 16, Figure 17, 
and Figure 18 showed that VHAGB increased from 20 % to 66 % in the central zones by 
increasing the ratio of ω/v. Table 6 collects all structural parameters and demonstrates 
this increasing trend clearly. 

The impact of gradient plasticity in the central zone of HPTE samples can also be 
traced in an earlier study accomplished on HPTE processing of copper, whereby 
increasing the ratio of ω/v from 

1
10

 to 1, noticeably increased the homogeneity of 
microstructure and hardness distribution from the center to edge [62]. These results 
imply this fact that changing the ratio of ω/v in HPTE, regardless of materials, may result 
in a heterogeneous or homogeneous structure in materials, depending on the chosen 
process-parameters and desired properties. 

Table 6: Results of experimental procedures on SPD processed aluminum 

Sample, 

location 

Strain 

[mm/mm] 

Average 

grain size 

(Dave) [µm] 

Average crystallite 

size† [nm] 

Lattice 

strain 

[%]

Dislocation 

density 

[1013/m2] 

Hardness 

[HV0.2] 

v7w1, center 0.9 122 

362 0.06 2.0 

40 

v7w1,  

mid-radius 
2.7 69 46 

v7w1, edge 3.9 1.2 51 

v1w1, center 0.9 9.9 

290 0.08 3.34 

47 

v1w1, 

mid-radius 
13.8 1.4 60 

v1w1, edge 22.4 0.7 64 

v1w3, center 0.9 1.9 

161 0.07 5.26 

60 

v1w3,  

mid-radius 
39.7 1.0 65 

v1w3, edge 65.5 0.7 67 

ECAP4 3.1 1.1 483 0.05 1.25 47 

ECAP8 6.2 0.9 362 0.07 2.33 51 

†. The values of FWHM in different sections of each HPTE regime were obtained the same; 
accordingly, the corresponding values of crystallite size, lattice strain, and dislocation 
densities are equal in the center, mid-radius and edge zone of each sample. 

Analysis of the microstructure of HPTE processed materials reveals that each sample 
experienced different levels of grain refinement and different grain size distribution 
across the cross section of the samples. Distribution of grain size in v7w1 varied widely 
along the radius of the sample (Figure 15). The average grain size of 122, 69, and 1.2 μm 
in the center, in the mid-radius (R≈ 2.7mm), and in the edge zone (R≈4.5mm) of the 
sample were observed respectively (see Figure 16). The volume fraction of HAGB (VHAGB) 
in the edge zone was considerably higher (55 %) than the ones in the mid-radius zone 
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(27 %) and in the center (27 %), suggesting this fact that the strain imposed on the sample 
v7w1 was not enough to introduce any microstructural saturation in this sample.  

The evolution of microstructure in the mid-radius and in the edge zone of the sample 
v1w1 showed similar levels of grain refinement, while having coarse grains in the central 
zone (see Figure 15). The average values of grain size in the center, in the mid-radius, and 
in the edge zone were 9.9, 1.4 and 0.7 μm, respectively. Volume fractions of HAGBs 
obtained from the three zones of this sample were fairly similar (48-55%; see Figure 17). 
In comparison with the results of v7w1, this sample showed less variation in the 
microstructural distribution. 

The most uniform distribution in HPTE microstructure was formed in v1w3  
(see Figure 15). The average grain size in the center, in the mid-radius, and in the edge 
zones were 1.9, 1, and 0.7 μm, respectively, showing the least variation in grain size 
among all three samples (see Table 6). It is noticeable that the highest HAGB fractions 
were measured in the sample v1w3 with nearly identical values from the center to the 
edge (65-66 %; Figure 18). 

Results of microstructural evolution in ECAP also showed a considerable grain 
refinement in materials in comparison with the initial case (see Figure 14). The average 
values of grain size in the ECAPed samples were measured as 1.1 µm and 0.9 µm in ECAP4 
and ECAP8 respectively. 

Evaluation of results on the grain refinement of aluminum in the present work 
showed that the finest grain size that can be achieved by SPD processing of aluminum is 
0.7 μm. This value was obtained by HPTE and by means of two different regimes: v1w3 
regime and applying an equivalent strain of ~65 mm/mm; and v1w1 regime at a lower 
strain of ~22 mm/mm. These results imply that although HPTE may provide extremely 
high amounts of strains, further grain refinement may not be possible due to 
approaching the saturation level in grain refinement of aluminum [Paper I]. In the case 
of ECAP, this level did not achieve even after eight passes of extrusion. Other research 
studies about SPD processing of aluminum AA1050 also agree with these findings.  
Two different studies about ECAP processing reported nearly similar values of grain size 
(0.85-1.1 μm) for the same aluminum alloy (AA1050) after eight passes of extrusion 
[74,75], while a research work about HPT of aluminum reported the grain size of 0.7 μm 
achieved in an equivalent strain value of ~95 mm/mm processed at room temperature 
[76]. It has been reported that grain refinement in pure metals and single-phase alloys, 
reach the saturation level within a strain range of 5 to 50 mm/mm [77]. However, in the 
case of dilute aluminum alloys processed by SPD at room temperature, it seems that the 
saturation level of 0.7 μm can be achieved within the strain range of 10-20 mm/mm.  

One subtle point that is worth to note here is the difference between the grain-size 
values obtained by electron microscopy and the crystallite-size values measured by XRD 
analysis. Although both methods showed the same descending order of size in HPTE and 
ECAP, the crystallite-size values are considerably smaller (see Table 6 for comparison). 
This difference was also noticed in other studies on SPD processed materials [15,70].  
This phenomenon can be explained by considering the fact that applying SPD processing 
on crystalline materials considerably increases the amounts of crystalline defects. 
Accumulation of these defects can form dislocations cells with small misorientations 
inside the grains [78]. Therefore, each grain may consist of different misorientations 
which are referred to as subgrains or dislocation cells [7]. In general, subgrains are not 
considered as a complete grain by electron microscopy analysis, though they are 
detectable by XRD analysis [79]. 
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The main expectation of SPD processed materials after grain refinement is to  
come up with an enhancement in mechanical properties, although some other 
physical/chemical properties such as thermo-electric properties [80], hydrogen-storage 
[81], [Paper III], and biocorrosion resistance [82] may also be improved. It has been 
approved that grain size in polycrystalline materials is the major factor in dictating the 
properties of materials [43]. A striking feature of this correlation between the grain size 
and strength is the hall-Petch relationship (Eq. 1) [2,3] which was discussed in section 
2.1. Reportedly, grain refinement by SPD in pure metals or dilute alloys can improve the 
strength by a factor of 3-8 [21]. In the present work, a considerable improvement 
occurred in the compressive strength of materials after HPTE processing as yield Strength 
of aluminum improved by the factor of 3.7 for the HPTE sample v1w3 (see Table 4).  
This improvement is evident in the stress-strain diagrams in Figure 12. Another point that 
is noticeable in this figure is the saturation of work hardening. The initial sample 
(Annealed) showed a big difference between the Yield Strength and Ultimate 
Compressive Strength (44 MPa vs. 109 MPa), while this difference reduced in the 
processed sample v7w1 (141 MPa vs. 175 MPa). This difference between the yield and 
ultimate strength almost vanished away in the other two processed samples as it was 
194 MPa vs. 195 MPa in v1w1, and 207 MPa vs. 209 MPa in v1w3, indicative of 
approaching the saturation level in strain hardening in the two HPTE samples v1w1 and 
v1w3. 

