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Grain size is recognized as a key microstructural factor affecting mechanical and, to 
some extent, physical properties of metals and metallic materials. For this reason, 

all the means designed to control and modify the grain size are considered a proper 
way to design and tailor metallic materials with desired properties. In this sense, 
microstructure refinement through severe plastic deformation (SPD) techniques 

can be considered a key method for this purpose. A typical SPD process is currently 
defined as any method of metal forming under extensive hydrostatic pressure intended 
to impose a very high strain on a bulk solid without involving any significant change in 
the overall dimensions and having the ability to produce exceptional grain refinement. 
What makes SPD processing techniques so popular and attractive is the possibility of 

using them to enhance the strength behavior of conventional metallic materials by 
a factor of up to eight for pure metals such as copper and by some 30-50% for alloys. 
Despite the impressive property improvement achievable with SPD techniques, their 

uptake by industry has been rather sluggish. This book intends to give a panorama 
of the typical SPD techniques intended to optimize the mechanical and physical 

properties of metals through a significant grain size reduction process. Modeling for 
this purpose is also presented.
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Preface

Grain size is recognized as a key microstructural factor affecting mechanical and, to some
extent, physical properties of metals and metallic materials. For this reason, all the means
designed to control and modify the grain size are considered a proper way to design and
tailor metallic materials with desired properties. In this sense, microstructure refinement
through severe plastic deformation (SPD) techniques can be considered a key method for
this purpose.

A typical SPD process is currently defined as any method of metal forming under extensive
hydrostatic pressure intended to impose a very high strain on a bulk solid without involv‐
ing any significant change in the overall dimensions and having the ability to produce ex‐
ceptional grain refinement.

What makes SPD processing techniques so popular and attractive is the possibility of using
them to enhance the strength behavior of conventional metallic materials by a factor of up to
eight for pure metals such as copper and by some 30–50% for alloys. Despite the impressive
property improvement achievable with SPD techniques, their uptake by industry has been
rather sluggish.

This book intends to give a panorama of the typical SPD techniques intended to optimize
the mechanical and physical properties of metals through a significant grain size reduction
process. Modeling for this purpose is also presented.

In particular, this book presents original and recent state of the arts concerning two of the
major SPD techniques, that is, equal-channel angular pressing (ECAP) and high-pressure
torsion (HPT). Several case studies on different SPD techniques are here presented with
high-standard experimental methods and unique mechanical/microstructure results. The
grain size refinement stability upon high-temperature exposition is also discussed in a spe‐
cific contribution. Finally, a great attention has been driven in the modeling and simulation
of the grain size reduction potentials and limits involved in different SPD techniques.

Upon my personal experience of already 20 years of research activity in the field of SPD
techniques, and especially on ECAP of light alloys, I believe that the different chapters of
this book describe well the state of the art and the recent development of the most important
SPD techniques applied to metallic materials and alloys.

Marcello Cabibbo
DIISM/Università Politecnica delle Marche,

Ancona, Italy
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Chapter 1

Ultrafine-Grained Materials Fabrication with High
Pressure Torsion and Simulation of Plastic Deformation
Inhomogeneous Characteristics

Yuepeng Song, Wenke Wang, Miaomiao Chen,
Jing Guo, Lingfeng Xu, Dongsheng Gao and
Hyoung Seop Kim

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.68360

Abstract

Utilization of severe plastic deformation (SPD) methods has provided a convenient 
approach for producing ultrafine-grained (UFG) materials exhibiting outstanding char-
acteristics especially mechanical properties. HPT as one of the SPD methods can lead 
both to smaller grains and to a higher fraction of high-angle grain boundaries, which 
is an especially attractive procedure by researchers. In order to understand the nonlin-
earities relationship between the mechanical properties and the developed strain dur-
ing plastic deformation, local deformation analysis using the finite element methodwas 
applied for the HPT process. In this chapter, results are reported of an investigation on 
the deformed microstructure and mechanical properties of different materials samples 
during the HPT process using experiments and FEM simulations. Simulation results 
indicate that the disks show inhomogeneity development and distribution of strain and 
stress during the plastic deformation. Microstructure and hardness investigation results 
can give a well support to verify the rules of inhomogenous plastic deformation in the 
early stage of the HPT disks. Furthermore, the friction and anvil geometry play impor-
tant roles in the homogeneity of the deformation. After the hollow cone high pressure 
torsion (HC-HPT), the thermal stability of Zr64.13Cu15.75Ni10.12Al10 BMGs is enhanced, while 
the elastic modulus of BMG will be decreased.

Keywords: High Pressure Torsion (HPT), Ultrafine-Grained (UFG) Materials, Severe 
Plastic Deformation (SPD), Inhomogeneous Characteristics, Finite Elements Method 
(FEM)

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

In recent 20 years, the investigation on the micro-structural evolution of ultrafine-grained 
(UFG) materials surged tremendously due to outstanding characteristics of UFG materi-
als, especially mechanical properties [1–4]. UFG materials are defined as materials having 
equiaxed microstructures with average grain sizes less than 1 μm and with a high fraction of 
boundaries having high angles of misorientation. These UFG structures divide into materials 
having submicrometer materials where the grains are within the range of 0.1–1 μm and true 
nanometer level materials where the grain sizes are <100 nm. As described elsewhere, many 
literatures reveal that the UFG microstructures may additionally contain having sizes of the 
order of <50 nm and these observations led to the introduction of the nanometer level materi-
als [4–12].

Severe plastic deformation (SPD) processes have been studied extensively and used as con-
venient methods to manufacture ultrafine-grained, nanostructured metals, and their alloys 
[13–15]. Recently, several processing techniques existing metal forming processes have been 
designed such as continuous cyclic bending (CCB), twist extrusion (TE), equal channel angu-
lar pressing (ECAP), and so on. New techniques are often proposed, all of them rely on the 
idea that a high hydrostatic pressure is necessary to avoid cracking, for a review see [16–25]. 
Among these SPD methods, the HPT process is particularly noteworthy because it can pro-
duce finer grains, with a higher fraction of high-angle grain boundaries, than can the other 
SPD methods [5, 8, 26–29].

The origin of HPT processing may be traced to a classic literature, written by Bridgman and 
published in the Journal of Applied Physics in 1943, entitled “On Torsion Combined with 
Compression” [30]. This fundamental concept formed the basis of a series of experiments con-
ducted by Professor Bridgman, the Hollis Professor of Mathematics and Natural Philosophy 
at Harvard University.

The constrained HPT is the main study point presently, in which there was some limited 
outward flow of material between the upper and lower dies. The principle of the constrained 
HPT process is that a sample, generally in the form of a thin disk, is subjected to high pressure 
between massive anvils and then processed through the application of torsional straining. 
One die is turned at a given rotation speed and surface frictional forces deform the sample 
by shearing so that deformation proceeds under a quasi-hydrostatic state. The HPT process 
consists of two stages based on the motion of the lower dies and the samples, as shown in 
Figure 1: first the compression stage and next the torsion stage.

During the torsion stage, the compressive pressure is generally kept constant. The high-
imposed compressive hydrostatic pressure prevents any cracking of the sample inside of the 
die, and the low thickness to diameter ratio results in the production of a high strain during 
the die rotation.

Although the general principles of HPT processing were first proposed over 70 years 
ago, the processing has become of general scientific interest only within the last 20 years. 
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Moreover, it is only within the last 10 years that a number of extensive reports documenting 
the processing and properties of materials produced by HPT have started appearing in the 
scientific [5, 26, 27].

In the range of 20 years, there are many reports on preparing bulk UFG metallic materials 
with high pressure torsion. Kaveh Edalati form an ultra-grained structure with a grain size of 
∼180 nm with pure Hf by high pressure torsion under pressures of 4 and 30 GPa. In the study 
of I. Sabirov, Al6061-10 pct SiC and Al6061-20 pct Al2O3 powder metallurgy (PM) MMCs with 
clustered particle distribution in the as-fabricated condition are subjected to HPT at room 
temperature. The evolution of the microstructure during HPT is investigated. D. Gunderov 
from the Ufa State Aviation Technical University produced nanocrystalline Ti49.4Ni50.6 alloy 
in the shape of a disk 20 mm in diameter using high pressure torsion successfully. The effect 
of an UFG structure formed in an aluminum alloy 1570 using severe plastic deformation by 
HPT at room temperature and at temperature of 100 and 200? on the mechanical properties 
(strength and plasticity) has been investigated by M. Yu. Murashkin. Disks of Cu60Zr20Ti20 
composition were produced with HPT by Zs. Kovacs and the inhomogeneous microstructure 
of the central region consist of particles of about 50 μm and a surrounding matrix.

Presently, there are at least three aspects existing controversy in HPT field: Firstly, HPT pro-
cessing consists of two stages (compression stage and torsion stage under high pressure stages, 
as shown in Figure 1). Most of the reports published focused on the last stage [32, 36–38], but 
there are few researchers directly on the role of compressive processing stage [39, 40]; second, 
because the developed strain at the center of the disk is theoretically zero and linearly increases 
with the distance from the center according to the characteristics of torsional strain, it is rea-
sonable to anticipate that the microstructures produced by the HPT process will be extremely 
inhomogeneous. However, recently, papers demonstrated that the microstructure is reason-
ably homogeneous across the disks when the torsional straining continues; at last, although a 
lot of studies have been done on HPT [32, 36–40], most of them are for microstructure and its 

Figure 1. Schematic diagram of high-pressure torsion processing.
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characterization or for processing. Because the mechanical properties of the deformed material 
are directly related to the effect of friction, that is, the understanding of the effect of friction is 
very important in HPT.

There are many reports on radial inhomogeneity in the HPT processed metallic materials [5, 
31, 32]. However, a significant dichotomy is revealed by the experimental data available. Some 
results gave the significant variations in the values of the microhardness and microstructure 
across the diameters of disks processed by HPT for austenitic steel, Cu, and high-purity Ni, 
given the results of lower hardness values in the centers and higher values in the peripheral 
regions of the disks [4, 33, 34]. On the other hand, recently, results shown that, as to com-
mercial purity Al, an Al–Mg–Sc alloy, Cu and high-purity Ni materials, when torsional strain-
ing is continued to a sufficiently high total strain, the microstructures and hardness become 
reasonably homogeneous across the disks [5, 34]. Considering this case, the jobs of hardness 
and microstructure inhomogenous distribution inspection are very important to explore the 
deformation mechanism during the HPT process.

Because the mechanical properties of the deformed material are directly related to the amount 
of plastic deformation, that is, the developed strain, understanding the phenomenon asso-
ciated with strain development is very important in severe plastic deformation process. 
Meanwhile, in the recently three decade, computer simulation and finite elements method 
(FEM) have been attracted with huge interests by more and more researchers of widely fields, 
and they can be used to explore and gain new insights and formation mechanism study in 
materials preparation process.

In this chapter, results are reported of an investigation on the plastic deformation inhomo-
geneous characteristics of different materials samples during the HPT process using experi-
ments and FEM simulations.

2. Experimental conditions and simulation procedures

2.1. Materials and samples

In the previous works, there are two materials disks processed by HPT: One is commercial 
purity copper (99.98 mass%), and the other is IF steel manufactured by the Pohang Steel 
Company (POSCO, Korea) with the composition of 0.0026 wt% C, 0.096 wt% Mn, 0.045 wt% 
Al, and 0.041 wt% Ti. The state of the two materials is listed in Table 1. In addition, hollow cone 
Zr64.13Cu15.75Ni10.12Al10 bulk metallic glass (BMG) was prepared by sucking into a copper mold.

For the HPT experiments, materials of copper and IF steel with six magnitudes of pressure of 
1, 2, 4, 6, 8 and 10 GPa were imposed on the disks at room temperature. The applied revolu-
tions of the bottom die are 0, 1/4, 2/4, 3/4, and 1 turns under the provided pressures. The time 
of applying the compression loads was set as 10 s, and the strain rate in the disk was low 
enough to ignore any thermal effect.

Finally, in the HPT experiments of Zr64.13Cu15.75Ni10.12Al10 alloy, the ingots were produced 
through alloying high-purity elements (minimum 99.9 wt%) in an arc furnace under an 
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argon atmosphere. The remelted alloy ingots were suction cast into a Cu mold in order to 
obtain hollow cone specimens with base diameter, cone height, and wall thickness were 
19.8, 14.0, and 1.2 mm, respectively. A hollow cone specimen of Zr-based BMGs is set on 
the concave die; then, a convex punch is inserted into the specimen; last, the preset pressure 
(40 tons) and rotation angle (1 reverse turn) are applied to the hollow conical specimen, 
as shown in Figure 2. The primary difference compare with the above HPT process is the 
sample shape, which is a hollow cone in the HC-HPT process rather than a disk in the HPT 
process.

2.2. Measurement devices and approaches

For the measurement of copper and IF steel, there are two inspection planes along with dif-
ferent direction of disks: One is radial plane (following the longitudinal direction of disks), 
and the other is transversal plane (following the transversal direction of disks). On trans-
versal plane, the hardness of points on different diametrical direction is measured, whose 
angle between the adjacent direction is 30°. The distance between the adjacent testing points 
is 0.25 mm for 9.5 mm diameter and 0.5 mm for 19.5 mm diameter. As to the radial plane, the 
distance between the adjacent testing points is 0.1–0.3 mm at axial direction and 0.5 mm at 
radius direction. The schematic drawing of sampling positions and the measurement of hard-
ness distribution of different positions are shown in Figure 3.

Hardness was measured using FM-700 Microhardness Tester, and the pressure loading is 
100 g, continuous 10 s. All of hardness data are processed by Origin software. The color-
coded contour maps and curves of hardness distribution of different samples are so obtained. 
Microstructures in different position of disks were observed using optical microscopy 
(Olympus U-TV0.5xc) and electron backscattered diffraction (EBSD).

The microstructure of Zr64.13Cu15.75Ni10.12Al10 alloy was determined using D/max-rB X-ray dif-
fractometer with Cu Kα radiation, and the wavelength of the X-rays was 0.154 nm. Differential 
scanning calorimetry (DSC 404, Netzsch, Germany) was performed at a constant heating rate 
of 0.667 K/sec under a constant flow of argon. The dilatation measurements were executed 
using a conventional dilatometer (DIL 402C, Netzsch, Germany).

Initial state Copper IF steel

Original state Cold-drawn state plate 12 mm in thickness size rolled 
from casting ingot

Homogenizing heat-treatment 600°C × 2 h, cooling in furnace 700°C × 2 h, cooling in furnace

Sizes of HPT disks 9.5 mm in diameter and 2 mm in 
thickness

19.5 mm in diameter and 2 mm in 
thickness

Grains size 20–40 μm 150–200 μm

Original hardness ∼56 Hv ∼80 Hv

Table 1. State of the two materials disks.

Ultrafine-Grained Materials Fabrication with High Pressure Torsion and Simulation of Plastic...
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Figure 2. (a) Schematic diagram of HC-HPT procedure and (b) samples.

Figure 3. Schematic drawing and the measurement of hardness distribution of disks.
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2.3. Simulation conditions and procedures

Plastic deformation behavior, hardness, and microstructure distribution of HPT processed 
disks are investigated using experimental approach and simulation approach with the finite 
element method (FEM). With ANSYS10.0 program simulations, the deformed microstruc-
tures and mechanical properties of copper disks in the compressive stage of HPT processing 
are investigated. Meanwhile, a commercial rigid-plastic finite element code (DEFORM 3D; 
Scientific Forming Technologies Corporation, USA) was used to simulate and understand the 
local plastic deformation of the IF steel disks in the torsion stage of the HPT process.

2.3.1. Simulation procedure of copper disks in the compressive stage of HPT with ANSYS

The simulation of die material is alloy steel, and the properties data come from the web site 
[41] and testing experiment. The simulation procedures of the copper at the compression 
stage of HPT are as follows:

Step 1: Build geometry. The sizes of the sample in ANSYS correspond to the experimental 
disk.

Step 2: Define material properties. The Young’s modulus and Poisson’s ratio of materials are 
110 GPa, 0.343 for copper and 220 GPa, 0.32 for alloy steel, respectively [41]. The fiction coef-
ficient between disk and anvil is 0.06.

Step 3: Define element types. For the analysis of the copper deformation, Plane 182, Target 
169, and Contact 170 are selected to define the sample, the surface of the target and the surface 
of the contact, respectively.

Step 4: Generate mesh and create contact pair. There are about 40,000 elements meshed in the 
copper disks model. The meshed model is shown in Figure 4.

Creating contact pair using Contact Wizard with the two element types: Target 169 and 
Contact 170 are very important for this contact analysis.

Step 5: Apply loads. For this simulation, it needs to apply symmetry constrains on the axis of 
the copper sample, because the device of HPT is axis symmetrical shape.

Figure 4. The meshed simulation model.
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Step 6: Obtain solution and review results. Some results can be got from the general post-
processor, such as the stress and the strain distribution of the compression sample, and the 
deformed shape.

2.3.2. Simulation procedure of IF disks of HPT with DEFORM

A local deformation analysis using the FEM should be carried out in order to better under-
stand HPT processing and the material’s response to the dies in HPT. In this work, isothermal 
FEM simulations of the HPT process were carried out using the commercial rigid-plastic finite 
element code.

In the FEM simulations, the initial dimensions of the disks were 20 mm diameter and 2.0 mm 
thickness. In the compression stage, the speed of the top anvil was 0.1 rad/s up to a full turn. 
The friction between the die and the sample was set to satisfy the sticking condition, as the 
roughness of the die surface was high enough to prevent slippage between the sample and 
the die. We used the materials parameters for the simulation from the database of DEFORM 
code-0.08% C carbon steel, and the Poisson’s ratio of material is 0.3. HPT dies: rigid body. The 
number of the initial mesh in the sample was 25521, and this number of elements was enough 
to show the local deformation of the sample by calculation without changing the number of 
elements. The times of the compression stage and torsion stage were all set at 10 s.

3. Properties and microstructure inhomogeneity of different materials 
disks processed by high‐pressure torsion

3.1. Inhomogeneous distribution of mechanical properties and microstructure in the 
compression stage of HPT

Since plasticity is path dependent, unlike elastic deformation, the deformation that occurs 
at both stage I (compression) and stage II (compression + torsion) is important for the prop-
erties and microstructures of HPT processed materials. Although many reports have been 
published recently on the microstructural evolution, hardness distribution in HPT processed 
samples, and torsional behavior [4, 7–12], all of them ignores the stage I deformation, and no 
studies on the properties of samples after the compression stage have been done, as far as can 
be determined. For example, Edalati et al. [42] investigated the microstructures and mechani-
cal properties of pure Cu processed by HPT and proposed a unique single curve of hardness 
against the equivalent strain; however, they did not consider the stage I deformation and 
the compressive component of strains in their equivalent strain. Nowadays, more and more 
results indicated that the stage I deformation influences the stage II deformation [43]. Hence, 
explaining the HPT behavior without considering the stage I deformation is not sufficient for 
full understanding.

In this section, the commercial purity Copper (99.98 mass%) and IF steel are used as the study 
materials. For the experiment of copper, two applied pressures of 2 and 8 GPa were imposed at 
room temperature on the disks with the velocity range of 1/2 rpm and the time of compression 
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load of 10 s. For the IF steel during the compression stage of HPT, the applied pressures were 
imposed at room temperature on the disks for 0.6, 1.25, 1.9, and 2.5 GPa, respectively.

Figure 5 shows the hardness distribution of copper disks with 2 GPa pressure given the 
color-coded contour maps and distribution curves. As shown, L1, L2, and L3 are the testing 
lines position at the distance of 0.25, 0.5, and 0.65 mm from central plane of disks’ thickness 
direction, respectively. The hardness shows almost symmetrical distribution on the thickness 
direction from upper to bottom surface of compressed disks (Figure 5a).

Furthermore, it also indicates an inhomogeneity distribution, giving lower hardness in axial 
center near the surface, higher hardness in edge and the uniform hardness in radial medium, 
which is also clearly displayed in Figure 5b (L2, L3). However, a higher hardness zone exists 
in axial center near the central plane. Compared with the hardness of 56 Hv in the initial state, 
the hardness of disks remarkably increases at the compressive stage of HPT, which is different 
in the different position, that is, the hardness on the central plane is 106.9, 101.2, and 112.3 Hv 
in the center, radial medium and edge, respectively. Further investigation indicates that the 
hardness distribution of compressed disk with 8 GPa has a similar trend with the former 
results (Figure 6).

It is well known that the mechanical properties are mainly dependent on the microstructure 
condition. The detailed investigations are focused on the relationship between the microstruc-
ture and the mechanical properties, as shown in Figure 6. Clearly, there is a remarkable inho-
mogeneity distribution on the testing plane, for not only hardness but also microstructure.

In the edge zone, there is a thin layer with grains hardly change as the same as the initial state; 
however, a little more inward, the grains proceed large severe plastic deformation, and their 
boundaries become very obscure. In the center zone, some grains occur plastic deformation 
but others have no any change. And the grains have a uniform deformation in the radial 
medium zone of compressed disks. Based on the Hall-Petch relationship, the inhomogeneity 
distribution of microstructure can support the ones of hardness, giving lower hardness in 

Figure 5. Hardness distribution of compressed disk with 2-GPa pressure.
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center, uniform hardness in medium, and higher hardness in edge. Of course, there is a little 
soft layer in the outer edge of the compressed disks.

As the former mentioned, the inhomogeneity of hardness and microstructure distribu-
tion in the compressive copper disks of HPT really existed. Of particular concern is that, 
as to IF steel disks, whether this inhomogeneity also existed at the compression stage 
during HPT. The study proceeded to investigate the inhomogeneity of hardness and 
microstructure on the different direction of HPT processed IF steel disks at the compres-
sive stage.

Figure 7 displayed the hardness distribution on the transversal plane (0.1 mm distance from 
the surface) and the hardness variation of different position along with the compression. As 
the almost same distribution with the copper disks given by literature and formerly research, 
at the compressive stage of HPT, the hardness distribution of IF steel disks is also inhomo-
geneous, given high value in edge, considerable uniform in medium and low hardness in 
center [5, 35].

On the radial testing plane, the hardness distribution is also inhomogeneous, and the 
color-coded contour maps are shown in Figure 8. As shown, the hardness is almost sym-
metrical distribution from upper to bottom surface of disks for the central of thickness 
as the symmetry plane, which is also reported by Pippan [44]. The hardness distribution 
on radial testing plane is the same with that on the transversal testing plane formerly 
obtained, which presents high hardness in edge, uniform hardness in medium, and low 
value in center.

Figure 6. Hardness and microstructure distribution of compressed disk with 8-GPa pressure.
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In addition, there exists a soften region near the surface, and higher pressure is, less area is. 
An important point should be paid attention to that the lower hardness areas are only in both 
the outedge and center near the disks’ surface. However, a high value of hardness exists near 
the central position on the thickness direction named hardness hill from literatures [35, 36].

Figure 7. The hardness distribution on the transversal testing plane of different samples at the compressive stage of HPT.

Figure 8. Color-coded contour maps of hardness distribution on the radial testing plane of compressed IF steel disks.
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In order to clearly display this inhomogeneity, the edge microstructure on the different test-
ing plane (transversal and radial) of compressed disk under 2.5 GPa pressure is shown in 
Figure 9. The same position on the two testing planes is corresponding with each other. For 
this disk, in the outer boundary, there exists a soften region resulting to the lower hardness (as 
the arrow direction). The severe deformation grains on the transversal plane are correspond-
ing with the flow lines clearly displayed on the radial plane.

Another fact need to be paid attention is that as to the flow-line, the angle of direction between 
its texture and pressure is about 45°, which is the most flexible deformation direction under 
the shear slip for grains. Further microstructure inspection results show that the grains near 
the surface display more and more remarkable texture characteristic microstructure from cen-
ter to edge along with the radius direction of the compressive disks.

However, the grains of the thickness central position haven’t this characteristic texture 
microstructure. The close-up microstructure view from edge to center of compressed disks 
of 2.5 GPa pressure is listed in Figure 10. The results can also strongly support the former 
conclusion.

Figure 9. Edge microstructure on the different testing plane.

Severe Plastic Deformation Techniques14



In order to clearly display this inhomogeneity, the edge microstructure on the different test-
ing plane (transversal and radial) of compressed disk under 2.5 GPa pressure is shown in 
Figure 9. The same position on the two testing planes is corresponding with each other. For 
this disk, in the outer boundary, there exists a soften region resulting to the lower hardness (as 
the arrow direction). The severe deformation grains on the transversal plane are correspond-
ing with the flow lines clearly displayed on the radial plane.

Another fact need to be paid attention is that as to the flow-line, the angle of direction between 
its texture and pressure is about 45°, which is the most flexible deformation direction under 
the shear slip for grains. Further microstructure inspection results show that the grains near 
the surface display more and more remarkable texture characteristic microstructure from cen-
ter to edge along with the radius direction of the compressive disks.

However, the grains of the thickness central position haven’t this characteristic texture 
microstructure. The close-up microstructure view from edge to center of compressed disks 
of 2.5 GPa pressure is listed in Figure 10. The results can also strongly support the former 
conclusion.

Figure 9. Edge microstructure on the different testing plane.

Severe Plastic Deformation Techniques14

3.2. Mechanical properties and microstructure at the torsion stage of HPT

The principles of the modern HPT process have already been described extensively in the lit-
erature [5, 45, 46]. In brief, the initial coarse-grained solid or powder sample for HPT is located 
between two hard anvils, where it is subjected to a compressive applied pressure (P) of several 
GPa at room temperature (or a warm temperature), and then, a torsional strain is imposed 
by the rotation of the anvil. The surface frictional force generates the deformation of the disk 
through the torsional shear, thereby a large deformation proceeds under a quasi-hydrostatic 
pressure. In practice, the effective strain imposed on the sample may be defined as follows:   
ε  eq   = 2πNR /  √ 

___
 3h    where N is number of turns in the HPT, R is the distance from the center of 

the sample, and h is the sample thickness [5, 47, 48]. From the formula, following the radius 
direction from center to edge of HPT disks, along the R increasing, the equivalent von Mises 
strain is higher to higher which means the deformation of material more and more severe.

In this section, the development of deformed microstructures and mechanical properties of 
the IF steel disks are presented at the early torsion stage of the HPT process using experiments 
approaches. The applied pressure and degree of revolutions during the torsion stage were 
2.5 GPa and 0, 1/4, 2/4, 3/4, and 1 turns, respectively. Figure 11 presents the hardness distribu-
tions on the radial-axial plane of the HPT processed IF steel disks.

Exhibiting the same trend as in the literature, the Figure clearly indicates lower hardness 
values in the center and higher values at the edges: after 1 turn, the hardness values in the 
center, middle, and edge were 140, 160, and 375 HV, respectively. Compared with the disks 
after torsion, in the center, the soft region penetrates through the upper and bottom surfaces 
of the compression-only disk (0 turns), and it disappeared after 1 turn. Furthermore, the soft 
region shrunk as the degree of revolutions increased. The large deformation and high hard-
ness (240 HV) proceeded at a distance of 6 mm from the center of the disks (1/4 turn) and at 
a distance of 4 mm from the center of the disks (1 turn). That is, a severe deformation will 
proceed gradually from the edge to center along with increases in the degree of revolutions at 
the early torsion stage of the HPT process.

A layer that is 0.2 mm from the surface of the HPT-processed disks was ground and polished. 
The hardness on the testing plane along the radial direction is shown in Figure 12.

Figure 13 shows the hardness on the testing plane along the radial direction. As shown, the 
hardness trend on the transversal direction at the early torsion stage in the HPT process is 

Figure 10. Close-up microstructure view from edge to center of compressed disks.
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the same as those along the radial direction. Similar to the compression stage, the different 
mechanical properties at the torsion stage could be explained by the microstructure state, as 
shown in Figure 14. Without torsional straining (0 turns), the grain boundaries are clearly 
observed, and the grains are insufficiently equiaxed. In contrast, after an additional revolu-
tion in the same torsional direction to give 1 turn, the grain boundaries become obscure, and 
the grains are reasonably equiaxed.

The images in Figure 14e show inverse pole figures (IPF) with the boundary map having 
the information on the orientations of microstructure and the boundaries rotation angle. The 

Figure 11. Hardness distribution on the radial-axial plane.

Figure 12. Hardness variations from the center to the edge (a) and the measuring plane (b).

Severe Plastic Deformation Techniques16



the same as those along the radial direction. Similar to the compression stage, the different 
mechanical properties at the torsion stage could be explained by the microstructure state, as 
shown in Figure 14. Without torsional straining (0 turns), the grain boundaries are clearly 
observed, and the grains are insufficiently equiaxed. In contrast, after an additional revolu-
tion in the same torsional direction to give 1 turn, the grain boundaries become obscure, and 
the grains are reasonably equiaxed.

The images in Figure 14e show inverse pole figures (IPF) with the boundary map having 
the information on the orientations of microstructure and the boundaries rotation angle. The 

Figure 11. Hardness distribution on the radial-axial plane.

Figure 12. Hardness variations from the center to the edge (a) and the measuring plane (b).

Severe Plastic Deformation Techniques16

boundary map indicated high-angle grain boundaries (HAGBs: 15° <, black line) and low-
angle grain boundaries (LAGBs: 2–5°, red line; 5–15°, green line). According to the EBSD 
results, the average grain sizes for 1/4, 2/4, and4/4 turns are 2516, 1940, and 0.308 lm, respec-
tively. The average grain size decreases with increasing the rotation angle. After 1/4 turn, a lot 
of LAGBs were generated in the large grains and formed subgrains. Numerous LAGBs (green 

Figure 13. Microstructure at the edges of 0, 1/4, 2/4, and 1 turn HPT-processed disks using optical microscopy (a–d) and 
EBSD (e).
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and red lines) were found within large grains, and the colors of the grains in the IPF map 
slightly change in the large grains. Moreover, on the top part of the image, the HAGBs are 
formed, and the grains are refined by recrystallization. From 2/4 turns, the fractions of HAGBs 
and equiaxed refined grains increased, and fine grains were located between the large grains 
with slightly different orientations. Finally, the average grain size with 0.308 lm was achieved 
after 4/4 turn with random orientation.

In the compression and the early torsion stage of HPT, the materials exist serious inhomoge-
neity not only in the microstructure but also in the mechanical properties. However, this is 
unfavorable to accommodate the following plastic strain and then highly limit the applica-
tions of HPT. Whether this inhomogeneity can be improved in the following deformation 
stage is a key factor for industrialized applications.

Hardness distributions on the surface plane form center to edge in 0, 1, and 5 turns HPT 
processed copper disks under different applied pressure are shown in Figure 14. The Figure 
clearly indicates that the hardness on the surface plane increases with increasing the degree 
of revolutions. However, the hardness in the center and middle zone of the HPT-processed 
disks varies sharply with increasing the degree of revolutions in comparison with that in the 
edge zone: the hardness distribution is homogeneous after several revolutions, particularly 
under the applied pressure of 2 GPa. That is to say, compared with the torsion stage, the hard-
ness on the surface of the disks exhibits more inhomogeneity along the radial direction in the 
compression stage.

Moreover, Figure 14 also presents that torsion can result in not only increased hardness but 
also uniform hardness distribution. Along the radial direction, the more the degree of revolu-
tion is, the more homogeneous the hardness distribution on the RP1 plane will be. That is, 
the hardness distribution becomes homogeneous with increasing the degree of revolutions.

The severe plastic deformation of copper, IF steel disks of HPT through hardness, and micro-
structure distribution on the testing plane of the different direction is presented. There exists 

Figure 14. Hardness distribution on RP1 testing plane of different disks.
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serious hardness inhomogeneity on the HPT-processed disks at the compression and the 
early torsion stage, showing higher hardness in edge, lower hardness in center, and consider-
ably uniform hardness in radial medium of disks. However, according to the experiment of 
copper at torsion stage, the above inhomogeneity in mechanical properties is hopeful to be 
improved by the subsequent severe torsion deformation.

4. Experimental and finite element analysis of plastic deformation 
inhomogeneous characteristics of HPT disks

As is known, the mechanical properties of the deformed material are related to the amount of 
plastic deformation, that is, the developed strain and stress during the HPT processing. The 
hardness and microstructure distribution associated with the strain and stress development 
is very important in SPD process. Thus, for systematic analysis of deformation behavior of 
materials, a numerical approach is useful.

In this section, plastic deformation behavior, hardness, and microstructure distribution of 
HPT processed disks are investigated using experimental approach and simulation approach 
with the finite element method (FEM). With ANSYS10.0 program simulations, the deformed 
microstructures and mechanical properties of copper disks in the compressive stage of HPT 
processing are investigated. Meanwhile, DEFORM 3D was used to simulate and understand 
the local plastic deformation of the IF steel disks in the torsion stage of the HPT process.

4.1. Deforming simulation results and verifications in the HPT process

The mechanical properties of the deformed material are attribution to the amount of plastic 
deformation, that is, the development and distribution of strain and stress of disks during the 
compressive processing [49, 50]. The key factors of inhomogeneity distribution of hardness 
and microstructure are attributed to the inhomogeneity deformation of copper disks. That is 
to say, the inhomogeneous distribution of strain and stress leads to microstructure inhomoge-
neity. As an example of disks with 8-GPa pressure, the strain distribution simulation and the 
microstructure of different position are shown in Figure 15.

The simulation results show that there indeed exists the inhomogenous distribution of strain 
and stress of compressed disks. In the outer edge region, lower strain leads the grains to 
hardly deformation as the arrow directing in Figures 15a and 16a, which corresponds to the 
lower hardness. Because of huge friction between disk and the vertical wall of anvil, the defor-
mation is restrained, and this lower strain zone proceeds. However, a little more inward, 
severe plastic deformation occurs, and larger strain is clearly displayed in Figure 15a with 
particular flow-line microstructure, similar with the results in Figure 9. Moreover, the angle 
45° between the slip lines and the pressure direction can be shown in the strain distribution 
simulation.

In the center of disks, near the surface, there is a low strain zone, and the microstructure shows 
that some grains deformed but others have no change (Figure 15c). These results can explain 
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Figure 15. Strain distribution simulation and microstructure in different position of disk with 8 GPa pressure.

Figure 16. Hardness and strain simulation distribution of disk with 8 GPa pressure.
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the reasons of the lower hardness existing in this region shown in Figure 5. On the other hand, 
near the central plane of thickness direction of disks, the strain remarkably increased with the 
consequence of grains deformation and high hardness.

Figure 16a is the experimental hardness distribution of disk in the axial direction and the 
simulation results of strain distribution of compressive disk with 8-GPa pressure.

As shown, simulation results can also verify the rules of hardness distribution on the com-
pressive disk plane. For example, the higher hardness zone in the edge relates to its severe 
plastic deformation causing ultrafine grains. On the other hand, in the center, low deforma-
tion near the surface leads to low hardness corresponding with its hardly unchanged grains 
of the microstructure characteristic.

Subsequently, DEFORM 3D was used to simulate and understand the local plastic deforma-
tion of the IF steel disks in the torsion stage of the HPT process. In the simulation, the applied 
revolutions of the bottom die are 0, 1/4, 2/4, 3/4 and 1 turns under the provided pressures of 
2.5 GPa, which the rotation rate of 1.256 rpm, and the coefficient of friction between the dies 
and the sample was assumed to be 0.12.

Figure 17 shows the integrated results including the relationships between the revolutions 
and hardness, the effective strain in different positions of the HPT-processed disks and the 
microstructure of 1/4 turn of the HPT-processed disks.

From Figure 17b, the simulation results indicate that the effective strain in the edge position 
varies sharply with increases in the revolutions, but the trend of the effective strain in the 
medium and center positions varies quite slowly. The strain distribution status leads to the 
microstructure results in Figure 17c, which the grains are obscure at the edge, and clear grains 
are observed in the central region. As a consequence, the hardness variation in Figure 17a is 
consistent with the trend of the effective strain, that is, the hardness varies sharply with the 
increasing degree of revolutions for the edge position of the HPT-processed disks but quite 
slowly for the medium and center positions.

In the simulation of HPT, disks occur the inhomogeneity development and distribution of 
strain and stress during the deformation, given the large severe plastic deformation in edge, 
lower deformation in center near the surface and considerable uniform deformation in radial 
medium of disk. The strain inhomogeneity determines the characteristic of microstructure 
and grains deformation even following the appearance of hardness distribution.

4.2. Effect of friction on HPT processing via finite element analysis

The HPT process involves changing the shape of the sample by forcing it to flow through a 
system, which requires tight contact between the die and sample. As a result of this contact, 
tangential frictional forces are generated at the interface of the die/sample to resist this relative 
movement. It is known that frictional conditions at the interface of the die/sample can affect 
the metal flow, finial properties of the sample, total deformation load, and premature die wear. 
The effect of friction between the sample and the dies is complex and results in the appear-
ance of surface shear, particularly in HPT. Thus, friction is considered to be a major variable in 
metal forming processes where the sample undergoes large plastic deformations [40].
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There have been preliminary investigations on the effect of friction between the anvils and 
workpiece on plastic deformation during the compression stage of HPT [5, 37]. The results 
indicated that the effective strain remarkably increased with the number of revolutions under 
torsion, compared to the strain in the compression stage. Although there was little variation in 
the central region under different friction coefficients, the strain increased significantly with 
distance from the center, due to frictional shear stress. Furthermore, the friction force influ-
enced the effective strain more remarkably in the central and edge regions of the compressed 
disks than in the middle region. Figure 18 shows the cross-sectional planes with effective 
strain distributions after compression of a copper disk under different conditions: friction 
coefficients of 0.1, 0.5, 1.0, and 3.0; applied pressure of 2 GPa; and wall angle of 120°.

The distribution of effective strain in the compressed copper disk is more heterogeneous as 
the friction coefficient increases. The radial heterogeneity of the effective strain on the plane 
is clearly displayed. The effective strain is lower in the center and higher at the edge of the 
compressed disks, and the effective strain distributions are more and more heterogeneous 
from center to edge. For example, with the friction coefficient of 3.0, as shown in Figure 18d, 
the variation of effective strain along the radial direction was from 0.397 in the center to 4.484 
at the edge, while with friction coefficient of 0.1, the effective strain varied from 0.068 to 3.155, 
as shown in Figure 18a. This situation of heterogeneous plastic deformation was also reported 
in the forging process due to friction [51–55]. The results indicate that the fresh area of the con-
tact surface, between the dies and workpiece, increased with increasing friction. Meanwhile, 

Figure 17. (a) Hardness and (b) effective strain versus rotation angle in different positions of the HPT disks, and (c) 
microstructure of the 1/4 turn HPT disk.
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the distribution of the effective strain and hardness became more and more heterogeneous as 
the friction coefficient increased along the radial and axial directions, which is in good agree-
ment with our results.

More attention should be paid to the strain distribution in the central plane of the thickness 
direction. The results exhibit a remarkable difference between the top and bottom planes in 
that the effective strain values at the center are higher than those in other areas (i.e., in the 
direction indicated by an arrow in Figure 18a. Here, an effective strain of 0.574occurred in 
position A (central plane), while at position B, near the surface of the upper plane, the effective 
strain was 0.112. Correspondingly, the hardness values of the two positions were 103.1 HV at 
A and 80.5 HV at B. It should be noted that the mechanical properties of the deformed mate-
rial are attributable to the amount of plastic deformation (i.e., the developments and distribu-
tions of strain and stress in the workpiece during the compression process).

The hardness distribution of the experimentally compressed disks was reflected in the strain dis-
tribution of the simulations. Figure 19 indicates the trend in variation, along the radial direction. 
Figure 19 also provides a comparison between experimental hardness based on the average of 
four groups of experimental data, and simulation results of the effective strain distribution in 
the compressed copper disk, under the conditions ofa friction coefficient of 0.1, applied pressure 
of 2 GPa, and wall angle of 120°. The same distribution trend was indicated in both the experi-
mental and simulated results. Hence, the reliability of this computer simulation is verified.

Figure 20 shows the evolution in effective strain at the selected point in the middle of the HPT 
sample for the friction coefficients of 0.5, 0.9, 1.0, and 1.5. The pressure was fixed at 10 GPa, 
and the number of turns was 1. Several important conclusions can be drawn from inspection 
of Figure 20. First, the effective strain values are almost the same in the compression stage at 
a constant of 0.4–0.6, which means that the friction had similar effect on the evolution of the 
effective stain on the contact surface of the HPT samples. By contrast, the effective strain is 
expected to increase due to the increase of the friction coefficient between the samples and the 
dies in the torsion stage. That is to say, the friction plays more important role on the evolution 
of the effective strain in the torsion stage.

Figure 18. Effective strain distributions of the half cross-sectional planes at four friction coefficients of (a) 0.1, (b) 0.5, 
(c) 1.0, and (d) 3.0 under 2 GPa and 120° wall angle.
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Another important factor is that the effective strain will reach quasi-saturation with the satu-
rated effective strain values of 0.82, 1.33, and 4.17 when the friction coefficients are 0.5, 0.9, and 
1.0, respectively. Meanwhile, the times of reaching strain saturation are also different with the 

Figure 19. Path plots of the effective strain and hardness along the radial direction under 2 GPa, 120° wall angle and the 
friction coefficient 0.1.

Figure 20. Simulated evolution in strain with the variation of the friction coefficient at the selected point in the medium 
of the HPT samples.
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variation of the friction coefficient, which are 12.1, 13.4, and 19.0 s, when the friction coefficients 
are 0.5, 0.9, and 1.0, respectively. Since the friction drives the surface of the sample to rotate, the 
effective strain remarkably increases with an increasing number of the revolutions in the tor-
sion stage compared to strains in the compression stage. These results suggest that the friction 
between the sample and the dies directly affects the planes of principal stress and therefore is 
a major factor in the HPT process, in which the samples undergo large plastic deformation.

The simulations were performed for the friction coefficients of 0.5, 0.7, 0.9, 1.0, 1.5, and 2.0 to 
investigate the strain distribution on the contact surface of the HPT samples with different 
friction coefficients, as shown in Figure 21a.

Although the effective strain values in the central region were similar under different fric-
tion coefficients, the variations of effective strain according to the distance from the center 
had different under low (<0.9) and high (>1.0) friction coefficients. The effective strain values 
changed little along the distance from the center when the friction coefficients were 0.5, 0.7, 
and 0.9. However, the strain values increased significantly with an increasing distance from 
the center when the friction coefficients were 1, 1.5, and 2. The friction force affected the effec-
tive strain more in middle and edge regions than in the central region. In the middle and the 
edge regions, the friction shear stress due to the higher friction coefficient was high enough 
to achieve a sticking condition between the surfaces of the dies and the samples. Figure 21 
clearly indicates lower values of the effective strain in the central region and high values in 
the edge region, particularly at higher friction coefficients.

The variation of effective strain in the different position of workpiece with increasing fric-
tion coefficient is further investigated as shown in Figure 21b. It clearly indicates that there 
exist two key points of increasing friction coefficient as 0.9 and 1.5. Under the scope of fric-
tion coefficient (from 0.9 to 1.5), the effective strain sharply increases, particularly in the 
middle and edge area. However, it is constant variation beyond the scope (<0.9 or >1.5). 
That is to say, there is a friction coefficient value range which the effective strain increases 
remarkable sharply.

Figure 21. Simulated effective strain distribution on the contact surface of the HPT samples along with the different 
friction coefficient.
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Compared to the compression stage, friction played an important role in the evolution of the 
effective strain in the torsion stage and the friction force influenced the effective strain more 
in the middle and edge regions than that in the central region. A high friction coefficient 
was enough to achieve a sticking condition between the surface of the die and the sample 
in medium and edge regions. Meanwhile, there is a friction coefficient value range which 
the effective strain increases remarkable sharply. The analysis by the finite element method 
for the HPT process is useful if the material parameters are incorporated. Further local and 
nonlocal investigations are necessary.

4.3. Effect of friction and anvil cavity structure on the dead metal zone of compressed 
HPT disks

The dead metal zone (DMZ) on the disks, distinct evidence of inhomogenous plastic defor-
mation characteristics in the HPT process, was first reported by Lee et al. and verified after 
consideration of simulation results and inspections of microstructures from the literature [56]. 
In the HPT process, plastic deformation increases from the center to the edge in the radial 
direction of the workpiece. A sticking condition is maintained between the disk and the anvils 
when the traction is great enough to resist a high friction force. While there is an almost neg-
ligible strain rate and strain in the corner region, under high pressure and friction, a stagnant 
zone is generated due to the vertical wall constraint.

In the investigation, three factors: friction coefficient (μ), depth of the cavity on an anvil (d), 
and wall angle of cavity (Φ) were analyzed in the compression stage of the HPT process. The 
anvil structure is shown in Figure 4.

In the present work, the simulation results also indicated that an obvious DMZ appeared with 
an increase in friction coefficient (as arrow direction in Figure 18, and the microstructure distri-
bution of DMZ is shown in Figure 22 with a wall angle of 120°. There is almost no DMZ when 
the friction coefficient is low (μ = 0.1; as shown in Figure 18a). Therefore, it is clear that friction 
remarkably influences initiation of the DMZ during the plastic deformation process in the 
compression stage. That is, a DMZ occurs at the corner edge of the disk under a high friction 
coefficient, not only in the torsion stage, but also in the compression stage of the HPT process.

Another important factor that influences initiation of the DMZ is the geometry of the anvil 
cavity, especially the depth of the cavity on the anvil. Figure 23 displays the effective strain 
distributions on the cross-sectional planes of the compressed disks at different depths of the 
cavity, under conditions of 2 GPa and a friction coefficient of 0.6.

According to the effective strain distribution of the compressed disk, the degree of heteroge-
neity and the value of the effective strain increase as the depth of the cavity increases, along 
the thickness direction. Figure 24 shows lower values of effective strain in the centers and 
higher values at the edges of the samples. In addition, the length of flash and the area of DMZ 
increase with the depth of the cavity.

Three lines of the compressed disk (Figure 24) were investigated in relation to DMZ, and the 
lines L1-L3 were effective-strain path-plot lines equally spaced from each other. The results 
indicated that the DMZ occurred at the surface corner of the disk and that the compressed 
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disk becomes more heterogeneous from the surface to the central plane. However, the degree 
of deformation in the surface region of the disk decreased with increasing depth of the cavity.

Figure 25 shows the effective strain distributions of the half cross-sectional planes along 
the thickness direction of a compressed copper disk, under the conditions of friction coef-
ficient 0.1, depth 0.2 mm, and applied pressure of 2 GPa without revolution. The results can 
be described based on two types of HPT, unconstrained (Φ = 180°) and constrained (Φ<180°) 
HPT. The plastic deformation in the HPT process increased from the surface plane to the cen-
tral plane of the disk. The hardness of the central plane was also higher, while the high hard-
ness in the thick central plane as shown in Figure 25 is called a hardness hill in the literature 
[32, 39]. The results indicate a variation in the hardness hill as the wall angle of the cavity is 
increased. However, there was almost no hardness hill at a low angle (Φ = 90°) as shown in 
Figure 25a. That is, the wall angle of the cavity can remarkably influence the hardness hill 
during the plastic deformation process of the compression stage.

Figure 22. The microstructure distribution of DMZ on the radial direction (a) and thickness direction (b) of compressed 
copper disk.

Figure 23. Effective strain distributions of the half cross-sectional planes at different depths of the cavity.
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In addition, the area of the DMZ decreased with increasing wall angle due to the vertical 
wall constraint under high pressure, as clearly seen in Figure 25, and it dropped to zero 
when the value of the wall angle increased to 180°, which means there is no DMZ on the 
disk in the unconstrained HPT processing. There was only a small variation in effective 

Figure 25. Effective strain distributions of the half cross-sectional planes at four wall angles of (a) 90°, (b) 120°, (c) 150°, 
and (d) 180° under 2 GPa and the friction coefficient 0.1.

Figure 24. Path plots of the effective strain on the three lines in the disk at different depths of the cavity.
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strain, and the hardness was generally homogeneous in the radial middle zones of the disks; 
however, a large variation occurred at the edge of the disk. Two lines were compared to 
determine the distribution of effective strain and are presented in Figure 26.

Figure 26 indicates that the plastic deformation was inhomogeneous along the thickness direc-
tion of the disk. Although the area of the hardness hill increased as the wall angle increased, 
the maximum effective strain in the area of the hardness hill decreased as the angle increased, 
as shown in Figure 26b. There was significant plastic deformation when the wall angle was 
less than 180° (indicated in Figure 26a), while the plastic deformation was relatively uni-
form along the radial direction under the wall angle condition of 180°. In addition, the anvil 
geometry also affected the flash of the disk. Interestingly, there was little variation in the flash 
length of the compressed disk at different wall angles, although a large distinction of strain in 
the flash regions happened. In any case, the wall angle of the cavity plays an important role in 
the heterogeneous deformation of the main body of the workpiece.

5. Effect of Hollowcone high‐pressure torsion on the thermal and 
mechanics properties of Zr‐based bulk metallic glass

Bulk metallic glasses (BMGs) usually have many outstanding properties, for example, good 
corrosion resistance [57], high elastic limits [58], high strength [59], and so on. However, the lim-
ited plastic deformability at room temperature is a problem awaiting solution, which seriously 
hindered the application of BMGs. However, BMGs under the condition of HPT exhibit a cer-
tain plasticity deformability at room temperature. The results from literatures indicated that the 
hardness of HPT BMGs disks decreased due to the rejuvenated structure, which is completely 
different phenomenon in the crystalline alloys. There also have some research reported that 
effects on the thermal properties of BMGs happened. For example, Edalati et al. reported that 

Figure 26. Path plots of the effective strain on lines listed in the disk at four wall angles of the cavity.
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the glass transition temperature of Zr50Cu30Ni10Al10 BMG increased few after a HPT process [60]. 
However, Meng et al. reported that HPT did not change the glass transition temperature [61].

In particular, Kim et al. proposed that a hollow cone high-pressure torsion (HC-HPT) method 
used for the fabrication of hollow cone-shaped specimens with a closed cone head through 
the application of high pressure and torsion in order to obtain UFG/NC microstructures [62]. 
Therefore, it is an interesting and necessary attempt to research the effects of hollow cone 
high-pressure torsion on the performance of BMGs.

In this section, Zr64.13Cu15.75Ni10.12Al10 BMGs [63] were selected as a specimen material to research 
the effect of hollow-cone high-pressure torsion on the performance of BMGs. Because Zr-
based BMGs have satisfactory glass-forming abilities, it can be undemanding cast into a hol-
low cone-shaped specimen. Furthermore, the catastrophic failure at room temperature will 
not occur by the HC-HPT process due to superior plastic deformability at room temperature.

Hóbora et al. reported that Cu60Zr20Ti20 BMGs occurred crystallization after HPT process [64]. 
On the contrary, some research data indicate that BMGs did not occurred crystallization after 
HPT process. Therefore, first make sure whether the sample occurred crystallization after 
HC-HPT process. Figure 27 shows the X-ray diffraction (XRD) patterns for the transverse 
cross sections of as-cast and HC-HPT 1 revolution BMG alloys.

The XRD patterns have similar profiles. The broad diffraction peaks indicate full vitrification 
of samples, and crystalline peaks were not detected. This indicates that no crystallization did 
occur in the Zr64.13Cu15.75Ni10.12Al10 BMG through HC-HPT 1 revolution. The plastic deforma-
tion during the HC-HPT process was reduced, conical wall thickness slight due to the sample 
has been reversed only one revolution.