Results of hardness testing shown in Figure 13 reflected a significant improvement 
after applying both SPD techniques, although the rate of increase was different in ECAP 
and HPTE. This figure shows that the maximum hardness achievable by HPTE (67 HV0.2) 
is 1.3 times higher than the maximum hardness measured in ECAP (51 HV0.2). However, 
hardness distribution in the cross section of HPTE samples is basically inhomogeneous 
and has a V-shape pattern. In HPTE regime v7w1, the hardness in the center (40 HV0.2) 
is even lower than the hardness values measured in ECAP4 sample; while in the edge 
zone, the hardness value reaches 51 HV0.2 and the curve coincides with ECAP4 and 
ECAP8 in several points. 

Distribution of hardness in the sample v1w1 shows a range of variation from  
47 HV0.2 in the center to 64 HV0.2 in the edge zone. This graph also coincides with the  
hardness-distribution graphs of ECAP4 and ECAP8 in the center zone. 

Hardness distribution in v1w3 is rather homogeneous within the range of 60 to  
67 HV0.2. The lowest hardness value measured in the center zone (60 HV0.2) is 
remarkably higher than the highest value of hardness obtained by ECAP (51 HV0.2). 

It is noteworthy that the V-shape pattern of hardness distribution in HPTE processed 
aluminum can be observed in another study about copper [62] because of the inherent 
effect of torsional deformation [83]; as we will see in the following chapter, this pattern 
is also evident in hardness distribution of HPTE niobium samples. Due to the same 
reason, a similar V-shape pattern of hardness distributions can be found in earlier studies 
about conventional HPT processing in different materials such as aluminum [40,84–87], 
steel [88], and nickel [89].  

A detailed observation of the hardness graph in Figure 13, implies that hardness of 
the samples enhanced until a certain point and then approached a saturation level.  
In order to identify the saturation level of hardness and correlating the strain with 
hardness in HPTE, strain values corresponding to each point of the graph for the 
processed samples in Figure 13 were plotted against hardness, and a curve fitting 
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procedure was employed to extrapolate the data points (see Figure 21). The fitted curve 
in this figure is shown as a solid line.  

 

Figure 21. Microhardness vs. equivalent strain in HPTE samples. 

The following non-linear regression function (Eq. 8) was implemented to identify the 
fitted curve [90]. 

𝐻𝐻𝐻𝐻𝑅𝑅 = 𝐻𝐻𝐻𝐻𝑚𝑚𝑎𝑎𝑥𝑥 – (𝐻𝐻𝐻𝐻𝑚𝑚𝑎𝑎𝑥𝑥 –  𝐻𝐻𝐻𝐻𝑚𝑚𝑚𝑚𝑚𝑚) × 𝑐𝑐�−𝑎𝑎𝛆𝛆𝑏𝑏�    (8) 

where HVR is the non-linear regression function of hardness, HVmax = 67 HV0.2  
(the maximum experimental value of hardness), HVmin = 42 HV0.2 (the minimum 
experimental value of hardness); “a” and “b” are the fitting parameters and can be 
determined by minimization of the sum of squared differences of the experimental data 
points and the model. The algorithm of minimization is shown in Eq. 9: 

𝐴𝐴 = Σ(𝐻𝐻𝐻𝐻exp − 𝐻𝐻𝐻𝐻R)2 | 𝑀𝑀𝑠𝑠𝑙𝑙 𝐴𝐴                    (9) 

where HVexp is the set of data points calculated by experiments; and A is the least possible 
value of sum of squared differences. Using the algorithm introduced in Eq. 9 and iterative 
minimization of A, “a” and “b” were determined as “a = 0.17” and “b = 0.83”.  

By substituting the known parameters in Eq. 8, it can be rewritten as: 

𝐻𝐻𝐻𝐻 = 67 − 25 ∗  𝑐𝑐�−0.17𝜀𝜀0.83�                     (10) 

Eq. 10 represents an empirical relationship between hardness and strain in aluminum 
processed by HPTE, regardless of the HPTE regimes. However, some data points in this 
model which correspond to the central zone of the sample v1w3 showed some deviation 
from the curve at low values of strain (see Figure 21). This phenomenon can be explained 
by considering the effect of gradient plasticity. As mentioned earlier, at higher ratios of 
ω/v, the plastic deformation may spread out from the surrounding areas into the central 
region and affects the microstructure and hardness of materials, although the nominal 
value of torsional strain is near to zero in the central zone. Accordingly, the hardness 
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values obtained from the central zone of the sample v1w3 are extraordinarily higher than 
expected and do not match the fitted curve [Paper I]. 

There are two subtle points here to notice about the saturation hardness. First, 
Figure 21 offers that the trend of hardness in HPTE processed aluminum approaches the 
saturation level of 67 HV0.2 and this level is achievable already at strain values of 
~20 mm/mm, and imposing any further strain on the material does not make any 
noticeable change in the hardness results. 

Second, the saturation hardness in HPTE processed aluminum, which was obtained 
at 67 HV0.2, is significantly higher than the maximum value obtained by ECAP (51 HV0.2; 
see Table 6). A detailed review in the literature about the hardness evolution of 
commercially pure aluminum (CP-Al) in ECAP and other SPD techniques may clarify this 
fact. The following tables have summarized the hardness evolution of CP-Al processed 
by ECAP and HPT presented in the previous studies.  As shown in Table 7, the maximum 
achievable value of hardness by ECAP barely exceeded 56 HV, while this value in the 
conventional HPT (Table 8) extended to the range of 62-65 HV.   