HPT process changes the microstructure of the BMGs, even though have not induced crys-
tallization, and inevitably have a certain effect on its thermodynamic properties. Figure 28 
presents the DSC profiles for the as-cast and HC-HPT 1 revolution samples.

The curves have similar profiles. They have well-defined glass transition regions. However, 
the characteristic temperatures of glass transition and crystallization are different. The Figure 
shows that the glass transition begins at 657.63 K and ends at 736.23 K for the as-cast sample, 
and it begins at 663.19 K and ends at 759.19 K for the HC-HPT 1 revolution sample. It is found 
that, after HC-HPT, supercooled liquid region increases.

The effects of HC-HPT process on the glass transition and crystallization behaviors for the 
Zr-based BMG are remarkable. The results happened by the increase of free volume after the 
large shear deformation of HC-HPT. The increase of free volume usually leads to a decrease 
in hardness and elastic modulus.

Figure 29 presents the curves of thermal expansion for the as-cast and HC-HPT 1 revolu-
tion processed at a heating rate of 0.0833 K/s. These curves exhibit similar thermal expan-
sion behaviors. From the room temperature to around 640 K, the length of the both samples 
increased linearly to a temperature. Then, the lengths have decreased which suggest related 
to the crystallization of the alloys. Obviously, the average thermal expansion coefficient has 
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Figure 27. The XRD pattern of samples before and after deformation.

Figure 28. The DSC pattern of samples before and after deformation.
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decreased after the HC-HPT process. The free volume can be created by the inelastic defor-
mation of local atomic clusters under shear stress [65]. After the HC-HPT process, the free 
volume in the sample increased. Therefore, the sample was heated, and the created free vol-
ume by HC-HPT processed disappears due to a decrease in the thermal expansion coefficient.

Tan et al. [66] reported that the plasticity deformation corresponds to the internal states with 
more free volume as revealed by lower hardness and elastic modulus. Figure 30 presents the 
hardness curve from cone vertical top to bottom.

The two patterns have similar profile, and the hardness of sample cone is tending to descend 
from top to bottom of the hollow cone. Compared with the sample before deformation, the 
hardness has decreased after HC-HPT. The results were coinciding with the increase of free 
volume. The same results were obtained for the elastic modulus test as shown in Table 2.

Table 2 presents the results using nano indentation method of elastic modulus of specimen at 
different position. And compared with HC-HPT 1 revolution sample, HC-HPT deformation 
makes the elastic modulus of amorphous alloy reduces. Different parts have different elastic 
modulus with a sample due to the special sample shape give rise to different cooling rates. A 
larger amount of free volume around atoms may enlarge their internal atomic spacing, decrease 
the atomic bonding strength, and thus lower the elastic modulus of the amorphous alloy [67].

In this study, hollow cone Zr-based amorphous has been chosen to be the investigated. 
Severe plastic deformation using HC-HPT with one revolution has effects on the thermal and 
mechanical properties of Zr64.13Cu15.75Ni10.12Al10 BMGs. It was found that after the HC-HPT pro-
cess, the glass transition temperature of Zr-based BMG increased, but the Vickers hardness, 
elastic modulus, and coefficient of thermal expansion decreased.

Figure 29. Dilatometer traces of the as-cast and cone-HPT processed.
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the atomic bonding strength, and thus lower the elastic modulus of the amorphous alloy [67].

In this study, hollow cone Zr-based amorphous has been chosen to be the investigated. 
Severe plastic deformation using HC-HPT with one revolution has effects on the thermal and 
mechanical properties of Zr64.13Cu15.75Ni10.12Al10 BMGs. It was found that after the HC-HPT pro-
cess, the glass transition temperature of Zr-based BMG increased, but the Vickers hardness, 
elastic modulus, and coefficient of thermal expansion decreased.

Figure 29. Dilatometer traces of the as-cast and cone-HPT processed.
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Figure 30. Vickers hardness of samples at different locations before and after HC-HPT.

Samples E of top part (GPa) E of middle part (GPa) E of bottom part (GPa)

As-cast 95.16 92.92 82.43

One revolution 93.76 89.67 76.23

Table 2. Elastie modulus of specimens at different locations before and after HC-HPT.
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Abstract

In this chapter, the detailed characterization of processes of grain fragmentation and 
refinement resulting from gradual imposition of strain by individual equal‐channel 
angular pressing (ECAP) passes is reported. A great emphasis is placed on the processing 
of materials with different crystal structure, particularly the face‐centred cubic (FCC), the 
body‐centred cubic (BCC) and the hexagonal close‐packed (HCP). Advanced techniques 
of electron microscopy, electron and X‐ray diffraction and positron annihilation spectros‐
copy have been employed to characterize microstructure, texture and defect evolution 
in the material as a function of strain imposed by ECAP. Microstructure development 
was correlated with mechanical properties obtained by both mechanical tests and micro‐
hardness measurements. Processes controlling the microstructure refinement and texture 
development were identified and discussed in detail.

Keywords: ECAP, microstructure, crystal structure, mechanical properties, dislocations

1. Introduction

Ultrafine‐grained (UFG) materials processed by severe plastic deformation exhibit enhanced 
mechanical, electrical, corrosion, magnetic and other physical properties [1]. Several tech‐
niques of grain refinement imposing severe plastic deformation (SPD) into the material have 
been developed in the last several decades. Among them, equal‐channel angular pressing 
(ECAP) has been the most widely used. A large variety of materials—pure metals, alloys, 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



composites, etc.—with different crystal structure have been successfully processed by ECAP. 
Usually, a bar‐ or rod‐shaped sample is pressed through a channel in a die, which is bent in a 
sharp angle where the pure shear occurs (see Figure 1).

The cross‐section of the sample is unchanged after the processing, and therefore it can be 
repeatedly processed to obtain high degree of strain. Additionally, there is a possibility to 
activate different slip systems after each pass by rotating the sample along its processing 
direction. There are four basic processing routes which describe the way of the billet rota‐
tion between individual processing passes. Route ‘A’ corresponds to no billet rotation, while 
routes ‘BC’ and ‘BA’ refer to the rotation by 90° in the same direction and alternate direction, 
respectively, and route ‘C’ refers to the rotation by 180° after each pass [3]. The attractiveness 
of ECAP increases its scalability, which enables the processing of both very small and large 
samples. Homogeneity of the microstructure is not affected by the size of the sample, and 
therefore ECAP is a unique technique, which enables production of larger bulk UFG material, 

Figure 1. The scheme of the ECAP die including the coordinate system [2].
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when compared to other SPD techniques. Additionally, continual ECAP, denoted as ECAP‐
conform, has been developed to process very long sheets and wires [4].

2. Experimental techniques

In this section, the experimental techniques which were employed to characterize microstruc‐
ture and crystal lattice defect evolution and mechanical properties of the ultrafine‐grained 
materials after ECAP are introduced.

X‐ray diffraction line profile analysis (XLPA) and positron annihilation spectroscopy (PAS) 
are indirect, non‐destructive but powerful methods for the characterization of defect struc‐
ture of ultrafine‐grained materials and nanomaterials. The PAS technique is based on the 
measurement of lifetimes of positrons in irradiated material where the positrons are trapped 
preferentially on defects of the crystal lattice with lower electron density, which increases 
effectively their lifetime, with respect to that of free positrons. Detailed information about 
the principle of PAS is presented elsewhere [5]. The concentration of defects was calculated 
from PAS parameters using a diffusion trapping model (DTM), assuming non‐uniform spatial 
distribution of defects (dislocations, vacancies, vacancy clusters, etc.) [6, 7]. In this model, the 
sample is considered as a combination of almost dislocation‐free cells having a diameter (d) 
and dislocation walls containing extremely high dislocation density. The mean dislocation 
density (ρ) is calculated from the volume fraction of dislocation walls (η), and the dislocation 
density in the dislocation walls (ρD,wall).

In XLPA technique, the defect structure parameters are derived from the analysis of the width 
and shape profiles of diffraction peaks. The line broadening due to the strain induced by 
dislocations and the crystallite size are different in nature, allowing separation of their contri‐
butions easily. The results presented in this chapter were obtained from the evolution of high‐
resolution X‐ray diffraction patterns by the convolutional multiple whole profile (CMWP) 
fitting method [8]. This procedure is based on fitting of the diffraction pattern by the convolu‐
tion of the background spline, the instrumental pattern and theoretical line profiles reflecting 
the real structure (crystallite size and dislocations). The theoretical size profile function is 
modelled by the microstructure consisting of spherical crystallites and the log‐normal distri‐
bution. The dislocation distribution in individual slip systems is determined by comparison 
of experimental contrast factors of dislocations and the theoretical values employing the pro‐
cedure described in detail elsewhere [9].

PAS and XLPA spectroscopic techniques were complemented by direct observations of UFG 
structure by means of electron microscopy and electron diffraction. Diffraction contrast in the 
transmission electron microscope (TEM) was employed for the observation of dislocation and 
subgrain structure [10]. Crystal orientation maps were obtained by electron backscatter dif‐
fraction (EBSD) [11]. Measured EBSD data were evaluated by software TSL OIM Analysis 7, 
which enables to determine the crystallographic microtexture, the character and the fraction 
of grain boundaries and to evaluate the mean grain size. The macrotexture measurements 
were performed by X‐ray diffraction.
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Mechanical behaviour of the samples was tested both under the uniaxial tension with a 
constant strain rate and by Vickers microhardness measurement, which simulates multi‐
axial loading.

3. Materials with FCC structure

3.1. Material processing and experimental procedure

Copper of technical purity having the following content of alloying elements (Fe, 0.0037, 
P < 0.001; Sb < 0.0003; Bi < 0.0001; As < 0.001, in wt%) as a typical representative of the 
material with FCC structure was used in this study. The material received initially as cast 
condition underwent the homogenization annealing at 450°C for 4 hours. A series of billets 
of the diameter of 10 × 10 mm and the length of 80 mm were processed by ECAP at room 
temperature for different numbers of passes N (N = 1, 2, 4 and 8) following route BC.

Microstructure evolution with strain imposed on the material by different numbers of ECAP 
passes was investigated by electron microscopy, including EBSD and X‐ray diffraction. The 
evolution of lattice defects (dislocations and vacancies) was investigated by XRD and posi‐
tron annihilation spectroscopy. Microstructure development was correlated with mechanical 
properties obtained by tensile tests at room temperature.

3.2. Microstructure evolution

The microstructure of the material in the initial condition is shown in Figure 2. It consists 
of fully recrystallized grains of the average size of approximately 50–100 μm. Numerous 
twins resulting from the homogenization annealing are also seen at the light micrograph 
in Figure 2.

The microstructure evolution of Cu after different numbers of passes was observed by 
transmission electron microscopy (TEM). TEM specimens were prepared from the plane 
perpendicular to the pressing direction (plane X [12]). TEM micrographs displaying the char‐
acteristic structures after the individual number of passes are shown in Figure 3. It is seen that 
already after the first ECAP, the strong grain refinement occurs. The microstructure consists 
of elongated dislocation cells and/or subgrains. Two typical kinds of contrast may be dis‐
tinguished at the micrograph, namely, dark lines corresponding to dense dislocation walls 
[13] and bright wider zones comprising individual subgrain boundaries. The comparison of 
diffraction pattern from both parts of grain boundaries indicates that the majority of grain 
boundaries have a low misorientation which is characteristic for so‐called low‐angle grain 
boundaries (LAGBs). The clear alignment of the structure along <111> direction is seen in 
the micrograph in Figure 3(a). The overall character of the microstructure corresponds to the 
heavily deformed material. After the second pass of ECAP (Figure 3b), the microstructure 
remained almost unchanged. The cell/subgrain size was reduced only slightly (the average 
length of 800 nm and the average width of 200–300 nm) and structure remained aligned along 
<111> direction. A slight deviation of several subgrains from <111> indicates the activation 
of other slip systems during the second ECAP pass. After four passes of ECAP, significant 
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changes in the microstructure occurred (see Figure 3c). The majority of grains are already 
equiaxed and the fraction of high‐angle grain boundaries (HAGBs) characterized by typical 
thickness fringes contrast increased. The activation of new glide systems in planes which are 
not parallel with the original glide planes due to the rotation of the billet between individual 
passes must have occurred between the second and fourth pass. The typical microstructure of 
the specimen after eight passes is shown in Figure 3(d). The microstructure is homogeneous 
consisting of equiaxed grains separated by sharp HAGBs. Significantly lower density of dis‐
locations in grain interiors was observed in this condition. The average grain size ranged 
between 200 and 300 nm. In some zones, subgrains/grains with as large as about 500 nm were 
also observed. TEM observations confirm the efficient grain refinement of Cu polycrystals by 
ECAP (factor of 1000).

Inverse pole figures obtained from EBSD measurements are presented in Figure 4. The results 
are consistent with local TEM observations. Relatively large areas of boundaries with low 
misorientations indicated by slight colour code variations corresponding to bands sub‐
grains observed by TEM (cf. Figure 2) dominate the microstructure [14]. With increasing 
the number of ECAP passes, much smaller subgrains and grains having larger misorienta‐
tions evolve from these zones. A detailed analysis of grain boundary character distributions 
in individual specimens after ECAP is given elsewhere [15]. In specimens after four and 
eight passes, EBSD measurements revealed a high density of twin (∑ 3) and multiple twin 
boundaries ∑ 3n (∑ 9, ∑ 27), see Figure 5. Other authors also reported a similar result. This 
extensive formation of ∑ 3n special boundaries is assumed to occur only after extensive strain 
hardening imposed by severe plastic deformation once a certain critical dislocation density 

Figure 2. Microstructure of the non‐deformed Cu.
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Figure 3. TEM micrographs of the typical microstructure of Cu specimens after different number of ECAP passes N 
(plane X) (a) N = 1, (b) N = 2, (c) N = 4 and (d) N = 8.
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Figure 3. TEM micrographs of the typical microstructure of Cu specimens after different number of ECAP passes N 
(plane X) (a) N = 1, (b) N = 2, (c) N = 4 and (d) N = 8.
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is reached [16, 17]. EBSD also confirmed enhanced presence of LAGBs in the specimen after 
1P (see Figure 5). With increasing strain due to ECAP, LAGBs (θ < 15°) were continuously 
transformed into HAGBs (θ > 15°). After eight passes, almost 90% of all grain boundaries had 
a high‐angle character as displayed in Figure 6.

It is well known that the material subjected to severe plastic deformation contains high 
density of lattice defects, namely, dislocations and point defect. The evolution of density 
of lattice defects as a function of the number of ECAP passes was investigated by positron 

Figure 4. IPF map of ECAP specimens (a) 1P, (b) 2P, (c) 4P, (d) 8P (plane X).

Figure 5. Special boundaries distribution.
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annihilation spectroscopy. Three different components were found in positron lifetime (PL) 
spectra as depicted in Figure 7(a): (i) a component corresponding to free positrons which 
are delocalized in the lattice with the respective lifetime τ1 ≈ 114 ps and the relative intensity 
I1, (ii) a component representing the contribution of positrons trapped at dislocations [18] 
having a lifetime of τ2 ≈ 164 ps and the intensity I2, and (iii) a component attributed to posi‐
trons trapped at small vacancy clusters called microvoids formed by clustering of vacancies 
generated by ECAP [7] with the lifetime τ3 depending on the number of vacancies in the 
cluster and the intensity I3.

Figure 6. GB character evolution in ECAP Cu.

Figure 7. PAS results for Cu specimens subjected to various numbers of ECAP passes: (a) lifetimes of the components 
resolved in PL spectra, (b) intensities of the components arising from positrons trapped at defects.
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In annealed non‐deformed Cu specimen (N = 0), only a single component PL spectrum having 
a lifetime of τ1 = 114 ps, I1 = 100%, was found (cf. Figure 7a). In this specimen, all positrons 
are annihilated from the free state. It should be noted that the lifetime τ1 agrees well with the 
theoretically calculated lifetime of free positrons in Cu [19].

In all specimens deformed by ECAP, no free positron component was found I1 = 0% (so‐called 
saturated trapping). The evolution of lifetimes with N indicates that the component τ2 is 
independent of N testifying that only the density of dislocations changes during ECAP press‐
ing while the character of dislocation traps does not. On the other hand, the component τ3 
changes with increasing number of passes corresponding to the change of the microvoid size, 
i.e. the number of vacancies in the respective microvoids.

Due to the high density of lattice defects in ECAPed Cu specimens, almost all positrons are 
trapped at the open volume around these defects. In this case, the dislocation density ρD exceeds 
the value of 1014 m−2 and the microvoid concentration cv the value of 10−4 at−1. The intensity of 
positrons trapped at dislocations I2was found to increase with increasing number of ECAP 
passes as shown in Figure 7(b). On the other hand, the intensity of positrons trapped at micro‐
voids I3increases only during the first pass, while for N > 1 it decreases continuously up to N = 8.

Due to the saturated trapping of positrons in defects (I1 = 0%), it is not possible to determine 
the absolute values of defect densities from the DTM model [5, 7]. Instead of that, only the 
ratio of the respective defect densities (ρD/cν) may be determined from the ratio of respec‐
tive intensities of positrons trapped at dislocations and at microvoids I2/I3 according to the 
formula (1) [7], where KD and Kv are the trapping rates of positrons to dislocations and to 
microvoids, respectively. The variation of the ratio KD/Kv with the number of ECAP passes is 
plotted in Figure 8(a). The curve indicates that the dislocation density increases faster than the 
concentration of microvoids in all specimens deformed by ECAP.

    
 I  2   __  I  3  
   =   

 K  D  
 ___  K  v  
   ∼   

 ρ  D  
 __  c  v      (1)

Figure 8. (a) The ratio KD/Kv of positron trapping rate to dislocations and microvoids, (b) diameter of microvoids 
calculated from PAS results.
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Theoretical calculations described in detail in Ref. [7] allow one to determine qualitatively 
the size of microvoids from the component τ3. Figure 7(b), which presents the dependence of 
the microvoid diameter dv as a function of the number of passes, shows the results of these 
calculations. The microvoid diameter size change seems to be statistically insignificant in 
specimens deformed up to N = 2, while significantly larger microvoids (containing the higher 
number of monovacancies) are created in specimens deformed by eight ECAP passes.

The drawback of the PAS, which is unable to determine quantitatively the dislocation density 
in specimens containing high density of these defects (ρ ≥ 1014 m−2, saturated trapping) [4, 6] is 
smeared by employing other technique, namely, X‐ray diffraction (XRD), making use of the fact 
that peak broadening is caused both by the size of coherently scattering domains and by the 
presence of strain in the material. The former effect allows determining the size of these domains 
while the latter one allows to determine quantitatively the density of dislocation employing the 
techniques of the whole total patter fitting considering the size and dislocation broadening mod‐
els proposed by Ribárik et al. [20] and Matěj et al. [21]. Extended FOX model proposed by Matěj 
et al. [21] was used to evaluate the results of XRD measurements in Cu specimens deformed by 
ECAP. This model uses 4 to 5 fitting parameters, namely, the dislocation density, the mean crys‐
tallite size, the dislocation correlation factor, the variance of the size distribution and/or the frac‐
tion of screw and edge dislocations, respectively. The details of fitting procedure are described 
in detail elsewhere [20]. The results of the fitting procedure are summarized in Table 1.

The density of dislocations ρD was found to increase with increasing number of ECAP passes 
which is in good agreement with qualitative predictions of PAS. Moreover, the fraction of 
edge dislocation decreases with increasing strain, which is consistent with results of other 
authors obtained on Cu [22]. This fact is attributed to the enhanced mobility of edge dislo‐
cations compared to screw ones [23]. The mean crystallite size determined by XRD is sig‐
nificantly lower than that obtained by TEM or EBSD. It is well known that crystallite size 
determined by XRD corresponds to the size of coherently scattering domains which reflects 
the size of subgrains rather than grains [24]. As a consequence, the values of <L> are signifi‐
cantly lower than the values of grain size determined by electron microscopy and electron 
diffraction <d>  (see Table 1).

3.3. Mechanical properties

Mechanical properties were determined by testing tensile specimens in a universal screw‐
driven Instron 5882 machine at the initial strain rate of 4 × 10−4 s−1at room temperature (RT). 

Sample ρD, 1015 m−2 w <L>, nm <d>, nm

N = 1 2.1 0.95 78 900–700

N = 2 6.6 0.85 71 800–700

N = 8 7.9 0.35 76 150–250

Note: ρD—dislocation density; w—fractions of edge dislocations; <L>—the mean crystallite size;<d> , nm—the grain size 
determined by TEM/EBSD.

Table 1. Structure parameters for ECAP Cu samples for different numbers of passes N = 1, 2 and 8.
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The true stress‐true strain curves for the non‐deformed (0P) and ECAPed specimens (N = 1, 
2, 4 and 8P) are shown in Figure 9. Table 2 summarizes tensile test data in terms of the yield 
σ0.2 and ultimate tensile strength σmax(YS and UTS, respectively) and the total elongation (εtot).

ECAPed specimens exhibit significantly better mechanical properties as compared to the 
coarse‐grained material (N−0). Both YS and UTS increase up to four ECAP passes and 
slightly decline after eight passes. Mechanical properties correlate well with the micro‐
structure evolution in individual specimens after ECAP. The increase of both YS and UTS 
up to four passes corresponds well to the combined effect of both the reduction in grain 
size and the increase of dislocation density. As no significant change of grain size was 
found in specimens N > 4, the mechanical properties in these specimens are influenced 
mainly by dislocation density variations. PAS (qualitatively) and XRD (quantitatively) 
measurements indicate that ρD increases up to N = 4 and is followed by a slight decline in 
the specimen N = 8 [25]. It is fully consistent with the evolution of mechanical properties 
with strain imposed by ECAP. However, the drop of YS and UTS in the specimen after 

Figure 9. True stress vs. true strain curves of Cu specimens after different numbers of ECAP passes.

No. of passes/N 0 1 2 4 8

σ0.2 (MPa) 78 293 250 330 258

σmax (MPa) 215 314 270 455 371

εtot (%) 40 9.5 10.6 8.7 12.7

Table 2. Summary of experimental data obtained from mechanical testing.
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eight passes may also be attributed to other microstructural effects, in particular the devel‐
opment of the grain boundary character distribution (cf. Figures 4 and 5) and the texture 
development which is currently under evaluation.

4. Materials with BCC structure

4.1. Material processing and experimental procedure

Single‐phase ferritic interstitial‐free (IF) steel having the BCC crystal structure and the carbon 
content less than 0.01 wt% was pressed through a rectangular ECAP die at room temperature 
(RT). ECAP billets were pressed for one, two, four and eight passes with the speed of 2 mm/min 
via route BC. Microstructural characterization of samples was performed by conventional EBSD 
and TEM techniques. The lattice defects were studied by positron annihilation spectroscopy 
(PAS) employing the diffusion trapping model (DTM) [6, 7]. Mechanical properties at RT were 
characterized by Vickers microhardness measurement and the tensile tests with a constant strain 
rate of 10−3 s−1. Detailed information about the composition, sample preparation and experimen‐
tal methods can be found elsewhere [26–28].

4.2. Microstructure characterization by EBSD and TEM

Figure 10 shows the homogeneous microstructure of the initial state. The high‐angle grain 
boundaries (HAGBs) (>15°) are outlined by black colour. The microstructure exhibits random 
crystallographic texture and is formed by equiaxed grains with a mean grain size of about 41 
μm. The mean grain size was determined from the EBSD images as the area‐weighted mean 
grain size and only grains separated by HAGBs were taken into account. Microstructural 
evolution during ECAP processing is displayed in Figure 11. Increasing the number of ECAP 
passes (N) leads to the gradual refinement of the microstructure. After the single ECAP pass, 
heavily deformed grains can be observed. Different colour inside the original grains indicates 
the formation of subgrains or dislocation cells having low‐angle misorientations (LAGBs). 
After the second pass, the misorientation across the low‐angle grain boundaries increases and 
some of them are transformed into the high‐angle grain boundaries indicated by the black 
colour. With further straining, the gradual increase in the fraction of HAGBs can be observed. 
After 8 passes, almost fully refined microstructure with the average grain size of 0.7 μm and 
the fraction of HAGBs 65% was observed.

Detailed TEM observation confirmed the formation of bands of subgrains with sharp bound‐
aries and dislocations cells with fuzzy boundaries in the sample after the single pass (see 
Figure 12a). After eight passes, new refined grains with the size around 500 nm are formed 
from subgrains in these deformation bands. As a consequence, the misorientation of refined 
grains remains low in same regions, i.e. they are separated predominantly by LAGBs. 
Additionally, a non‐uniform spatial distribution of dislocations was observed: grain/subgrain 
interiors almost free of dislocations are separated by distorted layers with a very high density 
of dislocations. Mechanism of grain refinement described above was observed in many other 
materials with FCC and BCC crystal structure processed by ECAP [29–32].
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Microtexture evolution during ECAP processing is described by a series of EBSD (100) and 
(110) pole figures measured on the plane X [12], lying perpendicular to the pressing direction 
(see Figure 13). With increasing number of passes, a gradual formation of three strong max‐
ima in the EBSD (110) pole figure was observed. The maxima are tilted by 45° from each other. 
The analysis of interplanar angles in cubic crystals [33] indicates that these maxima are associ‐
ated with {110} planes. After the eight passes, the stronger (110) texture in comparison with 
that after four passes is formed. This is consistent with the observations of De Messemaeker 
et al. [34]. The maxima are tilted roughly by 20° towards the y‐axis. This is consistent with the 
cloud‐model of Toth and co‐workers [35, 36] and has been reported by other authors in BCC 
material [35–37].

4.3. Defect structure investigation by PAS

Lifetimes of the exponential components resolved in the lifetime (LT) spectra are plotted in 
Figure 14(a) as a function of the number of ECAP passes. The initial sample (0N) exhibits a 
single component spectrum with the lifetime of ≈108 ps, which can be attributed to the posi‐
trons annihilated in the free state. As a consequence, the initial sample exhibits a low density 
of defects (dislocation density below 5 × 1012 m−2). The samples deformed by ECAP (N > 0) 
exhibit two‐component LT spectra. Apart from the component τ1 attributed to positrons not 
trapped at defects, the longer component with the lifetime τ2 ≈ 150 ps coming from positrons 
trapped at dislocations [38–40] were detected in specimens N > 0. Park et al. [38] performed a 

Figure 10. EBSD inverse pole figure map of the initial state (size‐rolled and homogenized for 1 hour at 700°C).
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Figure 12. A bright‐field TEM micrographs of IF steel samples deformed by applying (a) 1 pass and (b) 8 passes.

Figure 11. EBSD inverse pole figure maps obtained on the cross‐sections of the samples processed by ECAP for different 
numbers of passes.
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Figure 11. EBSD inverse pole figure maps obtained on the cross‐sections of the samples processed by ECAP for different 
numbers of passes.
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detailed LT investigation of deformed Fe and reported that the lifetimes of positrons trapped 
at edge and screw dislocations are τedge = 165 ps and τscrew = 142 ps, respectively. As a conse‐
quence, the lifetime τ2 ≈ 150 ps determined in IF steel deformed by ECAP can be attributed to 
positrons trapped at a mixture of edge and screw dislocations. The fraction of screw disloca‐
tions fscrew was determined from the lifetime τ2 according to the relation:

   f  screw   ≈   
 τ  edge   −  τ  2   ________  τ  edge   −  τ  screw      (2)

The IF steel contains fscrew ≈ 0.7 after the first ECAP pass. During further ECAP processing, 
the screw/edge character of dislocations remains almost unchanged, as indicated by almost 
constant value of the lifetime τ2 in Figure 14(a). More screw character of dislocations was also 
observed in ECAP deformed Cu as reported in Section 3.2. In BCC lattice of IF steel, the screw 
dislocation core is dissociated into a non‐planar configuration [41]. As a consequence, during 

Figure 13. EBSD (100) and (110) pole figures for the IF steel samples processed by ECAP for different numbers of passes.

Figure 14. Development of (a) lifetimes of the components resolved in LT spectra and (b) the mean density of dislocations ρ 
determined by PAS with increasing number of ECAP passes. The initial sample before ECAP processing is labelled as 0N.
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ECAP pressing, edge dislocation segments annihilate more easily than the screw ones and the 
remaining dislocations have therefore a more screw character. The development of the mean 
dislocation density (ρ) determined from LT data applying the DTM is plotted as a function of 
N in Figure 14(b). The mean dislocation density gradually increases with increasing number 
of ECAP passes and saturates at ≈ 4 × 1014 m−2.

4.4. Mechanical properties

The results of mechanical testing at RT showed that ECAP processing significantly influences 
the mechanical properties of IF steel (see Figure 15). The values of microhardness (HV) and ten‐
sile strength (σmax) gradually increase with increasing N and are the same within the experimen‐
tal error (see Figure 15a). Assuming that microhardness test introduces the multiaxial loading 
to the material in comparison to the uniaxial tensile test, the consistency in the values of HV and 
σmax indicates a negligible effect of the texture on the mechanical properties. On the other hand, 
the yield stress (σ0.2) significantly increases already after a single pass as a result of the rapid 
increase of dislocation density and simultaneous grain refinement. Further straining leads to 
the only moderate increase of σ0.2due to the slight increase of dislocation density and continuous 
grain refinement. A similar behaviour was observed in ECAP‐processed aluminium alloy 6016 
[42]. The overall increase in the tensile strength and the yield stress was about 230 and 450%, 
respectively. As it is apparent from Figure 15(b), increasing strength of the samples is accompa‐
nied by a rapid decrease of ductility, which drops from 45% for initial sample to approximately 
10% after eight passes. Such reduction in the ductility is typical for ECAP‐processed materials 
and can be explained by reducing mobility of dislocations due to the considerable increase of 
dislocation density [43, 44]. It can be concluded that mechanical properties of ECAP processed 
IF steel are controlled mostly by grain size and dislocation density.

5. Materials with HCP structure

Since the first introduction of ECAP, magnesium is the most intensively investigated HCP 
metal. Its processing is much more difficult than the processing of FCC and BCC metals, 
because of the limited number of available slip systems in the HCP structure at RT. Therefore, 

Figure 15. Development of (a) microhardness, tensile strength and (b) yield stress, ductility of IF steel with increasing 
numbers of ECAP passes.
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much higher processing temperature is often needed, which significantly complicates 
achieving average grain size below 1 μm because of grain growth at elevated temperatures. 
Nevertheless, the improvement in the processing technique, especially by the utilization of 
back pressure in the exit channel enables to decrease the processing temperature and finally 
to achieve much finer microstructure. In this section, the effect of the processing parameters 
and the composition of the alloy on the microstructure development and resulting mechanical 
properties in magnesium alloys are introduced and discussed.

The most important parameters that could be varied in ECAP processing are the process‐
ing temperature and the processing route. Both parameters have significant influence on the 
resulting microstructure, and consequently on physical properties of the final material. The 
processing temperature is an experimental parameter and needs to be optimized for each 
alloy separately. The processing temperature is usually around 200°C, but for certain alloys, 
particularly those with the high content of rare earth elements, the processing temperature up 
to 350°C needs to be used. In the next paragraphs, the effect of processing route and process‐
ing temperature selection on the example of a commercial AX41 (Mg, 4 wt%; Al, 1 wt% Ca) 
magnesium alloy is analysed.

5.1. Effect of the processing route

The microstructure of the extruded (EX) sample is shown in Figure 16. Homogeneous distri‐
bution of equiaxed grains with an average grain size of 10 μm was observed in both section 
planes. Texture of the extruded sample was typical for most magnesium alloys, namely,  〈10  ̄  1 0〉  
fibre texture with a fibre parallel to the extrusion direction (see Figure 17).

The extruded samples were subsequently processed by ECAP following three different pro‐
cessing routes—A, BC and C. Eight passes through ECAP resulted in gradual refinement of the 
microstructure. Microstructure of specimens processed by 8P irrespective of the processing 
route is shown in Figure 18(a–c). Nevertheless, the fragmentation rate and the final grain size 
depend strongly on the individual ECAP routes. The evolution of the average grain size for all 
samples/routes is shown in Figure 18(d). The mean grain size was determined from the EBSD 
images as the area‐weighted mean grain size. From the results, it may be concluded that the 
routes C and BC were more effective during the first steps of the processing and homogeneous 

Figure 16. EBSD inverse pole figure maps obtained on the (a) cross‐section and (b) longitudinal section of the extruded sample.
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fine‐grained microstructure was attained already after four passes (see Ref. [45]). The average 
grain size of samples processed via route BC was unchanged during subsequent passes, but 
extensive grain growth was observed in samples processed via route C. The resulting value of 
average grin size was ∼2.7 μm for route BC and ∼4.5 μm for route C. In the case of route A, the 
grain refinement was continuous and homogeneous microstructure was attained only after 
eight passes through ECAP, with the average grain size of ∼2 μm.

The grain refinement during ECAP is based on two mechanisms that are working coopera‐
tively. The first one is a nucleation and growth of fine grains along former grain boundaries 
and the second one is the formation of high‐angle grain boundaries from dislocation tangles 
[46]. The first one is a more intensive refinement process in HCP structures, whereas as men‐
tioned earlier, the second one is more intensive in FCC and BCC structures. These two mecha‐
nisms usually lead to gradual grain refinement until grain growth and grain refinement are in 
balance, as it was observed in the case of route BC after 4P. Nevertheless, a different evolution 
of the structure and grain refinement was observed for samples processed via routes A and 
C. This difference could be explained by the analysis of the Burges vectors population in the 
individual samples. The analysis of the distribution of dislocations in the non‐basal <a> slip 
systems, which was performed using the procedure described in detail in [9], is shown in 
Figure 19. Prismatic and pyramidal (PrE + PyE) <a>‐type dislocations evolution as a function 
of the number of ECAP passes for different processing routes, are shown together because of 
the analysis limitation. The complete analysis of all major slip systems is described in detail 
elsewhere [45]. The significant dislocation activity observed in all samples/routes is consistent 
with theoretical calculations [47, 48], where modelling results indicating that approximately 
20% of strain accommodated by prismatic <a>‐slip are presented. The non‐basal <a>‐disloca‐
tions are very important for grain refinement, because they have the high probability to lock 
each other and form dislocation tangles even in small grains. Therefore, substantially higher 
fraction of these dislocations in samples processed via route A are responsible for higher grain 
refinement and vice versa, i.e. the reduction of non‐basal <a>‐dislocations fraction in samples 
processed via route C resulted in grain growth. The activity of a particular slip system is 
highly dependent on the grain orientation and therefore on the texture of the material.

Figure 17.    (  0001 )     and    (  10  ̄  1 0 )     X‐ray pole figure measured on cross‐section.
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Different processing routes influence significantly the texture development. Therefore, the 
higher activity of non‐basal <a>‐dislocations in samples processed via route A than route C is 
caused by the preferred orientation of individual grains. In Figure 20, pole figures measured 
on the samples after the final stage of the processing (8P) are displayed. Two kinds of texture 
components could be recognized. The first texture component, denoted as M, represents basal 
planes normal to the z‐direction. The second texture component, denoted as N, represents 
basal planes lying parallel to the theoretical shearing plane activated during ECAP [49], i.e. 
the basal planes are tilted by ∼45° to the pressing x‐direction. The formation and intensity of 
the particular texture component is strongly influenced by the processing route. Whereas tex‐
ture component M is dominant in samples processed via route A, it is completely missing in 

Figure 18. EBSD inverse pole figure maps obtained on the samples processed by 8 passes via route (a) A, (b) BC and (c) 
C. (d) Evolution of the mean grain size in the samples processed by different routes.
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Figure 20.    (  0001 )     and    (  10  ̄  1 0 )     X‐ray pole figures for the samples processed by different routes.

Figure 19. The dependence of the sum of relative fractions of prismatic (PrE) and pyramidal (PyE) <a>‐type edge 
dislocations on the route of ECAP and the number of passes.
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Figure 20.    (  0001 )     and    (  10  ̄  1 0 )     X‐ray pole figures for the samples processed by different routes.

Figure 19. The dependence of the sum of relative fractions of prismatic (PrE) and pyramidal (PyE) <a>‐type edge 
dislocations on the route of ECAP and the number of passes.

Severe Plastic Deformation Techniques58

samples processed via route C. Thus, the texture component N is the only component in sam‐
ples processed via route C. In the sample processed via route A, the component N is strongly 
suppressed. In the case of the route BC, the situation is more complicated. The microstructure 
exhibits both texture components. The dominant texture component is N, which is additionally 
tilted roughly by 40° towards y‐direction. Gradual transformation of the texture components 
during successive ECAP passes is described in detail elsewhere [45].

The formation mechanisms of these texture components at an expense of the initial fibre tex‐
ture are the following. The texture component N is formed by predominant activation of the 
basal slip system during the processing, which causes the rotation of the (0001) basal planes 
parallel to the theoretical shearing plane (see Figure 21b). The formation mechanism of this 
texture component is discussed in different papers with the same conclusion [49–54]. The 
origin of the texture component M is the combination of twinning which occurs already in 
the feed‐in channel during pressing and the activation of the second‐order pyramidal slip 
in which the pyramidal plains    {  11  ̄  2 2 }     remain orientated parallel to ECAP shearing plane (see 
Figure 21a). For full description of the formation mechanism of both texture elements, the 
reader is referred to Refs. [45, 55]. The occurrence of compression twining in the extruded 
pure magnesium and its alloys was also reported by many authors [56, 57].

The formation of a particular texture component and its strength is given by the route of 
ECAP processing. Rotation of the sample after the nth ECAP pass, which differentiates the 
type of the route, defines the orientation of the shearing plane towards the pre‐existing tex‐
ture components during the subsequent pass. Processing of the sample without any rotation 
(route A) causes the generation and strengthening of the texture component M. Reorientation 
of individual grains towards the M component after each pass results in unfavourable ori‐
entation for the basal slip in the subsequent pass. Therefore, this texture component is very 
weak. Additionally, grains representing the M component are oriented well for twinning 
in the feed‐in channel, and subsequently, the second‐order pyramidal slip is activated and 
strengthens the texture component M, as shown in Figure 21.

In the case of route C, the sample is rotated 180° along its processing direction after each 
pass. Grains representing the texture component N have basal planes aligned with the ECAP 

Figure 21. Formation mechanism of the texture components (a) M and (b) N.
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shearing plane and therefore there is no rotation of these grains during the subsequent pass. 
Moreover, the activation of the basal slip in other grains results in strengthening of the com‐
ponent N. The formation of this texture component is very effective, and one can notice that 
the texture strength in the sample processed via this route is significantly higher than in sam‐
ples processed via the other routes.

The pole figure of the sample processed by route BC is a combination of the previous two ones. 
Rotation of the sample by 90° along the processing direction partially suppresses the strengthen‐
ing mechanism of the N component. The initial extrusion texture is favourable for the formation 
of the M component, because the majority of grains are well oriented for twinning in the feed‐in 
channel. However, the fraction of these grains gradually decreases as more grains are reori‐
ented to form the N component. In this orientation, the grains can no longer twin in the feed‐in 
channel and consequently generate the M component. Therefore, in some works describing the 
evolution of the texture in Mg alloys processed via route BC, the texture component M is present 
after the final pass and in some is not. Its presence is given by the effectivity of twinning of the 
grains in the feed‐in channel and the rate by which the texture component N strengthens. This 
rate is affected particularly by the processing temperature, as discussed below.

5.2. Effect of the processing temperature

The effect of the processing temperature is more straightforward than the effect of the other 
processing parameters. The higher processing temperature makes usually the processing itself 
easier while it increases the tendency for the grain growth. Magnesium must be processed at 
elevated temperatures because of the billet segmentation, which occurs at the lower tempera‐
tures [58]. The high limit for the processing temperature fundamentally does not exist, but it 
is always necessary to process at the lowest possible temperature to obtain the most effective 
grain refinement. In the previous section, the grain refinement and texture formation for the 
extruded AX41 processed at 220°C via route BC were discussed. This temperature was found 
to be the lowest one for this alloy. In this section, the effect of increase of the processing tem‐
perature to 250°C is shown and discussed.

The microstructure of the sample processed at 250°C temperature was comparable to that 
processed at 220°C. Nevertheless, the apparent negative effect of the increased processing 
temperature on the grain size is clearly seen in Figure 22. At 250°C, the grain refinement was 
observed only up to two passes. During further straining (N > 2), the grain growth occurs. 
The final average grain size was ∼4 μm, while for lower processing temperature (220°C), it 
was ∼2.7 μm only. Another significant effect of the increase of the processing temperature 
was observed in texture development. In Figure 23, pole figures of the 8P sample processed 
at 250°C are shown. The formation of the texture component M is significantly suppressed at 
the higher temperature, cf. Figure 20. This difference results from the suppression of twin‐
ning at elevated temperatures. As a result, after eight passes, the M component is strongly 
suppressed in specimen deformed at the higher temperature.

5.3. Effect of the composition

The influence of the composition on the deformation behaviour and resulting microstruc‐
ture evolution in magnesium alloys has been intensively studied for a variety of processing 

Severe Plastic Deformation Techniques60



shearing plane and therefore there is no rotation of these grains during the subsequent pass. 
Moreover, the activation of the basal slip in other grains results in strengthening of the com‐
ponent N. The formation of this texture component is very effective, and one can notice that 
the texture strength in the sample processed via this route is significantly higher than in sam‐
ples processed via the other routes.

The pole figure of the sample processed by route BC is a combination of the previous two ones. 
Rotation of the sample by 90° along the processing direction partially suppresses the strengthen‐
ing mechanism of the N component. The initial extrusion texture is favourable for the formation 
of the M component, because the majority of grains are well oriented for twinning in the feed‐in 
channel. However, the fraction of these grains gradually decreases as more grains are reori‐
ented to form the N component. In this orientation, the grains can no longer twin in the feed‐in 
channel and consequently generate the M component. Therefore, in some works describing the 
evolution of the texture in Mg alloys processed via route BC, the texture component M is present 
after the final pass and in some is not. Its presence is given by the effectivity of twinning of the 
grains in the feed‐in channel and the rate by which the texture component N strengthens. This 
rate is affected particularly by the processing temperature, as discussed below.

5.2. Effect of the processing temperature

The effect of the processing temperature is more straightforward than the effect of the other 
processing parameters. The higher processing temperature makes usually the processing itself 
easier while it increases the tendency for the grain growth. Magnesium must be processed at 
elevated temperatures because of the billet segmentation, which occurs at the lower tempera‐
tures [58]. The high limit for the processing temperature fundamentally does not exist, but it 
is always necessary to process at the lowest possible temperature to obtain the most effective 
grain refinement. In the previous section, the grain refinement and texture formation for the 
extruded AX41 processed at 220°C via route BC were discussed. This temperature was found 
to be the lowest one for this alloy. In this section, the effect of increase of the processing tem‐
perature to 250°C is shown and discussed.

The microstructure of the sample processed at 250°C temperature was comparable to that 
processed at 220°C. Nevertheless, the apparent negative effect of the increased processing 
temperature on the grain size is clearly seen in Figure 22. At 250°C, the grain refinement was 
observed only up to two passes. During further straining (N > 2), the grain growth occurs. 
The final average grain size was ∼4 μm, while for lower processing temperature (220°C), it 
was ∼2.7 μm only. Another significant effect of the increase of the processing temperature 
was observed in texture development. In Figure 23, pole figures of the 8P sample processed 
at 250°C are shown. The formation of the texture component M is significantly suppressed at 
the higher temperature, cf. Figure 20. This difference results from the suppression of twin‐
ning at elevated temperatures. As a result, after eight passes, the M component is strongly 
suppressed in specimen deformed at the higher temperature.

5.3. Effect of the composition

The influence of the composition on the deformation behaviour and resulting microstruc‐
ture evolution in magnesium alloys has been intensively studied for a variety of processing 

Severe Plastic Deformation Techniques60

techniques, especially for extrusion and rolling. Nevertheless, in the case of ECAP, the usual 
selection of alloys is usually limited to AZ, AM, and ZK types of alloys. The alloying elements 
in these types of alloys usually form stable secondary phases, or only small quantities of the 
atoms are dissolved in the Mg matrix. Therefore, the effect of the alloying elements on the 
deformation behaviour of the Mg matrix is highly limited. On the other hand, strong effect 
was observed in magnesium alloys containing lithium.

The effect of lithium on the final microstructure formed by ECAP in extruded AE42 (Mg, 4 wt%; 
Al, 2 wt% rare earths) and LAE442 (Mg, 4 wt%; Li, 4 wt%; Al, 2 wt% rare earths) magnesium 
alloys will be discussed in this section. The only difference between these two alloys is in the 

Figure 22. Evolution of the mean grain size on the processing temperature and number of ECAP passes.

Figure 23.    (  0001 )     EBSD pole figure of the sample processed at 250°C (X‐plane).
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presence of lithium in the latter one. Lithium content in the alloy is below the solubility limit. 
It is very important as exceeding the solubility limit results in the formation of the mixture of 
HCP and BCC structure [59]. XRD measurement focused on the investigation of the effect of Li 
content on the lattice parameters of this alloy and showed a decrease of the c/a ratio to 1.610 [46], 
when compared to the pure Mg with c/a = 1.624 [60]. The decrease of the c/a ratio has a strong 
effect on the deformation behaviour as it facilitates the activation of non‐basal slip systems.

The microstructure of both alloys was investigated by EBSD. Both alloys were processed by 
ECAP in the temperature range 180–220°C following route BC up to 8 and 12P for AE42 and 
LAE442 alloys, respectively. The corresponding micrographs are shown in Figure 24. After 
the final step ECAP, the homogeneous microstructure with comparable grain size in both 
alloys of about ∼1.5 μm was achieved. Effect of ECAP on grain refinement observed in both 
alloys is detailed elsewhere [55]. It should be noted that the reason for the processing by a 
higher number of passes of the LAE442 alloy was a much higher grain size in the initial condi‐
tion. The effect of the grain size in the initial condition of the processed material on the effec‐
tivity of grain refinement was discussed in [61]. Our results are fully consistent with this work.

The microstructure of both alloys looks very similar. However, there is a significant difference 
in the texture, which has developed during ECAP processing. The corresponding pole figures 
are shown in Figure 25. The standard and usual texture was observed in both alloys after 
the extrusion [55]. The pole figure of the processed AE42 alloy is very similar to the texture 
observed in the AX41 alloy processed by ECAP (cf. Figure 20). On the other hand, the pole fig‐
ure determined in the processed LAE442 alloy is completely different, even if the same process‐
ing conditions were employed. The pole figure contains a very strong M component, a weak N 
component and a new third component with basal planes perpendicular to the y‐direction. The 
formation mechanism of the M and N components resulting from the predominant activation 

Figure 24. EBSD inverse pole figure maps of (a) AE42 and (b) LAE442 after the final step of ECAP.
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of the second‐order pyramidal and basal slip, respectively, were discussed in Section 5.1. The 
new texture element, denoted as L, is associated with the activity of the prismatic slip system 
from the analysis of the     (  10  ̄  1 0 )     pole figure (see Figure 26). The main maximum is present on the 
z‐axis and rotated by 15° from the processing direction. As described above and in Ref. [52], the 
rotation of the active slip planes parallel to the shear plane of the ECAP die causes the forma‐
tion of the other texture element. Similarly, activation of the    {    (  10  ̄  1 0 )    }   〈11  ̄  2 0〉  prismatic slip system 
due to the lithium addition caused the rotation of the prismatic planes parallel to the shear 
plane of ECAP die as graphically expressed in Figure 27. Geometrically, this rotation causes 
the formation of the texture elements presented schematically in Figure 26.

5.4. Mechanical properties

In the previous section, it was shown that the microstructure of the processed magnesium 
alloy may be very different depending on the various processing parameters and the com‐
position. Mechanical properties of the material are strongly affected by the microstructure, 
and therefore different evolution of the mechanical properties is expected. There are three 

Figure 25.    (  0001 )     X‐ray pole figure of (a) AE42 and (b) LAE442 after the final step of ECAP.

Figure 26. Depiction of the texture elements in the processed LAE442 alloy.
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main factors affecting the mechanical strength, namely, the grain size, the texture and the 
dislocation density. It is very hard to separate the effect of these individual parameters. 
However, the effect of the texture can be strongly suppressed by microhardness measure‐
ment, which simulates the multiaxial‐loading. Therefore, it gives the opportunity to reveal 
the effect of grain refinement and hardening through dislocations. In Figure 28(a), the depen‐
dence of the microhardness on the number of ECAP passes is shown. The microhardenss in 
individual samples increases with increasing number of ECAP passes and then saturates. 
The only exception is the AX41 sample processed via route C, in which the grain growth was 
observed. Grain boundary hardening is therefore an obvious source of the enhanced micro‐
hardness. Nevertheless, the possible effect of dislocations may also be assessed, when the 
data are evaluated considering the Hall‐Petch relation. The highest difference in the discussed 
alloys was observed between AE42 and LAE442. Figure 28(b) shows the dependence of the 
microhardness on the square root of grain size for both alloys. The samples of the AE42 alloy 
obey the linear tendency of Hall‐Petch relation, while in the LAE442 alloy, Hall‐Petch rela‐
tion is not met. The non‐linear tendency and higher values of microhardness are the result of 
the increased dislocation density. Figure 28(c) shows the evolution of the dislocation density 
measured by PAS for both alloys. The evolution is very similar, but the values measured in the 
LAE442 alloy are by one order of magnitude higher than in the AE42 alloy. As a consequence, 
the effect of dislocations on the mechanical strength needs to be added to the calculation. 

Figure 27. The formation mechanism of the texture component L.
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Assuming that the grain boundary hardening is similar in both alloys (hardening coefficient 
was 30), it can be subtracted from the microhardenss and net effect of dislocations could be 
revealed. As shown in Figure 28(d), the HV values corrected for the grain boundary harden‐
ing obey the linear relation when plotted vs. square root of the dislocation density. Variations 
of HV values of the AX41 alloy in Figure 28(a) are caused by variations of dislocation density. 
A detailed discussion of this effect is given elsewhere [45].

The evolution of the yield tensile strength shown in Figure 29(a) differs significantly from the 
evolution of the microhardness. The difference is caused by the mode of loading, i.e. by the 
change from multiaxial (microhardness) to an uniaxial loading (tensile tests), in which texture 
plays a significant role. The positive effect of the grain refinement and increased dislocation 
density on the mechanical stength can be overwhelmed by a negative effect of the texture 
that developes during ECAP. As shown above, strong texture is formed in investigated alloys 
regardeless of the processing route. Therefore, the strong anisotropy of the mechanical prop‐
erties of the single crystal is transfered to the final material. The ECAP billet has ususally a 
form of a rod or a bar, and therefore the mechanical properties are ususally investigated in 

Figure 28. Evolution of microhardness in investigated Mg alloys. (a) The evolution of microhardnes different Mg 
alloys, (b) Hall‐Petch relation for the AE42 and LAE442 alloys, (c) evolution of dislocation density in the AE42 and 
LAE442 alloys, (d) the evolution of reduced microhardness by grain boundary hardening as a function of square root of 
dislocation denisty in the LAE442 alloy.