This difference in hardness properties can be explained by considering the 
microstructural evolution of materials undergone during each process. In the present 
work, extreme grain refinement up to 0.7 µm with high amounts of dislocation densities 
up to 5.3×1013/m2  was achieved by HPTE whereas the maximum grain refinement in 
ECAP occurred at 0.85 µm with the dislocation densities of 2.3×1013/m2  (see Table 6). 
In addition, volume fraction of HAGBs in HPTE increased up to VHAGB= 66%,  while 
microstructural studies accomplished earlier on ECAP  showed lower HAGB fractions 
(40-58 %) and relatively larger grain size (in the range of 1 µm) [74,75]. Indeed, smaller 
grain size along with higher dislocation densities and higher fraction of HAGBs act as 
barriers against the dislocation movements and increase the strength of the material and 
thereby promising the higher hardness values in HPTE. 
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Table 7: Maximum hardness values obtained by ECAP and miscellaneous SPD techniques 

Material Process Process 
parameter 

Number 
of passes 

Route Temp. Reported 
hardness 

value 
[HV] 

Ref. 

1 AA1050 ECAP φ = 110 
ψ = 70 

8 Bc R.T 51 Current 
study 

2 AA1050 ECAP φ = 90 
ψ = 20 

8 Bc R.T 54 [91] 

3 AA1050 ECAP φ = 90 
ψ = 20 

8 Bc R.T 51 [92] 

4 AA1050 ECAP φ = 90 
ψ = 20 

8 Bc Cryo 
T. 

53 [92] 

5 AA1050 ECAP φ = 90 
ψ = 20 

8 Bc Cryo 
T. 

54 [93] 

6 AA1050 ECAP φ = 90 
ψ = 20 

6 Bc R.T 56 [94] 

7 AA1050 ECAP φ = 90 
ψ = 0 

8 Bc R.T 60 [74] 

8 Pure 
aluminum 
(99.99 wt%) 

ECAP φ = 90 
ψ = 20 

8 Bc R.T 44 [95] 

9 AA1050 ECAP φ = 120 
ψ = 20 

8 A R.T 52 [96] 

10 AA1050 CEE - 1 cycle - R.T 52 [60] 
11 AA1050 ARB 50% 

reduction 
in each 
cycle 

5 cycles - R.T 63 [97] 

12 AA1050 Incremental  
(l-ECAP) 

φ = 90 
- 

8 Bc R.T 59 [98] 

13 AA1050 Ultrasonic-
assisted ECAP 

φ = 90 
ψ = 3 

1 - R.T 51 [99] 

14 AA1080 Integrated 
ECAP and 
direct-
Extrusion die 

φ = 90 
ψ = 20 
Extrusion 
ratio: 8 

1 - R.T 52 [100] 

15 AA1070 ECAP φ = 90 
ψ = 20 

8 Bc R.T 52 [101] 

16 AA1050 Dual-Equal 
Channel Lateral 
Extrusion (DECLE) 

φ = 90 
- 

6 - R.T 55 [102] 

17 AA1050 T-ECAP,
Integration of 
ECAP and 
torsion

φ = 90 
ψ = 36 
ω=0.9 
rad/sec 

1 - R.T 50 [103] 

18 AA1050 Cyclic forward-
backward 
Extrusion (CFBE) 

D=10mm 
d=2.5mm 

No of 
cycles: 1 

- R.T 52 [104] 

19 AA1050 Cold rolling - 92%
reduction 
ratio

- R.T 52 [105] 

20 AA1050 Accumulative 
Back Extrusion 
(ABE) 

- 3 - R.T 67 [106]  

21 AA1050 Repetitive Tube 
Expansion and 
 Shrinking 
(RTES) 

- One cycle - R.T 55 [107]
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Table 8: Maximum hardness values reported in the literature about CP-aluminum processed by 
HPT 

 Material Process Number of 
rotations 
[N] 

Pressure 
[GPa] 

Temperature Reported 
hardness 
value [HV] 

Ref. 

1 AA1050 HPT 5 turns 6 R.T 65 [108] 

2 AA1050 HPT 5 turns 6 R.T 65 [109] 

3 AA1050 HPT 15 turns 1 R.T 53 [110] 

4 AA1050 HPT 8 turns 1 R.T 62 [87] 

5 AA1060 DHPT 5/72 turns  
(25 deg.) 

1.33 R.T 55 [111] 

6 CP-Al 
(99.9 wt%) 

HC-HPT  1/2 turns - R.T 53 [112] 

 

It should also be noticed is that according to the results obtained in this work, 
increasing the hardness by ECAP up to 51 HV0.2 required eight times of extrusion 
through the ECAP die; whereas achieving higher level of hardness (67 HV0.2) with finer 
grain size was readily attainable by HPTE and within one pass of extrusion. These results 
signify the effectiveness and time efficiency of HPTE in the improvement of hardness and 
grain refinement in materials.  

The last point that is worth to note here is that the nominal equivalent strain in ECAP 
is basically constant in each pass since it only depends on the die geometrical 
parameters, ϕ and ψ (see Eq. 3, section 2.1.3), while in HPTE, strain not only depends on 
the geometry but also on the process parameters of υ and ω (see Eq. 4, section 2.3).  
In other words, the main effective process parameters in ECAP are fixed after die 
manufacture and operator can increase the amount of strain only by increasing the pass 
number of ECAP whereas in HPTE, the main process parameters are changeable, and 
operator has this possibility to choose a wide range of strains (from 0.9 to 65 mm/mm) 
within one pass of HPTE.  
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5. SPD PROCESSING OF NIOBIUM
This chapter describes the experiments performed on niobium via HPTE and ECAP. 
The aim of this chapter, in parallel to the previous chapter, is to evaluate the effect of 
HPTE in comparison with ECAP, on the microstructure and hardness in a different 
material (niobium) with different crystal structure. Firstly, the methodology of 
experiments will be delineated and then, the results of experiments comprising 
microhardness testing and microstructural refinement will be demonstrated and 
discussed in detail. 

5.1. Methodology of experiments 

5.1.1. Materials and characterization methods 
Niobium samples with the purity of 98.5 wt.% were received in bulk shapes and then 
prepared for processing. Materials characterization methods for SEM, hardness testing 
and X-ray diffraction patterns were described earlier in section 4.1. EBSD analysis was 
performed by Esprit-2.1 Bruker operating at 20 kV. The EBSD image of the HPTE sample 
was taken from the edge zone (a distance of R≈4.5 mm from the center). 
The relative errors for the values of microhardness, VHAGB, grain size, and dislocation 
densities were 3, 5, 5, and 15 %, respectively.  