Mechanical Properties and Microstructure Development in Ultrafine‐grained Materials Processed...
http://dx.doi.org/10.5772/intechopen.68965

65



the direction paralel to the processing direction. Different evolution of mechanical proeprties 
was observed in individual samples even if the microstructure is strongly refined in all cases. 
As mentioned above, the reason is a strong texture formed in all samples, which differs in 
individual processing routes. The measure of the texture effect is the Schmid factor calculated 
for the basal slip (mbasal). Basal slip is the most favourable slip at room temperature, because its 
critical resolve shear stress is much lower than that of other slip systems. The plot of mbasal as a 
function of increasing number of ECAP pases is shown in Figure 29(b). The strong correlation 
between mbasal and the tensile yield stress is clearly seen (cf. Figure 29a and b). The samples 
with higher value of mbasal exhibit lower yield stress. Deterioration of the yield tensile stress 
along the procesing direction is caused by the formation of the texture component N. Gradual 
reorientation of the grains by ∼45° from the processing direction and also from the deforma‐
tion axis facilitates the activation of the basal slip system, as manifested by enhanced values of 
mbasal. On the other hand, the formation of the strong texture component M in specimens pro‐
cessed by route A results in the same deterioration of mechanical properties when the defor‐
mation axis is rotated. As a consequence, the use of route A does not suppress the negative 
texture effect. The lowest anisotropy of mechanical properties was observed in the LAE442 
alloy, where the final texture was not so sharp and all three texture components were present.

6. Conclusions

Microstructure and lattice defect evolution in ultrafine‐grained materials of different crystal 
structure processed by ECAP have been investigated as a function of strain imposed to the 
material by severe plastic deformation and correlated with mechanical properties of these 
materials. The following conclusions may be drawn from this thorough study:

• ECAP proved to be an efficient technique of grain refinement. Ultrafine‐grained materials 
of different crystal structure are obtained by this technique.

• The extent and the rate of the grain refinement strongly depend on the amount of the im‐
posed strain and the parameters of ECAP processing.

Figure 29. Mechanical properties of investigated Mg alloys. (a) The evolution of yield tenisle stress with strain, (b) the 
evolution of average Schmid factor calculated for uniaxial tension paralel to X‐axis from EBSD data.
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• ECAP is more effective in FCC and BBC materials as compared to hexagonal materials. The 
difference is caused by different temperatures of processing and the concomitant processes 
occurring during pressing. Cubic materials may be processed at room temperature while 
elevated temperatures are needed to process HPC materials.

• In HCP materials, the dynamic recrystallization is the most effective refinement mecha‐
nism, while in BCC and FCC materials a dominant mechanism of grain refinement is con‐
trolled by the gradual transformation of LAGBs to HAGBs.

• ECAP‐processed materials exhibit strong a crystallographic texture, which depends on the 
chemical composition, the temperature and the processing route.

• A high density of lattice defects was found in severely deformed material processed by ECAP. 
Significantly higher density of dislocations was found in materials with cubic structure than 
in hexagonal materials (by at least one order of magnitude). FCC metals also contain a high 
concentration of vacancies and their conglomerates called microvoids while in BCC and hex‐
agonal materials vacancy concentration is very low (below the detection limit of PAS).

• Positron annihilation spectroscopy and X‐ray diffraction proved to be efficient and comple‐
mentary techniques of the determination of the dislocation density over a wide range of 
orders of magnitudes.

• Processing of materials having FCC and BCC lattice leads to the enhanced strength, which 
is accompanied by reduced ductility.

• Improved strength of UFG materials is caused by a combination of strong grain refinement 
and increased dislocation density.

• Mechanical properties in HCP materials are significantly affected by the grain size, disloca‐
tion density and texture, which results in their strong anisotropy.
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Abstract

Constrained groove pressing (CGP) is a new severe plastic deformation method suitable
for producing ultra-fine grained sheet metals. Based on Taguchi optimization method, the
influence of processing parameters such as groove width, groove angle, friction coefficient
and deformation rate on deformation homogeneity of constrained groove pressing (CGP)
was studied numerically utilizing DEFORM-3D. A multi-pass CGP was carried out on
1060 commercially pure aluminium, copper and Ni sheets. Through a series of experimen-
tal research, the evolution of microstructure, tensile properties, forming load, and die
parameters during the process was investigated.

Keywords: constrained groove pressing, material properties, processing efficiency,
strain homogeneity, die parameters

1. Introduction

Constrained groove pressing (CGP) is one of the most attractive SPD techniques available for
fabricating ultra-fine grained (UFG) sheet or plane metallic materials. Since originally pro-
posed by Shin et al. in 2002 [1], CGP has been successfully used for grain refinement and
mechanical property improvement of various sheet metals and alloys. In this technique, the
sheet sample is subjected to repetitive shear deformation via alternant pressings by asymmet-
rically groove dies and flat dies. Thus, a large strain can be uniformly accumulated throughout
the whole sample without any significant change in its dimensions. As a result, a relatively
homogeneous UFG structure can be obtained.

A schematic illustration of CGP process is shown in Figure 1. Before pressing, a set of asymmet-
rical groove dies (Figure 1a) and a set of flat dies (Figure 1c) are prepared. At first, the sample is
pressed into the groove dies with a groove width, T, and a groove angle θ (Figure 1a). The gap

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



between top and bottom dies is kept the same with the sample thickness. Thus, the inclined
regions of the sample are subjected to pure shear deformation under plane strain condition
while no deformation is induced in the flat regions (Figure 1b). Then, the grooved sample is
placed between the flat dies and straightened (Figure 1c). Due to the tight constraint from
the side walls of bottom die, the inclined regions previously deformed experience reverse
shear deformation while the flat regions remain undeformed. After that, a rotation of
the sample by 180� about Y-axis which is perpendicular to the sheet plane is performed
(Figure 1d). This ensures the undeformed regions to be deformed during the second groove
pressing (Figure 1e) and flattening (Figure 1f) due to the asymmetry of the groove dies.
Thus, the alternate pressings with groove dies and flat dies result in a homogenous strain
distribution throughout the sample without any changes in its dimensions. Generally, two
groove pressings and two flattenings compose one CGP pass. Finally, a relatively uniform
UFG structure can be obtained after a multi-pass CGP.

The theoretical equations for calculating the shear and effective strains accumulated for one
pressing can be derived from Figure 1. A single pressing induces an engineering shear strain,

γxy ¼ tanθ ð1Þ

where H, T, and θ are groove height, width, and angle, respectively. Shear strain is given as

εxy ¼ γxy=2 ð2Þ

Since CGP is assumed as a pure shear deformation under plane strain condition [2], corre-
spondingly, the effective strain,

εef f ¼
ffiffiffiffiffiffiffiffiffi
4ε2xy
3

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4ðγxy=2Þ2

3

s
¼

γxyffiffiffi
3

p ¼ tanθffiffiffi
3

p ð3Þ

Therefore, the total effective strain accumulated in a CGP sample pressed by n passes is
presented as

Figure 1. Schematic of constrained groove pressing (CGP).
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εtotal ¼ n
2 tanθffiffiffi

3
p ð4Þ

Specifically, when the groove angle, θ is 45�, the groove width, T is equal to the groove height,
H. Then, the engineering shear strain, γxy ¼ 1, and the effective strain, εef f ¼ 1=

ffiffiffi
3

p
≈ 0:58. In

this case, theoretically, one CGP pass induces a total effective strain of about 1.16 in the sample.
Obviously, the groove angle, θ, directly determines the efficiency of strain accumulation.

CGP exhibits a great potential in producing UFG sheet metals, and until now, it has been
successfully used for grain refinement and mechanical property improvement of various pure
metals and alloys. From the process, significant influences on CGP by the structural parame-
ters of groove dies including groove angle and width are expected. However, very limited
studies are focused on this topic, and researchers still cannot reach an agreement on the
influence rule. For instance, Borhani and Djavanroodi [3] investigated the effects of die design
on a modified CGP process called rubber pad-CGP experimentally and numerically. They
found that, compared with 45�, a higher groove angle of 50�could enhance the grain refine-
ment and mechanical property improvement but reduce the strain homogeneity. Nevertheless,
in another work on a covered sheet casing-CGP carried out by Sajadi et al. [4], it was demon-
strated that an increase of groove angle from 45 to 53�could not promote more CGP passes and
the improvement of mechanical properties. Peng et al. [5, 6]. analyzed the effects of groove
width on CGP of a Cu-Zn alloy. They found that groove dies with the width increasing from 5
to 7 mm permitted more passes without crack formation but induced a lower rate of grain
refinement and a slower increase in hardness.

As can be seen, the higher pass number resulted from a larger groove width is well explained by
the above discussion, but the lower process efficiency still needs more detailed analysis. Thus,
based on numerical and experimental methods, a multi-pass CGP was carried out on 1060
commercially pure aluminium, copper andNi sheets in order to study the evolution ofmicrostruc-
ture, tensile properties, forming load, die parameters and deformation mode during the process.

2. Finite element analysis and deformation homogeneity optimization of
constrained groove pressing

2.1. FE-simulation and optimization

The FE-simulation model for CGP was built up using DEFORM-3D software. The initial
dimensions of the sample are 100 � 100 � 2 mm3, and the material is aluminium alloy 5052.
Both top die and bottom die are defined as a rigid body while the sample is plastic. During the
deformation procedure, the bottom die is fixed and the top die moves in the –Y direction at a
constant speed. The coefficient of friction between the die surface and the sample is within a
range (0.08–0.12) in cold forming of metals. The isothermal process is conducted at room
temperature (20�C). The tetrahedral element is used for meshing and automatic re-meshing is
activated. The total number of elements is 175,000 and the incremental step length is 0.2 mm.
To ensure the accuracy, volume loss during simulation is taken into account. When the volume
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loss exceeds 5%, corresponding volume compensation is considered. The properties of the
selected material are described by the following model equation of power law form:

σ ¼ cεn ε
•
m þ y ð5Þ

where σ is flow stress, ε is an effective plastic strain, ε
•
is effective strain rate, c is material constant,

n is strain exponent, m is strain rate exponent, and y is initial yield stress value. For aluminium
alloy 5052, fitted values of the parameters achieved from the software are c = 56.4MPa, n = 0.0396,
m = 0.0105 and y = 140MPa.

In this study, one pressing cycle includes two groove pressings and two flattenings. The data of
analysis points are extracted and analyzed after the sample is deformed after four cycles. In
order to reduce the error, 5 mm from both edges of the sample along the longitudinal direction
is ignored. The equivalent strain values of 300 points are measured uniformly as FE-simulation
results along different paths within the range of 90 mm. The illustration of the analysis point
selection is shown in Figure 2. The central line of the cross section at Z = 0 is identified as Path
A, and the upper edge as Path B. The central line of the cross section at Z = 50 is defined as Path
C. Among the paths concerned above, obviously, Path A is basically the most representative
one for the deformation characteristics of the whole sample.

To describe the deformation homogeneity, I.F. is adopted as the index, which can be calculated
by the following expression:

I:F: ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXi¼n

i¼1
ðHi �H

�Þ2=ðn� 1Þ
q

H
� ð6Þ

where n is the number of analysis points, Hi is the equivalent strain value of i-th point, H is the
average strain value of all the analysis points. Normally, the lower I.F. value indicates more
homogeneous deformation.

Four processing parameters were analyzed synthetically. They are groove width, groove angle,
friction coefficient and deformation rate. The levels of each parameter are determined and

Figure 2. Extraction paths of analysis points.
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shown in Table 1. The factors are expressed by A, B, C and D, and the levels by 1, 2 and 3. Due
to the number of factors and levels chosen above, the L9 (34) orthogonal array is employed.

2.2. Results and discussion

The simulations of CGP for nine sets of parameter combination were conducted making use of
DEFORM-3D, and values of equivalent strain for each plan were extracted along Paths A, B,
and C of the deformed sample, respectively. After the I.F. value of each trial is figured out
according to Eq. (6).

To examine the effect rule of the selected parameters, the mean S/N ratio for different levels of
each factor are calculated, and the results are listed in Table 2. Since the smaller the better

Factors Level 1 Level 2 Level 3

Groove width, A (mm) 1 1.5 2

Groove angle, B (�) 30 45 60

Friction coefficient, C 0.08 0.1 0.12

Deformation rate, D (mm/s) 0.16 1.6 16

Table 1. Analysis factors and levels.

Levels Path A

A B C D

1 26.293 24.317 28.805 28.433

2 31.176 30.882 30.094 31.005

3 31.592 33.861 30.162 29.623

Levels Path B

A B C D

1 26.417 24.114 27.441 28.606

2 30.742 29.838 30.120 30.200

3 30.247 33.453 29.845 28.599

Levels Path C

A B C D

1 26.172 18.841 25.315 25.289

2 26.832 28.505 28.598 26.685

3 26.834 32.491 25.925 27.864

Table 2. The mean S/N ratio for different levels of each factor.
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quality characteristic was selected previously, higher value of S/N ratio implies a lower value
of I.F. under the corresponding condition. Meanwhile, the CGP deformation effects are much
better. Obviously, the I.F. value becomes lower as groove width, groove angle and friction
coefficient increase except for deformation rate. Consequently, the best parameter combination
is achieved and the combination is A3B3C3D2. When groove width is 2 mm, groove angle is
60�, the friction coefficient is 0.12 and deformation rate is 1.6 mm/s, the deformation is the most
homogeneous.

The optimum result was compared with that of the initial model by applying the new parameter
combination to the FE-simulation. During the initial process, the groove width is 2 mm, groove
angle is 45�, the friction coefficient is 0.12 and deformation rate is 16 mm/s. It is evident that the
mean amount of accumulative strain after optimization in the sample pressed by the same
number of cycles is almost twice compared to the initial model. The effectiveness for grain
refinement was significantly improved. Meanwhile, the difference between maximum and min-
imum values of equivalent strain almost keeps invariable before and after optimization. Regard-
less of the location of data points, the drop ranges of I.F. of equivalent strain are all about 50%,
which means that the deformation homogeneity was enhanced distinctly after optimization.
Furthermore, the I.F. value decreased from 0.028749 to 0.016103 and the S/N ratio rose from
30.828 to 35.866. As a result, the deformation turned to be more homogeneous.

3. Experimental investigation of pure aluminum sheets processed by
constrained groove pressing

3.1. Experimental procedure

Cold-rolled 1060 commercially pure aluminum sheets with dimensions of 100 � 100 � 2 mm3

were used. Before deformation, the sheets were annealed at 500�C for 4 h in an SX2-4-10
resistance-heated furnace utilizing high pure nitrogen as the protective atmosphere to ensure
the annealing process.

In experiments, molybdenum disulfide (MoS2) was coated on the surface of sheets as a lubri-
cant. CGP process was conducted on a 5000 kN computer-controlled electro-hydraulic servo
compression testing machine operated at a constant pressing speed of 5 mm�min-1 at room
temperature. The pressing dies equipped with guide pillars and bushes had a groove angle of
45� and a groove width of 2 mm. Therefore, one CGP pass contained two groove pressings and
two flattenings, yielding an effective strain of 1.16 throughout the whole sheet.

3.2. Results and discussion

A four-pass CGP with a total strain of 4.64 was successfully conducted on pure aluminum
sheets. The microstructure evolution is shown in Figure 3. The grain size was measured based
on OM observation and recorded in Table 3. The as-received material mainly consists of
uniform and equiaxed grains with an average size of 29 μm (Figure 3a). Also, dislocation cells
sized about 1 μm or more are evident in Figure 3b. Submicron and dislocation-free subgrains
with well-defined boundaries begin to form at Pass 3 (Figure 3c). In Figure 3d, the subgrain
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size undergoes a slight increase, and new tiny “grains” begin to appear along the boundaries.
More diffused SAED pattern indicates higher misorientation angle between adjacent
subgrains. Finally, the grain size estimated from OM observation is refined to 18 μm after Pass
4 and just 62% as that of the annealed material, as presented in Table 3.

Table 3 also lists the variations of tensile properties of aluminum samples with pass number.
The ultimate tensile strength and yield strength increase rapidly to 101.1 and 93.8 MPa after
Pass 1, respectively. However, in the following passes, they increase slowly. After that, the
ultimate tensile strength and yield strength reach their maximum values, followed by reduc-
tions at Pass 4. This can be explained by the dynamic recovery of dislocations and subgrain
coarsening shown in Figure 3d. Micro-cracks appeared on the sample surface during the later
stages also contribute to the strength loss. The elongation decreases greatly from 53.6 to 7.4%.
After that, it experiences a continuous and moderate reduction. No recovery of the elongation

Figure 3. Optical micrograph for annealed sample (a) and TEM micrographs with their SAED patterns for (b) annealed,
(c) three-pass and (d) four-pass samples, respectively.

Pass 0 1 2 3 4

Grain size (μm) 29.0 23.0 20.2 19.3 18.3

Yield strength (MPa) 23.8 93.8 98.2 103.6 93.5

Ultimate tensile strength (MPa) 66.9 101.1 109.1 111.5 96.4

Elongation to failure (%) 53.6 7.4 7.5 7.3 4.5

Table 3. Variations of grain size and tensile properties with pass number.
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occurs due to flow softening, indicating that the effect of micro-cracks on tensile properties of
material processed by CGP is more significant than flow softening [7].

For clarity, load-stroke curves of forming dies for Passes 1 and 2 are displayed in Figure 4a and
b, respectively. Obviously, forming loads for all pressings can be divided into three distinct
stages: rapid increase, moderate increase and second rapid increase. At the beginning of
groove pressing, groove edges firstly contact and bend the sheet. After a short elastic deforma-
tion, the material begins to yield and comes to initial shearing around the groove edges,
leading to the rapid increase of forming load. Then, as the upper die moves downwards,
plastic deformation extends to other areas and results in the gradual increase of flow stress.
Obviously, this stage covers more than one-half of the total pressing time and is the main stage
of the three. A relatively steady load can be observed at this stage. At last, the grooves contact
the entire surface of the sheet. The sheet is forced to be the same shape as the groove dies. Thus,
another noticeable increase of forming load appears after the dies are fully closed. The load for
flattening exhibits a similar variation tendency. Interestingly, a short plateau at the initial part
of the second stage is observed from each flattening curve, as presented in the red circles in
Figure 4. This is substantially attributed to the constraint by the container of flat dies. Before
the extension of the plastic deformation to other areas, the sheet extends along the longitudinal
direction firstly and is fully constrained by the side walls of the container.

In addition, as illustrated in Figure 4a, the stage division of load-stroke curves for the first
groove pressing and flattening is not as clear as that for the other pressings because no
strengthening was induced to the annealed aluminum sheets. It is concluded from the curves
for all passes, not shown here, that the steady forming load in the second stage increases
with CGP pass and a higher increasing rate is observed during the former passes. Within one
pass, the steady loads for the two groove pressings are lower than those for the two flatten-
ings which are almost equal to those for the groove pressings of the next pass. There are
several contributing factors: (a) the strengthening of material increases with pass number
and saturates at a high strain magnitude, (b) the inclined regions to be deformed in flattening
have already been strengthened by shear deformation from the last groove pressing, and (c)
the constraint by the side walls plays a more significant role in flattening than in groove
pressing.

Figure 4. Load-stroke curves for (a) Pass 1 and (b) Pass 2, respectively.
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4. Deformation efficiency and electrical resistivity of pure copper
processed by constrained groove pressing

4.1. Experimental procedure

In the experiment, T2 commercially pure copper sheets were used. Before pressing, the sheets
were annealed at 650�C for 2 h in an SX2-4-10 resistance-heated furnace with high pure nitrogen
to avoid oxidation. The annealed sheets were machined to the dimensions of 100 mm� 100 mm
� 2 mm. In this study, the samples underwent a four-pass CGP with a theoretically total strain of
4.64 until obvious cracks appeared on the surface of pressed samples at the last pass. The rest
experimental conditions are the same with Section 3.1.

Resistances of sheets before and after CGP were measured using a four-electrode method by
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during the last stages. Thus, it suggests that, during the whole CGP process, the drop of

Pass 0 1 2 3 4

Yield strength (MPa) 43.8 303.1 304.3 162.1 —

Ultimate tensile strength (MPa) 209.5 313.6 323.7 191.0 —

Elongation to failure (%) 51.5 6.1 5.7 3.0 —

Table 4. Tensile properties of pure copper samples.
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elongation caused by work hardening and microcracking always exceeds the rise due to grain
refinement [11].

Interestingly, compared with previous research done by Krishnaiah et al. [8], the processing
efficiency in our work is higher. For grain refinement, subgrains of about 0.5 μm with a lower
dislocation density inside are obtained, instead of dislocation cells. OM observations show a
mean grain size of around 21 μm with a more homogeneous distribution at the last pass.
Correspondingly, tensile properties have experienced a large and rapid change from the initially
low strengths and high elongation. Actually, the subgrains have already appeared at Pass 1 and
the effective property improvement nearly saturates during this stage. Peng et al. have proposed
a “bend-affected zone” in the pure shear region in their research [5]. The zone is induced by the
extension of deformation around the groove corner. In this study, a smaller groove width of 2
mm and full constraint from the dies can enhance the effect of interface regions on the deforma-
tion of adjacent shear regions. This effect can be alleviated by the free elongation along the
longitudinal direction of samples under the conditions of (unconstrained) groove pressing. Thus,
we conclude that the processing rate is determined not only by the pass number but also by the
die structure, such as groove width and constraint. In other words, die condition will influence
the effective strain amount accumulated in the sample. For example, a small groove width and
tight constraint indeed enhance the strain accumulation. However, due to more severe plastic
deformation induced under this condition, initiation and propagation of micro-cracks occur
much earlier, and consequently, the effective pass number is limited.

4.3. Electrical resistivity

In this research, the influence of SPD by CGP on the evolution of electrical resistivity of pure
copper sheets has been investigated for the first time. The variation of electrical resistivity
against pass number is presented in Figure 6. As can be seen, the annealed copper has an
initial electrical resistivity of about 1.87 μΩ�cm, and it is positively correlated to the effective
strain. The most rapid increase appears at the first pass. A decrease of the slope of variation
curve is observed during the subsequent passes. The value of the electrical resistivity gets to
the maximum of about 2.02 μΩ�cm after the third pass.

Crystalline defects such as impurities, dislocations and grain boundaries contribute to the
resistivity of copper. SPD usually leads to the changes of grain size and dislocation density in

Figure 5. TEM micrographs and corresponding SAED patterns of copper after: (a) one and (b) three passes, respectively.
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metallic materials. As for pure metal, the microstructural effect on the electrical resistivity
mainly comes from imperfections such as grain boundary and dislocation. Both of them play
important roles in electron scattering, which will increase the electrical resistivity signifi-
cantly [12].

During CGP, the microstructure of the material is characterized by noticeable grain refinement
and high dislocation density. Refining the microstructure causes the increase of the total
surface. Consequently, the electrical resistivity increases rapidly at the initial stages. Mean-
while, the occurrence of micro-cracks also contributes to the resistivity increase.

At a high level of plastic strain, there is a competition among dislocation recovery, homogeneity
improvement and microcracking in deciding the electrical resistivity of materials. On one hand,
recovery and rearrangement of dislocations happen at a larger magnitude of plastic strain, as
indicated in Figure 5b, and slow down the dislocation proliferation and grain size reduction.
Meanwhile, the improvement of microstructure distribution discussed above also helps to
reduce the resistivity by homogenizing the various defects. On the other hand, micro-cracks
nucleate and propagate on the sample surface, and the air gaps act as obstacles for electrons
transport or scattering, resulting in the increase of electrical resistivity. Finally, a slightly lower
increase rate of electrical resistivity is evident at Passes 2 and 3.

5. Influences of die structure on constrained groove pressing of
commercially pure Ni sheets

5.1. Materials preparation and CGP experiments

Commercially pure Ni sheets with dimensions of 100 � 66 � 2 mm3 were used. Before
pressing, the cold-rolled sheets were fully annealed at 750�C for 4 h in an SX2-4-10 resistance-
heated furnace utilizing high pure nitrogen as the protective atmosphere to ensure the
annealing process. The mean grain size estimated by line intercept method is approximately
28 μm.

Figure 6. Variation of electrical resistivity against pass number.
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Table 5 gives the schemes of experiments in this work. Qualitatively, considering the sample
thickness of 2 mm, a lower groove width may induce severe shear in the sheets, and ineffi-
ciency is expected with a lower angle. Meanwhile, either a higher width or angle may change
the deformation characteristics of CGP. In order to improve the research efficiency, representative
schemes were conducted, as shown in Table 5. The groove dies used in the laboratory are shown
in Figure 7. When pressing, the groove direction was perpendicular to the rolling direction (RD)
of the sheets, and Teflon layers were used as a lubricant.

5.2. Influences of die structure on mechanical properties

In the experiments, CGP process was repeated until distinct cracks appeared on the surface of
sheet samples. Figure 8 gives the tensile properties of the sheets in different schemes. Obviously,
the number of effective passes varies with die structure, and it is five, four and three in Schemes
1, 2 and 3, respectively. Thus, compared with previous works carried out by Satheesh Kumar
and Raghu [13, 14], the pass number in this study is increased by the reduction of either groove
angle or friction coefficient (by using Teflon layers as a lubricant). However, it should be noted
that, according to Eq. (3), in Scheme 1 only a total effective strain of about 0.87 is imposed to the
samples per pass.

In all the three schemes, CGP indeed greatly improves the strength of pure Ni sheets. The
initially annealed pure Ni sheets have a yield strength of 79.6 MPa and ultimate tensile
strength of 398.1 MPa. In Scheme 1, the yield strength rapidly increases to 407.9 MPa after Pass
1 and reaches the peak value of 439.7 MPa at Pass 3 with a strain of 2.61. Then, it experiences a
slight fall to 406.9 MPa during the following two passes. In Scheme 2, the maximum yield

Die structure θ = 30� θ = 37� θ = 45� θ = 53� θ = 60�

T = 1 mm � � S � �
T = 2 mm S S/E1 S/E2 S S

T = 3 mm � � S/E3 � �
T = 4 mm � � S � �

Note: θ and T are groove angle and width, respectively. S represents numerical simulation; E1, E2 and E3 represent
Schemes 1, 2 and 3 in experiments, respectively.