5.1.2. HPTE experiments 
Samples were cut and prepared in the exact dimensions described in section 4.1.2 for 
HPTE. Experiments were performed at room temperature for one pass of HPTE and 
extrusion speed of υ=7 mm/min and rational speed of ω=1 rpm (v7w1) was applied to 
the samples. 

5.1.3. ECAP experiments 
ECAP processing of niobium samples was accomplished by using a modified ECAP die 
called Indirect-Extrusion ECAP (IE-ECAP) with the channel angle of ϕ=90° and corner 
angle of ψ=0°. This technique takes advantage of indirect extrusion for extruding the 
samples through the die and thereby, decreasing the friction during extrusion [Paper II], 
[55]. IE-ECAP is useful when extruding hard materials such as tantalum particularly at 
higher pass numbers of extrusion [Paper II]. Figure 22 shows the sequence of extrusion 
through the die. 
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Figure 22. a) Die components of IE-ECAP in assembled configuration; b) Illustration of the progress 
of ECAP through the cross section of the die [Paper II]. 

Specimens of niobium were cut into the dimensions of 12×12×120 mm and then 
processed for one pass (ECAP1) and four passes (ECAP4) of ECAP using route Bc. 

Table 9 shows the sample IDs for HPTE and ECAP processed samples along with the 
corresponding equivalent-strain value in each regime. 

Table 9: HPTE and ECAP regimes for niobium and corresponding equivalent strain 

Sample ID Notes Equivalent strain [mm/mm] 

As-received Initial sample - 

ECAP1 ECAPed sample after 1 pass 1.15 

ECAP4 ECAPed sample after 4 passes 4.62 

HPTE HPTE regime v7w1 - Equivalent 
strain at R≈4.5 mm from the center 3.9 
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5.2. Results of experiments 

5.2.1. Microhardness evolution 
Results of microhardness testing on niobium samples are presented in Figure 23. 
The initial hardness value of 81 HV0.2 in the as-received sample increased by 35 % in 
ECAP1 with an average value of 109 HV0.2 and increased by 91% in ECAP4 with an 
average value of 155 HV0.2. The hardness distribution in the HPTE sample showed a 
V-shape distribution which is in agreement with the hardness distribution in HPTE 
processed aluminum, as shown in section 4.2, and HPTE processed copper presented in 
another research study [62]. The minimum hardness-increase of 198 % was obtained in 
the center of the HPTE processed niobium with a value of 241 HV0.2, and the highest 
hardness-increase of 252 % was achieved in the edge zone with the maximum value of 
285 HV0.2. 

Figure 23. Microhardness distribution in niobium samples. 

5.2.2. Microstructural refinement 
Results of grain refinement can basically demonstrate the impact of SPD processing on 
materials. Figure 24 shows an SEM image of the niobium sample in initial conditions, 
before processing with an average grain size of 12.6 µm.  
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Figure 24. Microstructure of as-received niobium revealed by Backscattered-SEM. 

The following figure illustrates the crystallographic orientation maps obtained by 
EBSD from the niobium samples after processing.  

Figure 25. EBSD mapping of niobium processed by different regimes. 

Statistical analysis of EBSD mapping including the grain size and misorientation-angle 
distributions are presented in Figure 26. According to these results, the initial grain size 
of 12.6 µm decreased considerably after processing to the average grain size of 2.26 µm, 
0.67 µm, and 0.49 µm in ECAP1, ECAP4, and HPTE, respectively. Moreover, HAGBs in 
these specimens constituted a high fraction of misorientation angles (VHAGB) with the 
values of 76 %, 86 %, and 84 % in ECAP1, ECAP4 and HPTE, respectively. 
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Figure 26. Distribution of grain size and misorientation angles in niobium samples; the average 
values of grain size (Dave) and volume fraction of HAGBs (VHAGB) are inset into the graphs. 

Results of XRD patterns may also confirm the trend of microstructural refinement in 
the niobium samples. Figure 27 shows the results of XRD patterns where peak 
broadening of the patterns is evident in the processed samples.  
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Figure 27. XRD pattern of niobium samples. 

In order to quantify the dislocation densities in the samples, Williamson-Hall method 
was implemented as explained earlier (see Eq. 5, section 4.2.3). Dislocation density in 
each sample was measured using Eq. 7 (see section 4.2.3) and considering the burgers 
vector as b=0.2858 nm in niobium [113]. 
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Figure 28. Williamson-Hall plots for niobium samples. 
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Table 10 collects the information obtained by the analysis of XRD patterns of niobium 
samples using Williamson-Hall plots shown in Figure 28. 

Table 10: Crystallographic parameters of niobium samples obtained by Williamson-Hall method 

Sample ID Crystallite size 
[nm] 

Lattice strain [%] Dislocation Density   
[1013 𝒎𝒎−𝟐𝟐] 

ECAP1 362 0.03 1.00  

ECAP4 290 0.05 2.09  

HPTE-v7w1 181 0.04 2.68 

 

As it can be seen in this table, the trend of microstructural refinement in terms of 
crystallite size is in conformity with that of grain refinement represented in Figure 26. 
Moreover, the amount of dislocation density in the processed samples which is indicative 
of accumulation of defects in materials, clarifies the trend of hardness-increase in SPD 
processed niobium shown in Figure 23. 

5.3 Discussion and interpretation of results 
Table 11 summarizes the results of experiments performed on niobium. These results 
confirmed the effect of HPTE on grain refinement in materials. As we saw in Figure 24 
and Figure 25, the initial grain size of 12.6 µm reduced to 2.26 µm and 0.67 µm in ECAP1 
and ECAP4 respectively; and the finest grain size was achieved in HPTE with an average 
value of 0.49 µm. In a similar manner, results of XRD analysis and peak broadening of the 
patterns indicated the refinement of microstructure in the processed samples. Analysis 
of XRD patterns showed an increasing trend in the dislocation densities by imposing 
further strain on the materials (see Table 11).  