Table 5. Schemes of experiments and numerical simulations.

Figure 7. Groove dies used in the experiments. (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
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strength of 476.3 MPa appears at Pass 2. After that, a decrease is observed, too. However, the
highest strength is only 384.7 MPa at Pass 3 in Scheme 3. Meanwhile, it is observed that the
evolution of tensile strength with pass number shows a similar trend to that of yield strength,
but the increase of tensile strength at Pass 1 is not so significant, especially in Scheme 3. In
addition, the elongation to failure of the annealed pure Ni sheets is about 51.0%, and all CGP
samples experience a remarkable decrease at Pass 1. From Schemes 1–3, there is a gradual
reduction in elongation of the processed materials, indicating a decrease of ductility caused by
the increase of either groove width or angle [15].

The grain refinement and work hardening lead to the strength increase of materials during the
initial stage of CGP, while the mechanisms of micro-cracking and flow softening contribute to
the decrease at the later passes [10]. In this work, the optimum tensile properties of CGP pure
Ni are obtained by the die design in Scheme 2. In Scheme 1, a lower groove angle relieves the
intensity of shear deformation and also brings about more effective passes. Besides, the sheets
processed in this scheme have a more acceptable ductility, but lower levels of total strain and
strength than those in Scheme 2. Importantly, in Scheme 3, a larger groove width does not

Figure 8. Tensile properties of Ni sheets before and after CGP. (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
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allow more CGP passes. Actually, materials get the worst results of property improvement in
this scheme.

Figure 9 presents the evolution of average microhardness with pass number in different
schemes. Generally, for all schemes, a sharp increase is observed from an initial value of
90.0 HV, and after that, only a slight increase is obtained. No reduction in hardness happens
due to flow softening, indicating that micro-cracking plays a more important role than flow
softening in the decrease of strength. Different from strength, the average hardness of CGP
materials in Scheme 3 is higher than that in Scheme 1 during the three effective passes.
However, at Pass 5 in Scheme 1, the final hardness catches up with that at Pass 3 in Scheme 3.
This suggests the importance of strain amount in the enhancement of mechanical properties. In
addition, despite the same rate of strain accumulation in Schemes 2 and 3, a higher level of
hardness is observed in Scheme 2. Thus, it is believed that, besides strain amount, there must
be other factors based on the change of die structure accounting for this result. And this will be
discussed in the following sections.

Briefly in this work, with a groove width of 2 mm and a groove angle of 45� in Scheme 2, pure
Ni sheets with a thickness of 2 mm processed by a two-pass CGP acquire the best mechanical
properties. The yield and tensile strengths are 476.3 and 532.3 MPa, respectively, the elongation
to failure is 10.6%, and the average microhardness is 218.9 HV.

5.3. Influences of die structure on microstructure

Figure 10 shows the TEM micrographs and corresponding SAED patterns of CGP pure Ni
sheets at the last pass in different experimental schemes. In Figure 10a, only irregular dislocation
cells can be found in the microstructure even processed with a total strain of 4.35. The cell
structures with high dislocation density both inside and at the boundaries are not homogeneous.
Similar substructures appear in Scheme 3, as illustrated in Figure 10c. However, the less diffused
SAED pattern indicates lower misorientation angles between cells in Scheme 3 due to a smaller
strain amount of 3.48.

Figure 9. Average micro-hardness of Ni sheets before and after CGP.
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Corresponding to the optimum mechanical properties, the die design in Scheme 2 leads to the
best results of grain refinement. As shown in Figure 10b, a large number of elongated subgrains
come into being with a mean width of about 500 nm. Separate grains with clear boundaries and
high misorientation angles indicated by the SAED pattern are obtained. Compared with pure
Cu [11], the material in this work experiences a higher efficiency of grain refinement due to its
intermediate SFE.

5.4. Influences of die structure on texture evolution

Small crystalline size and lattice distortion are two principal imperfections in crystalline mate-
rials and usually cause peak broadening in XRD patterns compared with those attained from
perfect crystal diffraction. Thus, the evolutions of cell size and lattice micro-strain can be
reflected by the deviation of line profile from perfect diffraction. In this work, XRD patterns
of pure Ni sheets before and after one CGP pass in different experimental schemes were
examined and presented in Figure 11. Clearly, diffractions from four crystalline planes are
more intense than those from others, and they are (111), (200), (220) and (311). Considering the
diffractions of these peaks on all samples, the microstructure evolution can be analyzed.
Compared with the annealed pure Ni sheets, the peaks exhibit different degrees of broadening
after Pass 1, suggesting various results of grain refinement. Specifically, the most and least
distinct broadenings can be carefully observed in Schemes 2 and 3, respectively. This confirms
the TEM observations of microstructure evolution discussed above.

Figure 10. TEM micrographs and corresponding SAED patterns of CGP Ni sheets. (a) Scheme 1 (Pass 5); (b) Scheme 2
(Pass 4); and (c) Scheme 3 (Pass 3).
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6. Conclusions

1. The best parameter combination is A3B3C3D2 under the established conditions. The
deformation is the most homogeneous when groove width is 2 mm, groove angle is 60�,
the friction coefficient is 0.12 and deformation rate is 1.6 mm/s. The I.F. value of optimum
model drops by about 50% and the deformation homogeneity is greatly improved. Com-
pared with the initial model, plastic strain accumulated in samples deformed by the same
number of passes increases to almost twice. The deformation efficiency of CGP technique
is promoted significantly.

2. A four-pass CGP was carried out on commercially pure aluminum sheets. The grain size is
refined from 29 μm of the annealed sample to 18 μm after four passes. Dislocation-free
subgrains of the submicron level with well-defined boundaries are obtained. The ultimate
tensile strength and yield strength have been improved significantly. All the load-stroke
curves can be divided into three stages: rapid increase, moderate increase and second rapid
increase. During flattening, a short plateau appears at the beginning of the second stage.

3. For commercially pure copper sheets, the grain size is reduced from 30 μm of the
annealed material to around 21 μm after CGP deformation, and subgrains sized about
0.5 μm with distinct boundaries are obtained at Pass 3. The sharp changes of microstruc-
ture and mechanical properties indicate a high processing efficiency of this technique with
a small groove width of 2 mm and tight constraint. The electrical resistivity of pure copper
exhibits a near-linear increase with the straining. Crystalline imperfections, microcracking
and microstructure uniformity together determine the evolution of electrical resistivity.

4. For pure Ni sheets, the optimum mechanical properties of pure Ni sheets with a thickness
of 2 mm are obtained by a groove width of 2 mm and a groove angle of 45� after two CGP
passes. In the experiments, a lower groove angle eases the intensity of shear deformation
and permits more effective passes while the process efficiency is reduced. Besides, a
higher groove width cannot induce more passes but obtain the worst CGP results. In both

Figure 11. XRD patterns of Ni sheets before and after Pass 1.
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cases, only cell structures with high dislocation density are observed. The peak broaden-
ings in XRD patterns of pure Ni sheets after CGP confirm the results of grain refinement
indicated by TEM observations: Scheme 2 > Scheme 1 > Scheme 3.
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Abstract

The high-pressure torsion (HPT) process has been the subject of many investigations as
a new method of processing for nanostructured materials due to its ability to develop
nanostructures with high-angle grain boundaries. This chapter examines the various
publications describing the experimental studies of the effect of HPT on the mechanical
behaviors and alterations of microstructural features in applications to various pure and
alloyed metals. Moreover, an overview of the modeling approaches developed through
the last decade, considering the main advantages/limitations, is analyzed.

Keywords: high-pressure torsion, grain refinement, modeling

1. Introduction

The grain size is one of the essential factors controlling the mechanical and physical properties of
polycrystals. It is well known that the strength of polycrystalline materials can be improved by
reducing the grain size. Materials with fine microstructure usually possess extraordinary proper-
ties, including high strength, good toughness, and long fatigue life [1]. For this reason, producing
metals with a very small grain size has attracted wide interest recently. To achieve materials with
ultrafine-grained (UFG) structures and superior mechanical properties, severe plastic deformation
(SPD) has emerged as the fundamental process, as pointed out in review articles byMazilkin et al.
[2] and Zhu et al. [3].

Synthesis of ultrafine-grained (UFG) materials by severe plastic deformation (SPD) refers to
various experimental metal forming procedures that may be applied to impose very high strains
on materials leading to exceptional grain refinement. One of the most important features of SPD
processing is that the shape of the sample is retained by using special tool geometries, which:

1. Prevents the free flow of the material and thereby produces a significant hydrostatic
pressure.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. Allows imposing strain without any significant change in the overall dimensions of the
sample. Therefore, it is possible to repeat SPD process on the sample to achieve extreme
large strain.

In the early studies of UFG microstructure formation during SPD, two processing methods have
been investigated more intensively: equal channel angular pressing (ECAP) and high-pressure
torsion (HPT). These methods have been applied to a wide range of materials: pure metals,
alloys, composites, and ceramics. Compared to ECAP, HPT is especially effective to introduce
extremely large shear strain which triggers strong grain refinement. In the present chapter, the
evolution of the microstructural and mechanical properties during HPT is summarized. Follow-
ing that, the overview of the modeling approaches applied to predict the microstructure evolu-
tion and the stress-strain distribution during HPT is presented.

2. The HPT procedure

A brief introduction of the HPT procedure is presented in this section. More detailed descriptions
are available in the literature [2, 3]. The principle of the modern HPT process is illustrated
schematically in Figure 1 [4]. A specimen is held between the plunger and the support and is
strained in torsion under the applied pressure (P) in the order of several GPa (1–10 GPa). A lower
holder rotates and deforms the specimen by the contact surface friction forces so that deformation
proceeds under a quasi-hydrostatic pressure. In practice, there are two main types of HPT pro-
cessing depending on the shape of the anvils: the unconstrained (Figure 2a) and the constrained
(Figure 2b and c) HPT. In unconstrained HPT, samples are placed between two anvils and
subjected to HPT processing. In such a case, the sample material is free to flow outward when the

Figure 1. A schematic view of the HPT setup.
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high pressure is applied. Samples are thus much thinner after HPT processing [6]. In constrained
HPT, samples are placed into the cavity of the lower anvil or both anvils [6], which can prevent
material flowing outward. Therefore, the thickness reduction is not evident during HPT. Normally,
the constrained HPT is a more common method since this designing is conducted with a more
effective back-pressure to the samples [7–9]. However, it is generally difficult to achieve an ideal-
ized constrained condition. The experiments are often performed under a quasi-constrained condi-
tion where there is at least some limited outward flow between the anvils.

For an infinitely small rotation, dθ, and a displacement, dl, it follows from Figure 3 that where
r is the radius of the disk, the incremental shear strain, dγ, is given by:

dγ ¼ dl
h
¼ rdθ

h
ð1Þ

where h is the disk thickness.

By further assuming that the thickness of the disk is independent of the rotation angle θ, it
follows from formal integration that since θ ¼ 2πN, the total shear strain, γ, can be expressed as:

γ ¼ 2πNr
h

ð2Þ

Figure 2. A schematic view of the sample dimension and the parameters used to estimate the imposed strain in HPT.

Figure 3. A schematic view of the (a) unconstrained and (b and c) constrained HPT processing conditions.
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where N is the number of rotations. The equivalent Von Mises strain is calculated using a
commonly used relationship:

ε ¼ γffiffiffi
3

p ð3Þ

Theoretically, the imposed strain during HPT is given by Eq. (2). As a result of this expression,
the strain is equal to zero at the center of the sample and increases linearly until reaching a
maximum near the edges. Thus, the microstructure produced by HPT is heterogeneous. Some
authors reported that the microhardness also varies significantly along the radius of disks
processed by HPT [10–12].

Nevertheless, it is possible to obtain homogeneous structures along disk diameter by increas-
ing the number of revolutions [4, 13]. For example, in the work of Xu et al. [14], high purity
aluminum disks were processed by HPT at room temperature under pressures of 1.25, 2.5, and
6 GPa for 1, 3, and 5 turns. It has been reported that at the early stages of deformation, the
hardness at the disk center is higher than that at the edges, and the hardness becomes homo-
geneous with high level of deformation. This kind of material response has been observed for a
material where recovery is rapid, as in the pure aluminum used in this investigation. By
contrast, for a material where recovery is slow, the hardness is initially lower in the center,
but gradually the microstructure evolves into a homogeneous condition.

In the work of Kawasaki et al. [15], processing by high-pressure torsion has been conducted
through 1/4, 1, and 5 turns, and detailed microhardness measurements were recorded on high
purity (99.99%) aluminum. The hardness is initially high in the centers of the HPT disks but it
decreases with torsional straining to become reasonably homogeneous.

3. Influence of HPTon the mechanical and microstructural properties

The HPT process has been the subject of many investigations due to its ability to develop
homogeneous nanostructures with high-angle grain boundaries [16]. The mechanical behavior
and microstructural feature evolutions have been extensively studied for a wide range of pure
metals and alloys [4, 5, 13, 17–28]. In this section, the overview of the nanosized microstructure
formation and the improvements in the mechanical properties during HPT are discussed.

3.1. Grain refinement

A tremendous amount of experimental works has been published on grain refinement by HPT.
It has been reported that there is an ultimate minimum grain size that can be achieved by HPT.
The results of the grain refinement for various metals and alloys during HPT are summarized
in Table 1. As it can be seen, refinement ratio varies from 100 to 1800.

Despite the intensive empirical studies on the formation of the ultrafine-grained microstruc-
tures, only several studies have attempted to understand the mechanisms of the grain
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refinement. Most of the theories are based on the idea that a high dislocation density is
introduced in the material due to heavy straining and later the dislocations rearrange into
ultrafine grain structures, as illustrated in Figure 4. In addition to the dislocation mechanisms
for ultrafine-grained microstructure formation, some other mechanisms of the grain refine-
ment have been described in the literature. For example, Isik et al. [41] reported that, in the case
of Co-Cr-Mo alloy, the deformation-induced phase transformation (γ ! ε) contributes to grain
refinement via the formation of ε platelets which subdivide the γ grains. Borodachenkova et al.
[42] demonstrated that in Al-Zn alloy, the intense dislocation pinning between Zn precipitates
within Al grains produces an effective division of the grains and accelerates the grain refine-
ment process. The work of Liu et al. [43] indicated that the microtwins can further promote
division and break down the grains into subgrains.

Metal/alloys Initial grain
size (µm)

Saturated grain
size (nm)

Yield stress
(MPa)

Pressure
(GPa)

Number
of rotations

References

Commercial 7075 Al alloy 26 1000 6 10 [29]

Commercial pure Ti 2–10 30 – 5 5 [30]

High purity (99.99%) Ni 100 170 Hv
¼ 3.2 GPa

6 5 [4]

Al-7075 alloy Extruded lengths
up to �450 μm
and widths of
�8 μm

500 (disk center) Hv�230 6 10 [31]

250 (disk edge)

Cu-0.1 wt% Zr 20 270 (disk center) – 6 10 [32]

230 (disk edge)

Al-1% Mg 400 230 Hv�110 6 10 [33]

High purity copper 40 200–250 Hv�140 6 10 [34]

Al-5 wt% Fe alloy (metastable
supersaturated solid solution)

150 5 [35]

Armco-iron 99.95% 40 100 Hv¼4.6 GPa 7 5 [36]

Mg-3%, Al-1% Zn 150–200 150–200 Hv�110 2.5 15 [37]

Pure Al (99.7%) 200–500 800 Hv�600MPa 1 8 [17]

Pure tantalum (99.9%) 60 160 Hv�400 6 10 [38]

σy
¼ 1300MPa

Pure Ti (99.99%) 10 150 Hv�248 2 5 [39]

Pure Zr (99.9%) 30 100 Hv�380 6 20 [22]

σy
¼ 1150MPa

Pure hafnium (99.99%) 180 Hv�360 4 10 [40]

Table 1. The grain refinement during HPT for various metals/alloys.
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3.2. Improvements in mechanical properties

As it has been widely reported, HPT processing leads to strong grain refinement, and
according to the well-known Hall-Petch relation, the material strength is inversely propor-
tional to the grain size. However, the recent works reported that HPT might lead to strain
softening and grain refinement simultaneously for pure metals as well as for the alloys. For
example, in the work of Ito et al. [44], the purity of Al can evidently influence the material
hardness. With increasing Al purity, the grain size dependence of hardness becomes less
significant. For ultrahigh pure 6NAl, the hardness variations with respect to the grain size
follow an inverse Hall-Petch relationship. The hardness in the HPT-processed state becomes
lower, although the grain size (�20 μm) is smaller than the non-deformed state (larger than
1 mm). The main reason for the observed behavior is that the high-angle grain boundaries act
mainly as dislocation sinks (the dislocations moved fast and disappeared in high-angle grain
boundaries) in ultrahigh pure Al.

Earlier, Ito and Horita [24] investigated the evolution of the mechanical behavior of pure
aluminum during the HPT process. The initial grain size before HPT was 250 μm. After one
rotation under hydrostatic pressure of 6 GPa, the average grain size was reduced to approx-
imately several microns. The results show that the hardness of pure Al initially increases
with increasing strain and then decreases to a saturation value. Based on the transmission
electron microscopy (TEM) observations, the following explanation for the softening behav-
ior has been suggested: in the region where the hardness increases, the dislocation accumu-
lation and the subgrain boundary formation occur. The increase in hardness is attributed to

Figure 4. A schematic view of grain refinement during HPT, describing sequentially the processes of (a) the generation/
accumulation of dislocations, (b) the formation of subgrain boundaries, (c) the increase in the misorientation angle, and
(d) the division of grains into subgrains.
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High-pressure torsion Superplasticity References

Alloy D (µm) dsat (nm) N P (GPa) Tt (K) _ε (s�1) Lmax (%)

Ti-6Al-7Nb 5 100 5 6 1073K (�0.58Tm) 2�10�3 930% [48]

Mg-8%wt Li 500 5 3 298 1�10�3 310 [49]

323 400

343 780

423 1010

473 1330

Al-2024 �33 �240 5 6 573 2�10�2 520 [50]

1�10�2 470

5�10�3 580

2�10�3 460

1�10�3 350

Al-2024 �33 �240 5 6 623 2�10�2 410 [50]

1�10�2 710

5�10�3 470

2�10�3 640

1�10�3 650

Al-2024 �33 �240 5 6 723 2�10�2 220 [50]

1�10�2 370

5�10�3 170

2�10�3 380

1�10�3 430

Mg-9% Al-1% Zn 30 1500 10 3 573 1�10�1 410 [51]

1�10�2 860

1�10�3 1050

1�10�4 1308

Al-7075þ10% vol Al2O3

metal matrix composite
8 300 20 6 623 1�10�1 305 [52]

1�10�2 595

1�10�3 345

Ti-6Al-4V 9.5 77�15 20 6 673 5�10�3 540 [53]

1�10�3 540

5�10�4 440

1�10�4 790

Table 2. The superplasticity properties after HPT processing.
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an increase in dislocation density which causes more chances of the mutual interaction of
dislocations within grains and of blocking of dislocation motion by the presence of subgrain
boundaries. Later, the dislocation density in the subgrains starts to decrease due to the
dislocation annihilation at subgrain boundaries. Meanwhile, this annihilation leads to an
increase in the misorientation angles, which will further promote the dislocation absorption at
the boundaries [24]. This is the reason why the misorientation increases with straining, and more
grains are surrounded by higher-angle boundaries. Finally, hardness saturates at a constant level
when the dislocation accumulation is balanced with the dislocation absorption at high-angle
boundaries. Pang et al. [45] observed that the HPT processing leads to strain softening for the
Cu-Al alloys with SFE higher than 28 mJ/m2, in which dynamic recovery is more noticeable
during plastic deformation. For alloys with the lower SFE of 6 mJ/m2, the strain softening has
been restrained, and strain hardening played a dominant role in the deformation process.
Mazilkin et al. [2, 46] demonstrated that the HPT of the Al-Zn (10/20/30%wt) and Al-Mg
(5/10%wt) alloys leads to a strong grain refinement (from 15 µm to 370 nm) and decomposition
of supersaturated solid solution of Zn and Mg in Al. The decomposition of supersaturated
solid solution results in material softening.

3.3. Low-temperature superplasticity

Superplasticity refers to the capability of a polycrystalline metal to perform an elongation of at
least 400% in tension load and with an associated value for the strain rate sensitivity. It is well
established that the superplastic properties are related to grain refinement of materials [47].
Necessary conditions for the superplasticity are (1) stable fine-grained microstructure (grain
size less than 10 µm) and (2) temperature higher than half of the melting temperature. HPT
processing is an effective method for grain refinement to the submicrometer or even nanometer
level. It is also widely reported that the enhanced superplastic properties have been obtained
by HPT processing at relatively low temperatures. The recent results for the superplasticity
properties after HPT are summarized in Table 2 (D—initial grain size, dsat—saturated grain
size, N-—number of rotations, P—applied pressure during HPT processing, Tt—testing tem-
perature, Tm—melting point, _ε—strain rate, and Lmax—maximum elongation).

4. Modeling

Despite the large quantity of studies performed on HPT, most of them are only dedicated to
microstructural and mechanical characterization. Recently, some researchers attempted to develop
dislocation-based models to capture microstructural evolutions and the resulting changes in
properties under large strain. Some other models, which are rooted in the finite-element method,
mainly focus on the description of the stress/strain distribution and evolution along the sample
radius, using a more empirical approach to describe the mechanical response without getting
into the details of the micromechanisms. This section aims to provide an overview of the
modeling approaches developed in the last decade, with a discussion of their main advantages/
limitations.
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4.1. Microstructure-based approaches

The microstructure-based models, describing the grain refinement due to large strain (particu-
larly under HPT), are usually based on the notion that the dislocation cell walls, which form in
the early step of the deformation, transform gradually to high-angle grain boundaries. This
type of models are commonly based on the approach of Kocks andMecking [54], which describes
the deformation behaviors of pure metals and alloys via a single internal variable, namely, the
total dislocation density ρtotal. Estrin [55] proposed a constitutive model to express the harden-
ing behaviors of cell-forming crystalline materials at large strains. A dislocation structure that
is developed under torsion deformation can be considered as cellular, with subgrain bound-
aries containing a high dislocation density separating subgrain interiors where the dislocation
density is significantly lower. The volume fraction of the walls f w is calculated using the
following expression:

f w ¼ 2ωd� ω2

d2
ð4Þ

where ω is the wall thickness and d is the subgrain size, which is proportional to the average
dislocation interspacing, (∝ 1= ffiffiffiffiffiffiffiffiffiρtotal

p ). The total dislocation density is determined as:

ρtotal ¼ f wρw þ 1� f w
� �

ρc ð5Þ

where ρc is the dislocation density in the cell interior dislocation density, whereas ρw is the
dislocation density in the cell walls.

The macroscopic stress τ is considered as the sum of the stresses within the walls and cell
interiors:

τ ¼ f wτw þ 1� f w
� �

τc ð6Þ

To validate this model, it has been applied to predict the torsion deformation of pure copper.
The predicted hardening curve is compared with experimental results on copper torsion, and a
good agreement between theory and experiment is achieved. Since other mechanisms are not
accounted for, this model is restricted to the material in which the dislocation hardening is the
dominant mechanism.

Zhang et al. [56] has developed a microstructural model that is based on the evolution of
geometrically necessary dislocations (GND) and statistically stored dislocations (SSD) that
incorporate grain refinement. The total strength of commercially pure aluminum is given as:

σy ¼ σ0 þ Δσgb þMðΔτdis þ ΔτssÞ ð7Þ

where σ0 denotes the strength of annealed aluminum and Δσgb, Δτss, and Δτdis are the contri-
butions due to the grain boundary strengthening, the solid solution hardening, and the dislo-
cations hardening, respectively. The total dislocation density is the sum of the GND and SSD
densities. At the center of the disk, the strain should be zero and hence the SSD density (ρSSD)
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is expected to be zero. However, the strain gradient is substantial and GNDs will be generated.
The density of GNDs depends only on the strain gradient and the magnitude of Burger's vector
(b) but is irrelevant to the alloying contents. In an idealized cylindrical coordinate, the strain
gradient during HPT has only a radial component. Thus, the total amount of GNDs generated
per unit volume is given by:

ρGND,g ¼
1
b
dγ
dr

¼ 2πNb
h

ð8Þ

The density of SSDs can be expressed by:

ρSSD,g ¼ ε
KA

Mμbα

� �2

ð9Þ

where KA is an alloy-dependent factor and μ denotes the shear modulus. The grain boundary
strengthening is assumed to be inversely proportional to the average grain size:

σgb ¼ μb
1
D

� �
ð10Þ

Themean grain size,D, can be predicted assuming that the average grain boundarymisorientation
angle, θ, is determined by the dislocation density within the cell wall ρGB; α is a constant. This
approach then provides the following relation:

D ¼ 4:365
θ

ρGBb
ð11Þ

Model predictions for Al-1050A alloy are given in Table 3. The modeling results show an
excellent correspondence between measured and predicted average Vickers microhardness
(determined as HV ¼ σy=2:9) at the center of Al-1050A samples processed by m-HPT for
different turns. A key element of this model is the assumption that at very high strains, the
dislocation density reaches a saturation value. However, the existing models are not capable to
connect the flow stress with the observed microstructure evolution.