Table 11: Results of experimental procedures on SPD processed niobium 

Sample ID Equivalent 

Strain 

[mm/mm] 

Average grain 

size [µm] 

Average 

crystallite size 

[nm] 

Lattice 

strain 

[%] 

Dislocation 

density 

[1013/m2] 

Hardness 

[HV0.2] 

ECAP1 1.2 2.26 362 0.03 1.0 109 

ECAP4 4.6 0.67 290 0.05 2.0 155 

HPTE-

v7w1 3.9 0.49 
181 

0.04 2.7 285 

 

 It should be noticed that the ultra-fine grain size of 0.49 µm in niobium via HPTE was 
achieved by one pass of extrusion, and the grain size of 0.67 µm was obtained after 4 
times of extrusion through ECAP die indicating more demands on time and effort for 
processing of the samples. Other studies about ECAP processing of niobium reported 
similar range of grain size after several passes of extrusions. An earlier study about ECAP 
processing of niobium with 1.4 wt% Y and 0.15 wt% of Ni showed the grain refinement 
of materials to an average level of 0.42 µm after 8 passes of ECAP [Paper II]. A research 
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study about ECAP processing of niobium with 1 wt% of zirconium reported an average 
grain size of 0.40 µm after 16 times of ECAP extrusions [114]. Another study on HPT 
processing of niobium showed the mean grain size of 378 nm after 10 rotations with a 
nominal pressure of 5.6 GPa in HPT die [115]. A comprehensive study about EACP 
processing of CP-niobium up to 24 passes claimed that this material reached the 
saturated grain size of 300nm after 8 passes of ECAP [113]. These results show that the 
new technique of HPTE was successful in grain refinement of niobium and approaching 
the saturation level as within one pass of HPTE extrusion and applying low amounts of 
strains into the material, an average size of 0.49 µm was achieved. 

Results of hardness testing provided in section 5.2.1 showed the effectiveness of 
HPTE on increasing the strength of niobium. As it was shown in Figure 23, the hardness 
of materials from the initial value of 81HV0.2 increased to the average value of 109 HV0.2 
in ECAP1 and to 155 HV0.2 in ECAP4, while the lowest hardness value in HPTE was 
measured as 241 HV0.2 in the central zone and it increased up to 285 HV0.2 in  
the edge zone. As expected, ECAPed samples exhibited a homogeneous distribution, and  
the HPTE-sample presented a V-shape distribution in hardness. The additional  
hardness-increase in HPTE can be explained by considering the finer size of grains in 
niobium as well as higher dislocation densities retained in the materials (see Table 11). 
As a matter of fact, decreasing the grain size in materials leads to an increase in the 
density of grain boundaries, and these grain boundaries along with the accumulation of 
dislocations pose as obstacles to dislocation slip; accordingly, materials will show more 
resistance to any further deformation [116]. 

It is also noticeable that the maximum value of hardness (285 HV0.2) which was 
achieved here by one pass of HPTE may require a couple of times of extrusion by ECAP 
to obtain a similar level of hardness. A quick review in the literature can confirm this fact. 
Table 12 shows the previous studies on SPD processing of niobium and the reported 
hardness values obtained by each process.  

Table 12:Maximum hardness values reported in the literature about SPD processed niobium 

 Material Process Number of 
passes/rotations 

Pressure (in 
HPT) [GPa] 

Temp. Reported 
hardness value 
[HV] 

Ref. 

1 98.5% Nb HPTE 1 P - R.T 285 Current 
work 

2 98%Nb ECAP 8 P - R.T 176 [Paper 
II] 

3 CP Nb HPT 10 R 5.6 R.T 256 [115] 

4 CP Nb ECAP 24 P - R.T 149*1 [117] 

5 High-purity 
Nb HPT 3 R 8 Cryo-

T 490* [118] 

6 CP Nb HPT 5 R 6 R.T 255* [119] 

7 99% 
Nb,1%Zr ECAP 8 P - R.T 240 [120] 

8 High-Purity 
Nb ECAP 8 P - R.T 140 [121] 

1. The starred values were reported in different scales (SI units, HB, etc.) but their equivalent Vickers values 
are shown here for consistency of the table. 
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According to the table above, the range of hardness values in the SPD processed 
niobium is near to the range of hardness in the HPTE processed sample (from the center 
to edge; see Figure 23) or even lower. There is only one exception in this table where 
cryogenic-HPT processing of niobium resulted in the maximum hardness of 490 HV.  
This extraordinary increase in hardness value can be associated with processing of the 
material at cryogenic temperature (T=80 K) which led to the presence of high density of 
defects and extreme grain-refinement to nanoscale (75 nm) with a non-equilibrium state 
in grain boundaries [118]. 

The results of this chapter together with the results of the previous chapter about 
aluminum revealed that HPTE is a powerful technique in reducing the grain size in 
materials to ultra-fine levels with enhanced mechanical properties. These achievements 
can be obtained only within one pass of HPTE implying its efficiency in labor- and  
time- consumption for processing of materials.  On the other hand, ECAP in both cases 
of aluminum and niobium proved to be a promising technique in providing a homogeneous 
structure in materials along with some enhancement in mechanical properties.  
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6. CONCLUSION 

 Concluding remarks 
This study carried out an investigation on a new technique of Severe Plastic Deformation 
(SPD) with the name of High Pressure Torsion Extrusion (HPTE) and compared it with 
ECAP which is one of the most well-known techniques in the society of SPD researchers. 
FEM simulations along with several experiments were performed on materials and the 
effect of this technique on the microstructure and hardness of materials was studied. 
The following outcomes can be addressed from this work: 

- Simulation of the HPTE process by Finite Element Method (FEM) demonstrated a 
gradient distribution in strain from the center to edge in the cross section of the 
specimens. This distribution was in conformity with the distribution of theoretical 
values of strain obtained by the equation of strain in HPTE.  

- It has been shown that the main process parameters in HPTE (rotational speed, ω, 
and extrusion speed, υ) are variable and by changing these parameters, it is possible 
to apply a wide range of strain (𝜀𝜀=̅ 0.9 to 65 mm/mm) to materials just within one 
pass of extrusion, whereas the main process parameters in ECAP (ϕ and ψ angles) 
depend on the die geometry and are fixed after die manufacture. However, it is 
possible to increase the amount of strain in ECAP by increasing the pass numbers of 
extrusion in order to accumulate more deformation in materials. 

- Due to the nature of torsion, HPTE imposed a gradient distribution in grain 
refinement and hardness in the cross section of the samples along the radius, from 
the central axis of the billets to the edge. Microstructural analysis of the samples 
showed that coarse grains are located in the central zone and ultra-fine grains can be 
observed in the edge zone, the farthest distance from the center.  It was also found 
that the ratio of rotational speed to extrusion speed (ω/v) can affect this gradient in 
microstructure from the center to edge. The higher is this ratio, the finer are the 
grains in the center, and consequently, the less is the variation of grain size. In fact, 
increasing this ratio makes the grain-size distribution more homogeneous in HPTE. 
This correlation between the ratio of ω/v and homogeneity is also valid in the 
hardness distribution of HPTE samples along the radius. 

- Comparison between HPTE and ECAP processing of commercially pure aluminum 
revealed that HPTE was able to reach the saturation level in grain refinement and 
hardness of materials only within one pass while ECAP was not capable of 
approaching this level even after eight passes of extrusion. The saturation levels of 
grain refinement and hardness achieved by HPTE were measured as 0.7 μm and  
67 HV0.2, respectively, whereas these values were limited to 0.9 μm and 51 HV0.2 in 
ECAP after eight passes. 

- Analysis of the results obtained by HPTE and ECAP processing of commercially pure 
niobium showed that applying nearly the same amount of strain using the two 
techniques, HPTE was able to achieve finer microstructure and higher hardness value 
in materials. The finest grain size and largest hardness value were achieved in the 
edge zone of HPTE sample with the values of 0.49 μm and 285 HV0.2, respectively, 
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while these values were measured as 0.67 μm and 155 HV0.2 in ECAP after four 
passes of extrusion. 

- Results of experiments showed that ECAP fabricates Ultra-Fine Grained (UFG) 
materials with homogeneous structure, whereas HPTE induces inhomogeneity at the 
cross section of the samples due to the mechanism of torsion. On the other hand, 
HPTE is capable of inducing large amount of deformation in materials along with 
enhanced mechanical properties only in one pass; in contrast, ECAP requires a couple 
of times of extrusion to obtain similar properties in materials and thereby, consuming 
more time and labor. In the final analysis, it can be concluded that HPTE appeared to 
be a time-efficient technique to fabricate UFG materials with enhanced properties to 
be considered for industrial applications. 

6.2. Scientific novelty 
A new technique in Severe Plastic Deformations (SPD) has been studied and evaluated in 
different aspects. It has been proved that this technique is able to impose high amounts 
of strains (above 60 mm/mm) on bulk materials just in one pass. This level of deformation 
was heretofore achievable by the conventional method of HPT and only in thin-disk 
samples. 

The main novelty outputs of this work can be addressed as follows: 

• For the first time, the effect of HPTE process-parameters on microstructure and 
mechanical behavior of materials was studied. 

• For the first time, a comparative analysis of ECAP and HPTE in microstructure 
and hardness evolution was conducted. 

• A non-linear regression model was developed to predict the hardness evolution 
with respect to the strain in aluminum regardless of the processing regimes. 

• The impact of process parameters of HPTE on materials evolution was studied, 
and a correlation between the ratio of rotational speed to extrusion speed (ω/v) 
and homogeneity of materials was proposed. 

6.3. Recommendations and future plans 
This study proved that HPTE made a substantial improvement in microstructural 
refinement and mechanical properties of materials. Compared to the conventional HPT, 
this new technique brings the advantage of fabricating nanostructured materials in bulk 
samples which makes it more suitable for practical applications. However, due to the 
relatively lower pressures used in this new technique (≈1 GPa) as compared to HPT,  
it might be problematic to process brittle or high-strength materials [Paper I]. 
Nevertheless, increasing the processing temperature may reduce the flow stress in 
materials and help the process to overcome the lack of high working-pressure.  

Processing of functional materials (such as metal hydrides for hydrogen storage or 
thermo-electric materials for automotive applications) is another interesting topic with 
great potentials for industrial applications. Although these materials have been studied 
and processed by HPT in the form of thin disks, fabrication of such bulk materials on a 
larger scale seems to be more suitable for practical applications. One part of this scheme 
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is under investigation to explore the influence of HPTE on metal hydrides and their 
absorption kinetics. 

Considering the fact of gradient distribution of hardness in the cross section of HPTE 
processed billets, research studies about the wear and tribological properties of these 
materials can be stunningly attractive since the processed samples are fairly hard at the 
periphery of the billet whereas the core is softer. As a result, it is expected that the 
periphery should be wear-resistant while the core retains the ductility. This subject 
requires further studies as it may open up new horizons for industries to avoid extra costs 
for abrasion resistant coating-technologies and produce high-strength materials with 
considerable wear resistance on the surface and yet, ductile in the core.  
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ABSTRACT 

Severe Plastic Deformation of Metals by Using High Pressure 
Torsion Extrusion 

This doctoral thesis presents a study on evaluation of a new technique in Severe Plastic 
Deformations namely High Pressure Torsion Extrusion (HPTE) and investigates the impact 
of its process parameters on the microstructure and mechanical properties of materials. 
Two types of metals, aluminum and niobium with fcc and bcc crystal structures were 
employed for processing in this study. In order to better understand the effectiveness of 
this technique, some experiments were performed on materials by using ECAP, and the 
results were compared with each other. HPTE takes advantage of the combination of the 
conventional method of HPT and extrusion. HPT as a famous SPD method for enhancing 
the microstructure and mechanical properties of materials, imposes the restriction on 
the thickness of the samples (maximum thickness of 1-2 mm); whereas the new 
technique fabricates bulk ultrafine-Grained (UFG) materials with similar attractive 
mechanical properties in cylindrical shapes.  

Due to the nature of torsional deformation applied by HPTE, there is a gradient 
distribution in the strain imposed on the cross-section of the samples, increasing from 
the central axis of the billet to the edge. This strain may vary in a wide range from 0.9 to 
65.5 mm/mm depending on the process parameters. Simulation of the process by Finite 
Element Analysis (FEA) demonstrated this gradient distribution graphically. 

SPD processing of aluminum alloy AA1050 (Al 99.5) was conducted by HPTE and ECAP 
at room temperature via different regimes. HPTE experiments were performed with 
three different regimes using different rotational speeds (ω, rpm) and extrusion speeds 
(υ, mm/min) as follows: υ7ω1, υ1ω1, υ1ω3. ECAP experiments were conducted in two 
regimes, ECAP4 after 4 passes, and ECAP8 after 8 passes of ECAP via route Bc. 
Microstructural analysis of the samples showed different levels of grain refinement from 
the initial grain size of 130 µm in the annealed sample to the final grain size of 1.1 µm 
and 0.9 µm in ECAP4 and ECAP8, respectively. Grain refinement in HPTE occurred in a 
wide range depending on the regime and the distance from center in each sample. 
However, the maximum grain refinement was achieved in the periphery-zone of the 
samples (near to the edge) with the final grain size of 1.2, 0.7, 0.7 µm, in υ7ω1, υ1ω1, 
υ1ω3, respectively. 