Turns Δτdis, MPa Δσgb, MPa σy, MPa (predicted) HV , MPa (predicted) HV , MPa (measured)

0 19 0.4 77 27 30

0.5 28 0.4 101 35 36

1 35 0.4 120 41 41

3 45 4 148 51 49

5 45 7 151 52 52

10 45 10 154 53 54

Table 3. Measured average Vickers microhardness (HV ) in the center of disk compared with model predictions for HV

and the different strengthening components [56].
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angle, θ, is determined by the dislocation density within the cell wall ρGB; α is a constant. This
approach then provides the following relation:

D ¼ 4:365
θ

ρGBb
ð11Þ

Model predictions for Al-1050A alloy are given in Table 3. The modeling results show an
excellent correspondence between measured and predicted average Vickers microhardness
(determined as HV ¼ σy=2:9) at the center of Al-1050A samples processed by m-HPT for
different turns. A key element of this model is the assumption that at very high strains, the
dislocation density reaches a saturation value. However, the existing models are not capable to
connect the flow stress with the observed microstructure evolution.

Turns Δτdis, MPa Δσgb, MPa σy, MPa (predicted) HV , MPa (predicted) HV , MPa (measured)

0 19 0.4 77 27 30

0.5 28 0.4 101 35 36

1 35 0.4 120 41 41

3 45 4 148 51 49

5 45 7 151 52 52

10 45 10 154 53 54

Table 3. Measured average Vickers microhardness (HV ) in the center of disk compared with model predictions for HV

and the different strengthening components [56].
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Recently, Borodachenkova et al. [42] developed a microstructure-based model which allows
more detailed analysis of the relative contributions of microstructure hardening mecha-
nisms to the specific softening behavior in Al-30wt% Zn alloys during HPT. The experimen-
tal data indicated that the HPT processing leads to a strong softening process at the
beginning of plastic deformation before the saturation stage is achieved. The softening is
controlled by multiple mechanisms occurring simultaneously during the deformation,
which are categorized in Borodachenkova et al. [42] as solid solution decomposition (τss),
Orowan mechanism (τOrowan), and dislocation strengthening (τdis ). The total material
strength is expressed as:

τ� τss ¼ τOrowan þ τdis ð12Þ

Orowan mechanism refers to the strengthening due to the precipitates which act as impene-
trable obstacles to the mobile dislocations. When a dislocation is pinned at Zn precipitates, it
can still bow out between the precipitates and continue to glide if the driving stress is suffi-
cient. The required stress for the bypass is related to the interspacing (ω) and size of the
precipitates (dp). In Al-Zn alloy, Zn precipitates are formed intensively in the Al grain and
grain boundaries at the initial stage of deformation. With increasing strain, the Zn precipitates
grow in size due to the diffusion of Zn atoms. Besides, the dislocations pinned at the Zn
precipitates tend to transfer gradually into highly misoriented grain boundaries. At large
strain, the bulk of Al grains is almost free of precipitates. In this case, theoretically τOrowan

should increase rapidly at the beginning and vanish gradually. To express this process accu-
rately, an empirical factor kor is introduced in the classic Orowan mechanism law [57]:

τOrowan ¼ kor
0:85μbln

dp
b

� �

2π ω� dp
� � ð13Þ

kor is imposed to be linearly increased to 1 and then reduced to 0 as a function of strain
depending on the experimental observations.

The dislocation strengthening term τdis is expressed using the common Taylor law:

τdis ¼ αμb
ffiffiffi
ρ

p ð14Þ

where α is the dislocation-dislocation interaction strength parameter. The dislocation density
evolution is determined through the Kocks-Mecking-type equation. The dislocation mean free
path is a complex matter since it is controlled initially by the precipitates interspacing and,
after certain amount of strain, by the refined grain size. Its value is calculated through an
empirical law as a function of the strain.

Solute strengthening is related to the interactions between dislocations and solute atoms.
When a dislocation is traveling through a randomly distributed solute atom field (commonly
known as Cottrell atmosphere), it will suffer a drag force induced by the solute atoms. For the
dislocations pinned at obstacles, the diffusion of solute atoms into the dislocation core leads to
an increase in the binding energy between the dislocations and their current location. The
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effect of solute strengthening depends on the concentration of solute atoms. In Al-Zn, the
concentration of Zn atom keeps decreasing due to the precipitation process, which is the main
reason for the softening phenomenon. In the work of Borodachenkova et al. [42], the approach
of Mecking and Kocks [58] is modified to describe the solute strengthening:

τss ¼ k1 τ0 þ a0 cð Þ 1� kT
ΔG

ln
_γ0
_γ

� �2=3
 ! !

ð15Þ

where τ0 denotes the lattice friction, ΔG is the activation energy, and a0 is the value of thermal
stress at 0 K, dependent on the Zn concentration in Al grains (c). a0 can be written as [59]:

a0 ¼ τp þ 3Λ
2b3

ffiffiffi
2

p
Û

4

Aω0

 !1=3 ffiffi
c

p ð16Þ

Here, τp is the Peierls stress, Û the characteristic interaction energy between a single solute and
a straight dislocation, ω0 the characteristic range for the interaction, and A the line tension
energy per unit length of dislocation. Comparison of the contributions of the hardening mecha-
nisms is presented in Figure 5, which concludes that the shear stress is mostly controlled by the
solid solution shear stress. The decomposition of super saturated solid solution plays a dominant
role in the material properties of Al-30 wt% Zn alloy.

Figure 5. The comparison of the contribution of different hardeningmechanisms predicted by themodel of Borodachenkova
et al. [42].
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4.2. Finite-element approaches

The microstructure-based models described in the previous section consider the detailed
evolution of the dislocation densities and other mechanisms such as the formation of second-
phase precipitates. However, this type of models usually deals with the mechanical behavior at
material point level. They cannot describe the heterogeneity of strain/microhardness distribu-
tions along the sample radius, which is quite evident during HPT. The finite-element method
(FEM) shows an obvious advantage on this matter.

Despite the considerable interest in HPT technique, there are only very limited studies that
focus on the heterogeneity of the plastic flow on the sample disk during the processing
operation. According to the previous works, the FEM has been an effective tool to study the
influence of the disk shape changes as well as the temperature evolutions occurring during
HPT processing.

Figueiredo et al. [60] examined the quasi-constrained HPT processing with disks located
within depressions on the inner anvil surfaces. The authors conducted the research using
DEFORM-3D 10.0 software (Scientific Forming Technologies Corp., Columbus, OH) consider-
ing isothermal conditions. The following simulation conditions were taken into account: the
applied pressures vary from 0.5 to 2.0 GPa, friction coefficients from 0 to 1 outside of the
depressions, and torsional strains up to 1.5 turns. The simulation results show that the mean
stresses vary linearly with the distance to the disk center. The authors reported that higher
compressive stresses are observed in the disk center and lower stresses at the edge. The com-
pressive mean stresses within the quasi-constrained volume decrease with the increasing extru-
sion of a ribbon of material between the anvils. The simulations indicate that the distribution
of effective strains inside the quasi-constrained volume of the anvils is comparable to the
prediction by ideal torsion according to Eqs. (2) and (3). The applied pressure and the friction
coefficient outside the quasi-constrained volume play a minor role in the distribution of
effective strain.

Later, Figueiredo et al. [61] studied the temperature distribution in quasi-constrained HPT. The
calculation results show that the temperature increase within the sample is directly propor-
tional to the material strength and the rotation speed. The temperature increasing rate varies
almost linearly with the flow stress of the disk and seems to be independent of the material
thermal properties. The study also indicates that a faster rotation speed leads to a higher
deformation rate and consequently a higher rate of heating. However, it has been pointed out
that the effect of the applied pressure in the HPT on the temperature increase is limited. Figuei-
redo et al. [61] predicted the evolution of the maximum temperature as a function of time in the
iron disk. The results show that the temperature increases from 20 to 54�C during 600 s under
1-GPa pressure. When a much higher pressure of 16 GPa is applied, temperature varies from 20 to
62�C during 600 s. The increase in applied pressure leads to an increase in temperature due to the
higher volume of material outflow between the anvils. The predicted temperature increase has
been validated by using the experimental measurements of the temperature recorded in the upper
anvil during HPT processing of Cu, Mo, and Al. The comparison of the calculated and the
measured results depending on the applied pressure and the rotation speed is summarized in
Table 4.
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Song et al. [62] performed a more detailed analysis regarding the influence of the friction on
the stress-strain distribution during HPT process. The results demonstrated that friction plays
a more important role in the torsion stage than in the compression stage. This chapter also
shows (see Figure 6) that the effect of the friction coefficient on the effective strain is more
significant toward the disk-edge region. The variations of effective strain as a function of the
friction coefficient for different locations in the workpiece are also shown in Figure 6 (right).
The authors declared that within the range of friction coefficient from 0.9 to 1.5, the effective
strain increases sharply, particularly in the medium and edge areas.

The effect of the friction coefficient on effective strain distribution on the HPT sample is obtained
in HPT-FEM simulations after 1 turn under 1-GPa pressure and 1 rpm rotation rate.

4.3. Coupling between micro-macro modeling and FEM

Lee et al. [63] embedded the dislocation density-based constitutive modeling a finite-element
code to study the behaviors of pure copper during HPT. The coupling between FEM and
microstructure-based constitutive model provides an excellent method for HPT-related

Material τ (GPa) ω (rpm) P (GPa) N¼1 N¼2 N¼3 N¼4

Cu 0.43 1 2 29.5 (26) 30.7 (28) 33.2 (31) 35.9 (33)

0.5 25.3 (24) 26.2 (25) 27.9 (26) 29.0 (27)

0.2 22.6 (21) 23.2 (22) 23.7 (23) 23.7 (23)

Mo 2.22 1 6 66.7 (51) 72.6 (65) 85.4 (87) 98.4 (100)

Al 0.21 5 5 45.7 (28) 47.9 (34) 51.3 (42) 55.5 (47)

0.2 19.9 (20) 20.3 (20) 20.6 (21) 20.6 (22)

Table 4. Summary of material flow stress (estimated from hardness), the HPT processing parameters, and the temperature
predicted at the workpiece (in �C). In parentheses, there are experimental measurements of the temperatures [61].

Figure 6. The effect of the friction coefficient on effective strain distribution on the HPT sample, obtained in HPT-FEM
simulations after 1 turn under 1-GPa pressure and 1-rpm rotation rate.
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predictions, which offers an adequate picture of the variation of the mechanistic parameters,
such as stress, strain, and strain rate, as well as the evolution of the microstructural quantities,
notably the dislocation density and the average grain size. In Lee et al. [63], the dislocation
density evolution is described by the approach of Estrin [55]. The dislocation density-based
constitutive model has been embedded in the rigid-plastic FEM package, DEFORM-3D ver. 6.1.

The stress and strain distribution during the HPT process has been analyzed, along with the
dislocation density evolution and the concomitant variation of the dislocation cell size. The
simulation results were compared with experimentally measured hardness and dislocation
density (in the cell interiors and cell walls).The initial dislocation densities in the cell interior are
2.5�1013 and 5.0�1013 m�2. The gradient of the dislocation density is observed along the sample
diameter. After the compression stage, the dislocation densities increase and reach 7.27�1014m�2

in the center, 1.0�1015 m�2 in the middle, and 2.03�1015 m�2 at the edge region. After one anvil
turn, the dislocation densities further increase, and the magnitude is 3.3�1015 m�2 in the center,
4.70�1015 m�2 in the middle, and 7.25�1015 m�2 at the edge region. The difference in the value
of the dislocation density between the center and the edge has been explained by the fact that
the torsional strain is proportional to the distance from the center as given in Eq. (2). The
authors also compared the dislocation density predicted by FEM with the experimental data
synchrotron X-ray powder diffraction (XRD) analysis, and a good agreement is achieved.
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Abstract

In this chapter, two techniques have been proposed for grain refinement in Cu‐Cr and 
Cu‐Fe alloys in different heat treatment conditions. First method, known as rolling with 
cyclic movement of rolls (RCMR), is appropriate for the manufacturing of ultrafine 
grained sheets and plates. The second method is called compression with oscillatory tor‐
sion (COT). Structural investigations of alloys were carried out, in particular, using a cold 
field emission gun/scanning electron microscope (FEG/SEM) equipped with an electron 
backscattering diffraction (EBSD) detector and a scanning transmission electron micro‐
scope (STEM). Quantitative studies of the microstructure based on the STEM images 
were performed using the “MET‐ILO” software package. Mechanical properties were 
determined using an MST QTest/10 instrument equipped with digital image correlation 
(DIC). Based on the SEM and STEM observations, it has been shown that the alloys may 
exhibit a refinement of the ultra fine grained (UFG) structure in the 200–500 nm range 
with a mixture of low‐ and high‐angle boundaries. Although the microstructure was 
refined significantly, the heterogeneity of the microstructure after the application of a 
high total effective strain is observed. Moreover, the low‐angle boundaries formed at the 
early stages do not continuously transform into high‐angle boundaries.

Keywords: SPD, mechanical properties, microstructure, STEM, EBSD

1. Introduction

Severe plastic deformation (SPD) is a metal forming process used to introduce ultra‐high 
plastic strains into a bulk metal in order to refine the grain structure of metallic materials to 
the submicrometer (100–1000 nm) or even nanometer (less than 100 nm) range. A finer grain 
size increases the hardness, the yield stress, and the fracture toughness of the material [1–9]. 
Overall, SPD deformation is recognized as a potential tool for superplastic deformation at 
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lower temperatures and high strain rates [2–5]. While in the conventional metal forming pro‐
cesses, the imposed plastic strain is generally low, SPD imposes an extremely large strain on 
the bulk metal without changing the shape of the metal necessary for chosen techniques [2, 3]. 
Practically, obtaining a large plastic deformation is difficult because in most metal‐forming 
processes the deformation is limited by the failure of either the material or the tool. Considering 
the deformation processing conditions, the heterogeneity in microstructure formation was 
often observed across the bulk specimen depending on the introduced strain [3, 6, 7]. From 
the literature it is known [5–7] that very fine and highly disoriented grain structures obtained 
in different bulk metals and alloys are created as a result of short‐ and long‐range intersecting 
shear bands produced by plastic deformation. Additionally, the local dynamic recovery and 
recrystallization processes [5, 7] also contribute to the grain refinement. Distinct structures are 
either dislocation‐free or with dislocations and fine grains that are highly or weakly disori‐
ented and are obtained during the SPD deformation. The evolution and characterization of the 
new grain/subgrain boundaries appear to be very important for their influence on the mechan‐
ical and functional properties of SPD materials. Additionally, the SPD problem is connected 
with the effect of the strain path on the structure formation, i.e. a broad variety of structures 
that show differences in the grain size, shape, and crystallographic texture [7–9].

The influence of SPD on the microstructure refinement is more complicated when the precipi‐
tation strengthening mechanism of alloys is taken into account. The effect of the secondary 
phase particles on the grain refinement mechanisms during severe deformation processing is 
still topical and has been explored extensively [10–14]. The presence of second phase particles 
is a source of a significant strengthening resulting from the interaction of dislocations. The 
strength of this interaction depends on the chemical composition, size, distribution, and the 
degree of coherence with the matrix. In engineering alloys, the second phase particles may 
take the form of dispersoids, fine precipitates, and large primary particles that may show 
quite different effects on the grain refinement during SPD processing.

Two original methods patented at Silesian University of Technology, Faculty of Materials 
Engineering and Metallurgy in Poland for grain refinement are discussed in this paper: the 
first method is called rolling with cyclic movement of rolls (RCMR) and is appropriate for 
the manufacturing of ultrafine grained sheets and plates. The second method allows large 
deformations and is called compression with oscillatory torsion (COT). This process com‐
bines two deformation methods: (1) the compression process which is effective for obtaining 
high mechanical properties and a microstructure composed of elongated grains with a high 
dislocation density; (2) the torsion process which is effective for obtaining a higher plasticity 
and a microstructure consisting of quite equiaxed subgrains with a small dislocation density 
inside the subgrains. The combination of these methods in a single deformation procedure 
enables the optimization of the microstructure and mechanical properties. COT investiga‐
tions were performed for Cu and Al [14–19] and this method was recognized as an effective 
tool for obtaining ultrafine grains/subgrains with a mixture of low‐ and high‐angle grain 
boundaries.

In this chapter, we demonstrate the effectiveness of COT and RCMR deformation as a tech‐
nique for studying large strain deformation in Cu‐Fe and Cu‐Cr alloys at room temperature.
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Cu‐Cr alloys are used in numerous applications where a combination of excellent mechani‐
cal strength and electrical conductivity is required [20–23]. They can be important materials 
for railway contact wires and electrodes for spot welding. Meanwhile, Cu‐Fe alloys are com‐
monly used as electrical device components such as semiconductor lead frames and electrical 
connectors [24].

The Cu‐Cr and Cu‐Fe alloys belong to the class of precipitation‐hardened alloys, and there‐
fore, the problem of the initial structure (after solution and aging treatment at different 
parameters) is discussed in this paper. The aim of the present research is also extended to 
the evaluation of whether it is possible to obtain smaller grain sizes and, consequently, to 
improve the mechanical properties of the material if the processed materials have different 
initial structures (different states of heat treatment). The obtained results may be useful for 
constructing a complete picture of the structure and properties evolution in these alloys dur‐
ing RCMR and COT processing.

It should be noted that Cu‐Cr and Cu‐Fe alloys were chosen for the present study because 
these alloys are readily produced by SPD techniques at room temperature. This is because 
these alloys belong to the class of face‐centered cubic precipitation hardenable alloys that 
are much more thermally and mechanically stable during the deformation than the pure Cu 
without the structural instabilities such as grain coarsening.

2. Refinement structure of Cu‐Cr and Cu‐Fe alloys by SPD techniques

Annealed high‐purity of Cu exhibits a low strength of nearly 100–200 MPa and attractive 
physical properties such as its high electrical conductivity. The extensive dynamic recovery 
balancing the multiplications and annihilation of the dislocations is the limiting factor for the 
grain refinement in Cu [15, 16].

The introduction of solute atoms in the Cu matrix is the first route for the strengthening of con‐
ventional Cu alloys. The introduction of solute atoms into a solid solution produces an alloy 
that is stronger than the pure Cu due to the differences in the radius, modulus, and valence 
between the Cu matrix and solute atoms [20–24]. On the other hand, the alloying process 
results in the degradation of electrical conductivity. Moreover, after the deformation (SPD), 
the strength evidently increases but the conductivity decreases slightly due to the introduc‐
tion of a large quantity of dislocations by cold deformation. The selection of the optimum 
properties for electrical applications always involves a trade‐off between the mechanical and 
electrical properties. The precipitation effect during age hardening in Cu alloys gives rise to 
a subsequent effect improving the strength and also the electrical properties. The presence of 
precipitations reduces the dislocation mobility and the rate of dynamic recovery in alloys. In 
this case, the dislocations in the deformed Cu cannot be easily annihilated, very often leading 
to nonequilibrium dislocation clustering near the boundaries.

Little data is available in the literature for the Cu‐Cr and Cu‐Fe alloys after the application of 
SPD. The available data for the influence of SPD on the structure and mechanical properties 
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are presented and summarized in Table 1. Examination of the data clearly shows that SPD 
processing was applied for the alloy after casting or quenching. It should be noted that an 
application of SPD deformation for the refinement of the structure of these alloys can produce 
grain sizes in the 100–400 nm range.

3. Materials and experiment

Copper alloys with addition of 0.6 wt% Cr (C18200) and 2 wt% Fe (C19400) were produced 
using induction melting of highly pure components. Figure 1 shows the microstructure of the 
samples after casting with columnar grains. Inside the grains of CuCr0.6 alloy, for example, the 
Cu, Cr, and P elements are homogeneously distributed in the alloy after the casting (Figure 2). 
The ingots with the diameter of 50 mm were hot‐deformed on the rods. Subsequently, the 
rolled bars underwent different heat treatments such as the solution treatment at 1000°C for 
3 h (P state), followed by quenching into iced water and aging at 500°C for 2 h (S1 state), and 
700°C for 24 h (S2 state).The microstructures of the CuCr0.6 and CuFe2 alloys after the solu‐
tion treatment are characterized by the presence of equiaxed grains with heterogeneously 
distributed undissolved large Fe and Cr precipitates [14, 22, 23]. The aging treatment at 500°C 
for 2 h results in the formation of homogeneously distributed coherent precipitates within the 
matrix. As the aging temperature and time are increased, the precipitates lost coherence with 

Material/SPD 
process

Initial state Microstructure Mechanical properties References

Cu‐0.5Cr/ECAP 
route A, ε = 6.4

Solid solution at 
1000°C/0.5 h

Pancake shaped grains with high‐
angle boundaries with thickness of 
100 nm. Many boundaries are curved, 
indicating the presence of high 
internal stress

UTS= 484 MPa Electrical 
cond. 35% of IACS HV0.3 
= 145

[23]

Cu‐0.36Cr ECAP 
route A,

Solid solution at 
1025°C/40 min

Pancake‐fragmented structure with 
lamellar boundaries. Grain diameter 
of 0.41 μm. Fraction of HABs0.75

HV0.2 = 150 [21]

Cu‐0.75Cr, HPT, 
ε = 4.8

Solid solution at 
1025°C/2 h

Average grain size‐209 nm, 
dislocation density ρ =38 × 1014 m−2

HV (MPa) = 1740 after 
HPT Electrical cond. 34% 
of IACS

[20]

Cu‐0.5Cr‐0.1Ag 
HPT, 6 GPa, 10 
rev.

Solid solution at 
1025°C/1 h

Homogeneous structure UFG with the 
mean grain size of about 200 nm

UTS = 840 MPa, A = 10% [22]

Cu‐Fe_P ECAP 
route Bc route A

As‐cast alloy Ultrafine grain structure with most 
dislocations found on the grain 
boundaries and the interior of the 
grain showing a lower dislocation 
density. The grains are not far from 
equiaxed, ranging from 50 to larger 
than 200 nm

HV = 166 [24]

Table 1. Effect of SPD deformation on grain size refinement in Cu alloys.
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the matrix and the number of the particles within the matrix decreased (the spacing between 
the particles increased). The measured microstructural parameters of the precipitates are pre‐
sented in Table 2. The samples were mechanically machined for appropriate dimensions for 
RCMR and COT deformation.

Scanning electron microscopy (FEG SEM INSPECT F by FEI equipped with an electron back‐
scattering diffraction (EBSD) detector) was used to characterize the microstructures of the 
deformed alloys. Additionally, a scanning transmission electron microscope (STEM) Hitachi 
HD‐2300A operated at 200 kV was applied for substructure characterization. The quantitative 

a) b)

Figure 1. Microstructure of CuFe2 (a) and CuCr0.6 (b) samples after casting.

Figure 2. Distribution of Cu, Cr, and Pin the CuCr0.6 alloy after casting.

State of material CuCr0.6 CuFe2

d λ d λ

P 0.7 μm 2.5 μm 0.5 μm 4.5 μm

S1 20 nm 60 nm 20 nm 40 nm

S2 270 nm 520 nm 100 nm 200 nm

Table 2. Measured microstructural parameters: d: average particle diameter, λ: average distance between the particles in 
CuCr0.6 and CuFe2 alloys after heat treatment.
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studies of the structure parameters (for example: grain/subgrain and precipitate sizes) based 
on the STEM images were performed using the “MET‐ILO” software package.

The mechanical properties were determined using an MST QTest/10 instrument equipped with 
digital image correlation (DIC). The use of the DIC method is advantageous due to its non‐
contact character and ability to perform high precision strain measurements. A SIGMATEST 
electric conductivity instrument was used to measure the conductivity. Due to the heteroge‐
neity of the plastic deformation in the sample after the COT deformation, structural studies 
and mechanical investigations were performed on the samples extracted at the distance of 0.8 
of the radius in the longitudinal plane section. The heterogeneity of the plastic deformation 
in the RCMR method causes a considerable differentiation of the structure. Microstructural 
observations (SEM) and evaluation of the mechanical properties were performed in the trans‐
verse plane section located at the height of ∼0.8 of the specimen height. Since STEM analysis 
was not possible on the transverse section due to the small dimensions of the sample, STEM 
observations of the thin foils parallel to the rolling plane were performed at the distance of 0.6 
of the specimen height.

Vickers hardness (HV0.2) measurements were carried out using a FM‐310 Future‐Tech hard‐
ness machine with the load of 200 g for 15 s. Microhardness measurements were performed in 
a plane parallel to the compression direction. To accurately describe the heterogeneity occur‐
ring during the COT processing, hardness maps were obtained for the longitudinal sections of 
the samples. The distance between the measuring points was about 0.5 mm, giving approxi‐
mately 200 measurement points used to create the hardness maps.

The mechanical properties were determined using an MST QTest/10 machine equipped with 
digital image correlation (DIC). The tensile tests were performed at room temperature at the 
initial strain rate of 1 × 10−3 s−1. Small tensile specimens with the total length and thickness of 
8.6 and 0.3 mm, respectively, were used to measure the mechanical properties.

4. Production of ultrafine grained structure of CuCr0.6 and CuFe2 alloys 
by RCMR method

Several excellent techniques have been developed for creating tapes and strips products 
including the methods of constrained groove pressing (CGP) and accumulative roll‐bond‐
ing (ARB). According to the reports in the literature [2], the CGP and ARB techniques exhibit 
several advantages over other SPD processes because (1) they do not require forming facili‐
ties with a large load capacity and expensive dies; (2) the amount of the material that can be 
produced is not limited. These methods are appropriate for the manufacturing of nanocrys‐
talline and ultrafine grained sheets and plates. Rolling with cyclic movement of rolls method 
(RCMR) is a severe plastic deformation process that allows large deformations and is based 
on the rolling connected with the movement of the material layers in a direction perpen‐
dicular to the main direction of the rolling. By repeating this procedure, very high strains 
have been introduced into the material and a significant structure refining effect is obtained. 
This original method of deformation has been patented by Silesian University of Technology, 
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dicular to the main direction of the rolling. By repeating this procedure, very high strains 
have been introduced into the material and a significant structure refining effect is obtained. 
This original method of deformation has been patented by Silesian University of Technology, 
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Faculty of Materials Engineering and Metallurgy in Poland. Compared to the various other 
SPD methods, the RCMR method exhibits the following advantages: the method is simple 
and can be carried out using conventional testing machines. It is possible to obtain a wide 
range of strain rates and high total effective strain values. RCMR can be applied to large‐scale 
workplaces and thus has the potential for application in industry.