In a similar manner, the hardness of materials increased after processing depending 
on the processing conditions. The initial hardness value of 28 HV0.2 increased to the 
average values of 47 HV0.2 in ECAP4 and to 51 HV0.2 in ECAP8. The highest hardness 
values in HPTE were measured in the edge zone of the samples with the values of 51, 64, 
67 HV0.2 in υ7ω1, υ1ω1, υ1ω3, respectively. Results of XRD analysis also confirm the 
presence of higher dislocation densities in HPTE samples compared to ECAP. Results of 
hardness distribution in HPTE samples showed a gradual decrease by moving from the 
edge to the center, which is in conformity with the distribution of strain at the  
cross-section of the samples. Evaluation of the results of hardness with respect to strain 
revealed that saturation level in hardness occurred near to the stain value of 20 although 
HPTE was able to impose higher values of strains up to 65.5 mm/mm in materials.  
The saturation levels of hardness and grain size in aluminum were measured as 67 HV0.2 
and 0.7 µm, respectively.  



75 

In studying the effect of process parameters of HPTE on materials evolution, it was 
found that the ratio of ω/υ had a great impact on the homogeneity of the samples. 
Increasing this ratio increased the induced plastic deformation in the center zone and 
consequently, increased the homogeneity in the distribution of hardness and grain size 
at the cross-section of the samples.  

SPD processing of niobium was performed by using the HPTE regime v7w1 and ECAP 
regimes ECAP1 and ECAP4 through route Bc. Considerable grain refinement occurred in 
the processed sample as the initial grain size of 12.6 µm reduced to 2.26 µm in ECAP1 
and to 0.67 µm in ECAP4. The finest microstructure, however, was observed in HPTE with 
an average grain size of 0.49 µm in the edge zone. Correspondingly, the hardness values 
increased after processing, from the initial value of 81 HV0.2 to 109, 155, 285 HV0.2 in 
ECAP1, ECAP4, and HPTE (in the edge zone) respectively. However, the hardness 
distribution in HPTE showed a downward gradient from edge to center, similar to the 
case of aluminum, which is related to the inherent effect of torsion on strain distribution 
in materials. The lowest hardness value in HPTE processed niobium was measured as  
241 HV0.2 in the central zone of HPTE which is still higher than the highest hardness value 
in ECAP4. XRD analysis of the results proved the presence of higher dislocation densities 
in the HPTE sample as compared to the ECAPed ones. 

In an overall assessment, it can be concluded that HPTE is an effective technique in 
fabricating bulk-nanostructured metals. Increasing rate of 140% in the hardness of 
aluminum and 252 % in that of niobium confirm the striking effect of HPTE on the 
improvement of mechanical properties. Compared to the other SPD counterparts such 
as HPT and ECAP, this technique takes advantage of fabricating bulk samples with 
extreme grain-refinement, as well as providing a substantial improvement in mechanical 
properties within only one pass of extrusion. 
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LÜHIKOKKUVÕTE 
Metallide süvaplastne deformeerimine kõrgsurve-
väändeekstrusiooni meetodil 

Käesolevas doktoritöös uuriti metallide süvaplastse deformeerimise uudset tehnikat, 
nimelt kõrgsurve-väändeekstrudeerimist (HPTE) ja selle protsessi mõju puhaste 
metallide mikrostruktuurile ja omadustele. Doktoritöös uuriti kahte tüüpi kristallivõrega 
metalle: tahkkesendatud kuupvõrega  alumiiniumi ja ruumkesendatud kuupvõrega 
nioobiumi. HPTE meetodi tõhususe paremaks mõistmiseks viidi samuti läbi paralleelselt 
võrdkanalilise nurkpressimise (ECAP) katsed ja tulemusi võrreldi omavahel. HPTE kujutab 
endast tavapärase kõrgsurve-väände (HPT) ja ekstrusiooni meetodi kombinatsiooni. 
Materjalide mikrostruktuuri ja mehaaniliste omaduste parandamiseks tuntud SPD 
meetodist HPT korral on piiravaks katsekehade paksus (maksimaalne paksus 1-2 mm), 
samal ajal  kui uus HPTE tehnoloogia võimaldab toota silindrikujulisi ülipeenteralisi (UFG) 
materjale, milledel on sarnased atraktiivsed mehaanilised omadused. Kasutatavat 
väändedeformatsiooni HPTE meetodit iseloomustab silindrilise katsekehade ristlõikes 
struktuuri ja omaduste gradientjaotus keskpunktist servani, kuna deformatsioon võib 
varieeruda laias vahemikus alates 0,9 kuni 65,5 sõltuvalt katsekeha raadiusest ja 
protsessi parameetritest. Protsessi modelleerimine lõplike elementide analüüsi (FEA) 
meetodiga võimaldas seda gradientjaotust esitada graafiliselt. 

Puhta  alumiiniumi töötlus HPTE ja ECAP meetoditel erinevatel parameetritel viidi läbi 
toatemperatuuril. HPTE katsed viidi läbi kolmel erinevatel parameetrite 
kombinatsioonidel kasutades erinevaid pöörlemiskiirusi (ω, 1 / min) ja ekstrusiooni kiirusi 
(υ, mm / min) järgmiselt: υ7ω1, υ1ω1, υ1ω3. ECAP katsed viidi läbi kahel pressimiste 
arvul: ECAP4 (4 pressimist) ja ECAP8 (8 pressimist) BC marsruudil. Katsekehade 
mikrostruktuuri analüüs näitas terade peenenemise erinevaid tasemeid, alates 
lõõmutatud proovi algsest tera suurusest ~ 130 μm kuni lõpliku tera suurusteni 1.1 µm 
ja 0.9 µm vastavalt. Sõltuvalt parameetritest ja kaugusest silindrilise katsekeha 
keskpunktist servani toimus terade mõõtmete vähenemine HPTE ajal laias vahemikus. 
Proovide perifeerses tsoonis (serva lähedal) saavutati tera keskmiseks  suuruseks 1.2, 0.7, 
ja 0.7 μm parameetritel υ7ω1, υ1ω1, υ1ω3 vastavalt. 

Materjalide kõvadus suureneb töötlemise ajal sõltuvalt töötlemistingimustest. 
Mikrokõvaduse algväärtus  28 HV0.2  tõusis keskmistele väärtustele ECAP4 ajal kuni  
47 HV0.2 ja ECAP8 korral kuni 51 HV0.2 vastavalt. Kõrgeimad kõvadusväärtusi HPTE ajal 
mõõdeti katsekehade serva piirkonnas 51, 64, ja 67HV0.2, töötlemisreziimide korral 
υ7ω1, υ1ω1, ja υ1ω3 vastavalt. Röntgendifraktsiooni analüüs (XRD ja EBSD) tulemused 
kinnitavad ka suuremat dislokatsioonde tihedust HPTE katsekehadel, võrreldes ECAP 
katsekehadega. Kõvaduse jaotuse tulemused HPTE katsekehades näitasid servast keskele 
liikudes järkjärgulist vähenemist, mis on kooskõlas deformatsioonide jaotumisega 
katsekeha ristlõikes. Deformatsiooniastme tulemuste hindamine näitas, et küllastustase 
oli maksimaalsete väärtuste lähedal, ehkki HPTE korral materjalides oli võimalus 
kasutada kõrgemaid deformatsiooniastmeid (kuni 65,5). Alumiiniumi mikrokõvaduse ja 
tera suuruse mõõtmed olid 67HV0.2 ja 0,7 μm vastavalt. Uurides HPTE protsessi 
parameetrite mõju materjalide struktuuri kujunemisele, leiti, et suhe ω / υ avaldab suurt 
mõju katsekehade homogeensusele. Selle suhte kasv suurendas indutseeritud plastset 
deformatsiooni kesktsoonis ja sellega kõvaduse ja tera suuruse jaotuse ühtsust 
katsekehade ristlõikes. 
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Puhta nioobiumi SPD töötlemine viidi läbi HPTE-töötluse υ7ω1 režiimil ja ECAP 
režiimidel ECAP4 ja ECAP8 marsruudil BC vastavalt. Töödeldud katsekehades täheldati 
olulist tera mõõtmete vähenemist: algse tera suurus 12.6 μm vähenes ECAP4 juures kuni 
2.26 µm-ni ja ECAP8 juures kuni 0,67 µm-ni. Kõige peenemat mikrostruktuuri täheldati 
aga HPTE meetodil kuni keskmise tera suurusega 0,49 μm servatsoonis. Sellest tulenevalt 
kasvasid kõvaduse väärtused pärast töötlemist ECAP4, ECAP8 ja HPTE korral: 
algväärtusest 81 HV0.2 väärtusteni 109 HV0.2, 155 HV0.2, ja 285 HV0.2 (servatsoonis) 
vastavalt. Kõvaduse jaotumine HPTE korral näitas nioobiumi puhul sarnast servast 
allapoole suunatud gradienti, mis on tingitud materjali deformatsiooni jaotumisele 
omase väändeteguri mõjust. HPTE-meetodil töödeldud puhta nioobiumi madalaimaks 
kõvaduse keskmiseks väärtuseks mõõdeti  241 HV0.2 katsekeha kesktsoonis, mis on siiski 
kõrgem kui ECAP8 kõrgeim kõvadusväärtus. Tulemuste röntgendifraktsioonianalüüs 
kinnitas  suuremat dislokatsioonide tihedust HPTE katsekehades võrreldes ECAP 
katsekehadega. 

Üldiselt võime järeldada, et HPTE on tõhus meetod nanokristallilise struktuuriga 
puhaste metallide tootmiseks. Alumiiniumi kõvadusindeks tõusis 1.5 korda ja nioobiumil 
2.5 korda, mis kinnitab HPTE olulist  mõju metallide mehaanilitele omadustele. Võrreldes 
teiste SPD protsessidega, näiteks HPT-ga ja ECAP-ga, realiseerub selle meetodi korral 
maksimaalne terade peenendumisvõime materjalis, ning võimaldab ka nende 
mehaaniliste omaduste olulist paranemist vaid ühekordse ekstrusiooni tulemusena. 
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Article VI: 

F. Djavanroodi, B. Omranpour, M. Sedighi, Artificial Neural Network Modeling of ECAP 
Process, Mater. Manuf. Process. 28 (2013) 276–281.  
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Article VII: 

F. Djavanroodi, B. Omranpour, M. Ebrahimi, M. Sedighi, Designing of ECAP parameters 
based on strain distribution uniformity, Prog. Nat. Sci. Mater. Int. 22 (2012) 452–460. 
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Article VIII: 

L. Kommel, B.O. Shahreza, V. Mikli, Microstructure and physical-mechanical properties 
evolution of pure tantalum processed with hard cyclic viscoplastic deformation, Int. J. 
Refract. Met. Hard Mater. 83 (2019) 104983.  
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CURRICULUM VITAE 
Personal data 

Name& surname Babak Omranpour Shahreza 

Date of birth 21.0.3.1985 

Place of birth Esfahan 

Nationality Iranian 

Contact data babak.o@daad-alumni.de 
omranpou@uqtr.ca   

Education 

2008–2011 M.Sc. Iran University of Science and Technology, IRAN 

2003–2008 B.Sc. Iran University of Science and Technology, IRAN 

Language competence 

Persian Native 

English Fluent 

Spanish Basic 

Professional employment 

2016–Onward Post-graduate research assistant, Nuevo Leon State University – Mexico 

2017 Visiting research fellow, University of Quebec-Trois Rivieres (UQTR) – 
Canada 

2016–Onward Research partner, Karlsruhe Institute of Technology – Germany 

2014–2015 Research assistant – Italy 

2011–2013 Lecturer, University of Applied Sciences and Technology (UAST) – Iran 

Scholarship & grant awards 

Mexico, National Council of Science and Technology (CONACYT), 2016 

Germany, German Academic Research Service (DAAD), 2016 

Estonia, Archimedes Foundation, 2015 

IRAN, Iranian Nano Technology Initiative Council, 2010 
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ELULOOKIRJELDUS 
Isikuandmed 

Nimi: Babak Omranpour Shahreza 
Sünniaeg: 21.0.3.1985 
Sünnikoht: Esfahan 
Kodakondsus:  Iraani 
E-post: 

omranpou@uqtr.ca 

Hariduskäik 

2008–2011 MSC Iran University of Science and Technology-Iraan 
2003–2008 BSC Iran University of Science and Technology-Iraan 

Keelteoskus 

Pärsia emakeel 

Inglise kõrgtase 

Hispaania algtase 

Teenistuskäik 

2016-aastast  Teadusassistent, Nuevo Leon State University – Mehhiko 

2017 Külalisteadur, Quebec-Trois Rivieresi ülikool (UQTR) – Kanada 

2016-aastast Uurimispartner, Karlsruhe tehnoloogiainstituut (KIT) – Saksamaa 

2014–2015 Teadusassistent, Trento ülikool – Itaalia 

2012–2013 Lektor, Rakendusteaduste ja Tehnoloogiaülikool (UAST) – Iraan 

Stipendium ja anda auhinnad 

Mehhiko, riiklik teaduse ja tehnoloogia nõukogu (CONACYT), 2016 

Saksamaa, Saksa akadeemiline uurimisteenistus (DAAD), 2016 

Eesti, Archimedese Euroopa Sotsiaalfond, 2015 

Iraan, Iraani nanotehnoloogiaalgatuse nõukogu, 2010 

babak.o@daad-alumni.de
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