Figure 3 shows the RCMR setup. The rolling mill consists of two working rolls, the power unit, 
and the mechanism for the cyclic movement of the rolls transverse to the rolling direction. 
(The rolling mill without the mechanism for the cyclic movements of rolls is a typical example 
of setup for conventional cold‐rolling.) During RCMR processing, the rolls rotate around an 
axis and, in addition, axial movements of the rolls in opposite directions are realized.

The structure and mechanical properties are found to depend strongly on the imposed total 
effective strain εft given by Eqs. (1)–(3):
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Figure 3. (a) RCMR setup; (b) working rolls; and (c) RCMR scheme.
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Here, εft is the total effective strain, εhi is the strain contributed by the rolling reduction, εti 
is the strain included by the transverse movement of the working rolls, n is the number of 
passes, hi−1, hi are the heights of the sample before and after the unit pass (reduction), and A 
is the amplitude of the cyclic roll movement, v – (%), rolling rate , f – frequency of the trans‐
verse roll movement, D‐ diameter of rolls – here D=100mm

The deformation path can be controlled by changing the proportions of the following param‐
eters: the rolling reduction εh (%), rolling rate v (rpm), amplitude of the transverse roll move‐
ment A (mm), and frequency of the transverse roll movement f (Hz).

The changes in the rolling forces and torques with the number of passes for the CuCr0.6 alloy 
are presented in Figure 4.

For all passes, the values of the rolling forces and rolling torques are larger for the conventional 
rolling than for RCMR. Examination of the obtained data shows that the additional transverse 
deformation during RCMR has a significant effect, decreasing the processing parameters. The data 
for the height of the samples after the deformation (1–6 passes) for rolling and RCMR process are 

a) b)

c) d)

e) f)

Figure 4. Changes in rolling forces and torques with the number of passes for CuCr0.6 alloy sample (S2 state), (a), (c), (e) 
conventional rolling, (b), (d), (f) RCMR. Parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement 
A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz). Legend: red line‐rolling force, black line‐torque, 
green line‐axial force.
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presented in Figure 5. These results show that larger heights are obtained for the rolling samples 
than for the RCMR samples. However, the obtained values are very close to each other.

The changes in the total effective strain as a function of the number of passes during roll‐
ing and RCMR of the CuCr0.6 alloy at selected parameters are presented in Figure 6 while 
Figure 7 presents the obtained results for the dependence of the total effective strain of the 
CuFe2 alloy on the rolling rate. The obtained results show that the rate of the RCMR has 
a significant impact on the value of the total effective strain. Generally, examination of the 
obtained results shows that for the RCMR process, the total effective strain values in each pass 
are different and for RCMR, the values are 3–5 times higher than those obtained for conven‐
tional rolling. This means that the calculated total effective strain values in the RCMR process 
are not constant during subsequent passes. This is due to the heterogeneity in the deformation 
in a volume of the rolled strip and the phenomena occurring at the contact surfaces between 
the working rolls and strips. The obtained results show evidently that in the conventional 
metal forming process such as cold rolling, the imposed plastic strain is generally less than 
about 2.0 (Figure 6). In the RCMR process an extremely large strain is possible to impose 
without additional changes in shape (Figures 5 and 6).

The sample temperature during conventional deformation and RCMR was investigated 
using a thermal imaging camera (Figure 8a and b). The temperature rise was calculated as 
the difference between the maximum of the surface temperature of the rolled sample and the 
ambient temperature (adopted as 24°C) (Figure 8c). It is evident that for the RCMR samples, 
the temperature rise is higher than that for the conventional sample. Increase of the tempera‐
ture during RCMR is due to the additional work done by the plastic deformation resulting 
from the transverse roll movement. The temperature increase during the deformation can 
cause a reduction of the rolling force and rolling torque during the RCMR deformation.

Figure 5. Changes of sample width of CuFe2 (P state) for rolling and RCMR as a function of the number of passes. 
Parameters: rolling rate v = 0.7 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the 
transverse roll movement f = 1.5 (Hz).
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The examples of the samples after RCMR processing for the rolling rates of 1, 2, and 3 rpm 
are presented in Figure 9 that also shows a characteristic surface that depends on the applied 
parameters and could indicate the heterogeneity in the plastic deformation.

Figure 7. Changes of total effective strain in CuFe2 alloy (P state) for RCMR with number of passes and rolling rate. 
Parameters: amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement 
f = 1 (Hz).

Figure 6. Changes of total effective strain in CuCr0.6 alloy (S2 state) for rolling and RCMR with number of passes. 
Parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the 
transverse roll movement f = 1.5 (Hz).
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The transverse section of the RCMR‐processed samples (Figure 10) exhibits inhomogeneous 
features along the through‐thickness direction. It is clearly observed that unlike the middle, top, 
and bottom regions, the side region of the samples exhibits a near nondeformable structure.  

a) b)

c)

Figure 8. Thermographical images of CuFe2 (S1 state) sample surfaces after four passes obtained for: (a) rolling sample, 
(b) RCMR sample, and (c) changes in the temperature rise for rolling and RCMR with the number of passes. Parameters: 
rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll 
movement f = 1 (Hz).
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The image in Figure 10 also shows that the overall shape of the sample is asymmetric. This is 
attributed to a minor misalignment of the rolls during processing. The region of the deformed 
sample maintains the orientation of the as‐received material (the side area), suggesting a low 
deformation magnitude while a different orientation of the structural features is observed in 
another area, suggesting a high deformation magnitude.

The heterogeneous features observed along the thickness of the samples are attributed to a dif‐
ference in the deformation magnitude and can be easily seen at higher magnification (Figure 11).

STEM investigations confirm the heterogeneity in the refinement structure (Figure 12) with 
the microstructural observations revealing the coexistence of alternating elongated grains 
with a high dislocation density (Figure 12b)and the fine equiaxed grain without internal dis‐
locations (Figure 12a).

Figure 13 shows a color‐coded distribution of the hardness along the half‐transverse sections 
of the CuFe2 alloy sample after RCMR for selected numbers of passes. It is observed that 
significant hardness variations are presented in the sample, with higher hardness values 
observed in the top and bottom areas of the sample where transverse rolling was imposed and 

1mm
30mm

Figure 9. Macrostructure of RCMR samples before deformation and after RCMR with rolling rates of 1, 2, and 3 rpm. 
Characteristic “serrations” on the contact surfaces of the rollers as a result of transverse movement of rolls. Visible effects 
of RCMR on the lateral surface of the sample are marked by arrows.

1mm

1mm

a)

b)

Figure 10. Transverse section of CuFe2 samples after RCMR for (a) S1 and (b) S2 states. Parameters: rolling rate v = 1 (rpm), 
amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz), 
number of passes = 6.
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lower hardness values are observed in the central areas. It is important to note that the hardness 
distribution in the samples is in agreement with the microstructures shown in Figures 10 and 11.

 200mm

200mm

a)

b)

Figure 11. Transverse section of (a) CuCr0.6 sample (P state) after RCMR with parameters: rolling rate v = 0.7 (rpm), 
amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz), 
number of passes = 6, (b) CuFe2 sample (S2 state) after RCMR with parameters: rolling rate v = 1 (rpm), amplitude of the 
transverse roll movement A = 0.8 (mm), and frequency of the transverse roll movement f = 1.5 (Hz), number of passes = 6.

a) b)

Figure 12. STEM microstructures of CuFe2 (S2 state) sample taken from different areas after RCMR with parameters: 
with parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and frequency of the 
transverse roll movement f = 1.5 (Hz), number of passes = 6.
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The measured mechanical parameters for CuFe2 and CuCr0.6 alloys are presented in Table 3 
and it can be seen that solid solution treated CuFe2 and CuCr0.6 alloys that exhibit strain 
hardening, low strength, and high ductility. The best strength properties were obtained for 
the alloy in the S1 + RCMR state while the strength properties obtained for the alloys in the 
P + RCMR and S2 + RCMR states were comparable. The samples after the deformation show 
elongation to fracture (Ac) values in the 4–7% range and a uniform elongation (Agt) of ∼1%. 
These results are in accordance with the STEM observations of the microstructure and con‐
firm that only fine coherent precipitates are active for the blocking of the dislocations. The 
lack of coherent precipitates in the P + RCMR and S2 + RCMR states effectively decreases the 
dislocation generation rate with the large particles.

In general, it should be noted that the SPD‐processed materials generally have very high 
strength and hardness compared with conventional deformed materials. RCMR method 
belongs to cyclic method of deformation and from this point of view the tensile strength of 
materials with ultrafine grains does not become much higher compared with conventional 
process. Evidently, it is observed that tendency of ductility increases in materials deformed 
by RCMR process. This is the effect of structure formation. It is known that the plastic defor‐
mation results in microstructural refinement through formation of a three‐dimensional  
dislocation boundary structure. The dislocation boundaries formed during conventional 
rolling are predominantly rotation boundaries, so that the refinement is not just spatial, but 

a)

b)

Figure 13. Distribution of measured hardness values on the transverse section of samples CuFe2 (P state) for two passes 
(a); and six passes (b). Parameters: rolling rate v = 1 (rpm), amplitude of the transverse roll movement A = 0.8 (mm), and 
frequency of the transverse roll movement f = 1.5 (Hz).
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also crystallographic. During RCMR deformation dislocation mobility is increased as a result 
of temperature increase, for example, thereby enabling the establishment of a fully three‐
dimensional boundary structure. The materials having such a structure are characterized by a 
number of specific properties including significantly higher yield point or ductility than that 
produced by conventional deformation methods as rolling.

The microstructure formation and the influence of the microstructure on the mechanical 
properties in CuFe2 alloy during the RCMR deformation have been well‐documented else‐
where by the author [14]. In these studies, it has been clearly demonstrated that the grain 
refinement process observed on the cross‐section plane is not homogeneous for all deforma‐
tion states and that the impact of transverse rolling on the material is most apparent for the 
surface layers. It is found that the samples in all states (P, S1, S2) mostly exhibit lamellar/
elongated structures with a mixture of low‐ and high‐angle boundaries. It was also clearly 
shown that the deformation introduced into the material during RCMR does not guarantee 
the development of a refined microstructure with a high fraction of ultrafine grains with 
high‐angle boundaries. The heterogeneity character depends on the structure in the initial 
state (heat treatment conditions) as schematically shown in Figure 14. The differences in 
the grain refinement can be understood by considering the intensity of the RCMR deforma‐
tion of the sample in the cross section. For the S1 sample, the microstructural refinement is 
less pronounced in the volume of the sample, because coherent particles strongly affect the 
grain/subgrain size refinement. The lack of efficient barriers in the form of a high amount of 
dislocations leads to the comparable intensities of RCMR deformation for the cross sections 
of the P and S2 samples.

Material state YS (MPa) UTS (MPa) Agt (%) Ac (%) HV IACS (%)

CuCr0.6 Initial state 97 ± 4 214 ± 5 22.5 ± 1 26.0 ± 1 43 ± 4 40

Quenching +  
RCMR

363 ± 5 393 ± 9 1 ± 0.2 4.7 ± 0.5 123 ± 15 43

Aging at 500°C/2  
h + RCMR

513 ± 7 539 ± 7 1.1 ± 0.1 4.8 ± 0.6 180 ± 6.5 83

Aging at 700°C/24  
h + RCMR

324 ± 9 360 ± 5 1.2 ± 0.2 4.4 ± 0.2 132 ± 9 86

CuFe2 Initial state 148 ± 5 246 ± 4 14.2 ± 0.5 17.7 ± 0.6 60 ± 4 28

Quenching +  
RCMR

356 ± 7 361 ± 6 1.0 ± 0.5 4.7 ± 0.5 126 ± 14 22

Aging at 500°C/2  
h + RCMR

388 ± 7 393 ± 6 0.9 ± 0.3 4.0 ± 0.3 150 ± 16 41

aging at  
700°C/24h+RCMR

366 ± 7 371 ± 5 1.2 ± 0.3 7.0 ± 0.3 133 ± 9 34

Table 3. Measured mechanical parameters: yield strength (YS), ultimate tensile strength (UTS), uniform elongation (Agt), 
and elongation to fracture (Ac) of deformed CuCr0.6 and CuFe2 alloys.
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5. Production of ultrafine grained structure of CuCr0.6 and CuFe2 alloys 
by COT method

Compression with oscillatory torsion (COT) is the second method patented by Silesian 
University of Technology, Faculty of Materials Engineering and Metallurgy in Poland and 
discussed in this paper. This processing technique can obtain a sub‐micrometer grain size in 
a short time of deformation. Figure 15a and b present, respectively, a schematic of the COT 
setup as well as the illustration of the deformation of the samples by the simultaneous appli‐
cation of compression and oscillatory torsion which is the basic principle of the COT method. 
The method is characterized by the heterogeneity of deformation with the most intense defor‐
mations occurring at locations that are closest to the lateral surfaces of the material resulting 
from the application of the torsional moment. The oscillating course of the flow stress σp 
in the range σpmin–σpmax is caused by the cyclical variation of the torque Mt from 0 to Mtmax 
(Figure 15c).

These SPD techniques were adopted for grain size refinement in Cu and Al [15, 17].

Due to the complexity of the deformation process, the effective strains were calculated follow‐
ing the Huber‐Mises‐Hencky method and are given by

   ε  f   =  √ 
_____

  ε   2  +   
 γ   2 

 __ 3    ,  (4)

where ε is the deformation induced by the uniaxial strain and γ is the shearing strain.

The total effective strain εft is expressed as the sum of effective strains obtained from Eq. (4) in 
a single phase of deformation as:

   ε  ft   =  ∑ 
n=1

  
n
     ε  fn  ,  (5)

Figure 14. Scheme of microstructure refinement in RCMR processed samples.
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where n is the number of the deformation phases. The single phase comprises a torsion of the 
sample in one direction with a simultaneous decrease of the height.

The value of the total effective strain εft can be controlled by changing the proportions of the 
following parameters: torsion frequency f in the range of 0–1.8 (Hz), compression rate v maxi‐
mal 0.66 (mm/s), torsion angle α in the range of 0 to ±8 (°), and true reduction Δh (mm). Table 4 
shows the dependence of the changes in the compression force on the initial state of alloys for 
COT deformation. For all samples, the values of the compression force are larger for S1 state.

To illustrate the heterogeneity in the mechanical properties resulting from the COT deforma‐
tion for the samples with different initial states (heat treatment), hardness distribution maps 
were created for selected samples. Figures 16 and 17 show a color‐coded hardness distribu‐
tion along the half‐longitudinal sections of the CuCr0.6 alloy sample prior to the deformation 
and after COT processing at εft = 38, respectively. It is observed that the hardness variation 
depends on the distance from the center (Figure 17c–e). Higher hardness levels are observed 
around the 0–0.5r areas where influence of the compression process can be seen clearly. Lower 
hardness magnitudes are observed near the 0.5–1r distance from the center.

The higher hardness at a moderate distance from the center is typical for elongated structures 
with a high dislocation density. This region is quite different from the region near the surface 
with the refined equiaxed grains/subgrains. With the increase of the deformation εft = 61, the 
homogenization of the hardness variation is not observed (Figure 18). Examination of the 
hardness distribution shows that local microareas with smaller hardness values are present 
in the processed samples. Therefore, the samples produced with COT exhibit heterogeneous 
hardness along the thickness of the samples. The increased deformation value has a moderate 
influence on the hardness distribution along the thickness of the sample. The increase of the 
deformation from εft = 38 to 61 is not very effective for increasing the hardness. The Vickers 
hardness corresponds rather well to the microstructure evolution and the obtained results 
suggest that the Vickers hardness is affected by the dislocation structure rather than by the 
grain/subgrain sizes and boundaries misorientations. A coarse structure with a highly devel‐
oped dislocation density gives hardness values that are larger than those for a well‐defined 
fine‐grained structure with a lower dislocation density.

Δh%
v [mm/s]

f[Hz]
α°

a) b) c)

Figure 15. (a) Setup of COT, (b) schematic illustration of COT, and (c) scheme of the sample.
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Figure 19 shows the example of EBSD maps of the CuCr0.6 samples deformed at εft = 45. 
Even though the original grains were plastically deformed, the grains are not significantly 
elongated perpendicular to the compression direction. This means that the compression does 
not have a strong effect on the deformed microstructure. The original grain boundaries are 
very jagged (the grains are comprised of a partially bulged original grain boundary) and 
the deformed grains are delineated by irregular bands due to the deformation occurring on 
different slip systems. Intersections of the deformation bands give rise to elongated grains/
subgrains with mostly low‐angle boundaries with misorientation angles largely in the 2–5° 
range, indicating a high density of cell and subgrain structures (Figure 19a and b).

In other areas, the refinement microstructure became better organized and the new bound‐
aries were characterized by misorientation angles in the 5–15° range (Figure 20a). These 
microstructures involve the annihilation and rearrangement of the dislocations and were 
characterized for the P and S2 states (Figures 19a, b, e, f, and 20c). Figure 19c and d reveals 
that the density of low‐angle boundaries was significantly reduced and grains with bound‐
ary angles higher than 15° were found in the microstructure. The microstructure in state S1 

Figure 16. Distribution of measured hardness values on the longitudinal section of CuCr0.6 sample in initial (P) state 
before deformation.

Heat treatment CuFe2 CuCr0.6
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Compression force F [kN]

P + COT 22.7 58.0 14.3 46.9

S1 + COT 33.0 60.5 39.7 61.4

S2 + COT 24.8 58.0 25.0 58.3

Table 4. Dependence of the changes in the compression force on the initial state of alloys.
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is quite heterogeneous because a number of subgrains with low misorientation angles were 
observed in addition to the ultrafine grains with high misorientation angles (Figure 20b).

COT deformation with εft = 12 typically exhibits the problem to eliminate the low‐angle bound‐
aries and transform the microstructure into one with higher angle boundaries (Figure 21).

The obtained results were confirmed by STEM investigations for εft = 28and 45 (Figure 22). The 
COT process produces well‐defined subgrain structures with low‐ and medium‐angle misori‐
entations that were identified based on the diffraction contrast (Figure 22a). With increasing 
strain, the structures observed in Figure 22a were comparable but additionally, a recovery 
process was observed in some microareas as shown in Figure 22b. This effect may be con‐
nected to the specifics of the deformation realized by the cyclic deformation. It is also possible 

a) c)

d)

e)

b)

Figure 17. Distribution of measured hardness values on the longitudinal section (a, b) of CuCr0.6 samples after COT 
with parameters: torsion frequency f = 0.8 (Hz), compression rate v = 0.015 (mm/s), torsion angleα = ±6 (°), and height 
reduction h = 50 (%). Total effective strain (  ε  f   = 38 ) for different initial structures; (c) P state; (d) S1 state; (e) S2.
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that the temperature increased during the deformation and thus only an insignificant effect 
on the grain refinement is observed. The absence of small precipitates results in the effective 
loss of dislocations, which is unfavorable during the COT deformation. The lack of effective 
barriers for dislocation pinning gives rise to intensive recovery processes (Figures 19a, b and 
22a, b). For sample S1, the microshear banding contributes to the grain subdivision and the 
subgrain/grain structure dominates within the deformed bands (Figure 22c). Additionally, 
tangled dislocations are observed in the matrix. Figure 22d shows the microstructure of the 
CuCr0.6 alloy in the S1 state after the deformation at εft = 45; it can be seen that the micro‐
structure becomes more distinct and difficult to resolve. Many of the boundaries are not well‐
defined and are curved instead of straight, indicating the presence of a high internal stress. 
This type of microstructure is attributed to the development of arrays of high‐energy non‐
equilibrium boundaries. Many dislocations are visible at both the grain boundaries and inside 
the grains. The typical microstructure for the S1 state becomes more heterogeneous than that 
of the P state (compare Figures 22c, d and a, b). With the increase of the deformation, the 
heterogeneity of the structure in the sample is still visible. This means that in this state, it is 
still more difficult for the high‐energy boundaries to transform into stable arrays. We observe 
a very fine microstructure composed of grains that are smaller than 200 nm in sample S1. 
The microstructures of samples S2 processed for εft = 28and εft = 45 are shown in Figures 22e 
and f, respectively. The larger grains/subgrains coexist with small grains/subgrains. There 
are almost no dislocations in some grains/subgrains, and chaotically distributed dislocations 

c)

d)

e)

a)

b)

Figure 18. Distribution of measured hardness values on the longitudinal section (a, b) of CuCr0.6 samples after COT 
with parameters: torsion frequency f = 0.8 (Hz), compression rate v = 0.015 (mm/s), torsion angle α = ±6 (°), and height 
reduction h = 80 (%). Total effective strain (  ε  f   = 61   ) for different initial structures (c); P state; (d) S1 state; (e) S2 state.
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are present in other large or small grains/subgrains. The average grain size was refined to 
about ∼300–500 nm. From the literature [3–7], it is known that the microstructural evolution 
depends mainly on the strain magnitude, with a more homogeneous microstructure obtained 
with increasing strain. In our results, the differences in the microstructures are still observed 
even though the magnitude of the deformation increases. In general, it should be noted that it 
is impossible to obtain a homogeneous structure using this method.

TD

a) b)

c) d)

e) f)

Figure 19. Orientation imaging maps ofCuCr0.6 sample showing deformed microstructures under different 
conditions: (a, b) P + COT state; (c, d) S1 + COT state; and (e, f) S2 + COT state. Deformation parameters: torsion 
frequency f = 1.6 (Hz), compression rate v = 0.04 (mm/s), torsion angle α = ±6 (°), and height reduction h = 80 (%). Total 
effective strain (  ε  f   = 45 ).

a) b) c)

Figure 20. EBSD maps with different types of grain boundaries in CuCr alloys (a) P state, (b) S1 state, (c) S2 state. 
Deformation parameters: torsion frequency f = 1.6 (Hz), compression rate v = 0.04 (mm/s), torsion angle α = ±6 (°), and 
height reduction h = 80 (%). Total effective strain (  ε  f   = 45 ).
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a) b)

Figure 21. Orientation imaging map (a); and EBSD maps with different types of grain boundaries (b) for CuFe2 alloy 
after COT deformation with parameters: torsion frequency f = 1.6 (Hz), compression rate v = 0.1(mm/s), torsion angle α 
= ±6 (°), and height reduction h = 80 (%). Total effective strain (  ε  f   = 12 ).

Figure_22. 
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Figure 22. STEM microstructures for CuCr0.6 alloy after COT deformation with parameters: (a) P state, εft = 28, (b) P 
state, εft = 45, (c) S1 state, εft = 28, (d) S1 state, εft = 45, (e) S1 state, εft = 28, (f) S1 state, εft = 45.

Severe Plastic Deformation Techniques136



 

TD

a) b)

Figure 21. Orientation imaging map (a); and EBSD maps with different types of grain boundaries (b) for CuFe2 alloy 
after COT deformation with parameters: torsion frequency f = 1.6 (Hz), compression rate v = 0.1(mm/s), torsion angle α 
= ±6 (°), and height reduction h = 80 (%). Total effective strain (  ε  f   = 12 ).

Figure_22. 

c) d)

e) f)

Tangles disloca�ons

Ultrafine grains

Di�erent grains size

Grains/subgrains with
or without disloca�ons

Shear band

a) b)

Ultrafine subgrainswith
dislocac�on insied

Subgrainswithout
disloca�on

Figure 22. STEM microstructures for CuCr0.6 alloy after COT deformation with parameters: (a) P state, εft = 28, (b) P 
state, εft = 45, (c) S1 state, εft = 28, (d) S1 state, εft = 45, (e) S1 state, εft = 28, (f) S1 state, εft = 45.
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For the S1 state, COT processing hinders the deformation processes for both CuCr0.6 and CuFe2 
alloys. For example, this can be clearly seen for εft = 28 where coherent precipitates reduce the 
number of operating slip systems (Figure 23a and b). The much more equiaxed structures (S2 
state) visible in Figure 23c and d are due to the occurrence of different slip systems.

The example distribution of the grain/subgrain diameter values for the CuCr0.6 alloy (P and 
S1 state) for εft = 45 is shown in Figure 24.

It is important to note that based on SEM and STEM observations, the grain boundaries 
obtained during COT deformation are in the nonequilibrium state. It has been argued that 
such boundaries provide a large number of excess dislocations for the slip systems and can 
enable the grains to rotate at room temperature, leading to a significant increase in the strain 
hardening and ductility. The results of mechanical properties for CuCr0.6 and CuFe2 alloys 
are shown in Figure 25 and in Table 5.

Several articles recently reported UFG materials maintaining both a high strength and an ade‐
quate ductility [6–9]. An especially high strength and good ductility in ultrafine‐grained materials 
produced by the COT deformation were obtained for the S1 state. The fine precipitates interacted 
with the dislocations and exhibited a strong pinning effect on the dislocation movement, leading 

a) b)b)

c) d)

Figure 23. Dark field images obtained from STEM investigations for CuFe2 alloys after COT deformation with εft = 28: 
(a, b) S1 state, (c, d) S2 state.
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to high yield strength (YS) and ultimate tensile strength (UTS) values. For the S2 state, the pre‐
cipitates coarsened remarkably to an average size of 100 nm with a larger interparticle spacing. 
The coalescence of the precipitates accompanied by an enhanced recovery process resulted in 
a significant flow stress decrease. It is important to note that SPD processing leads to a reduc‐
tion in the ductility that is generally smaller than those for the more conventional deformation 
processing techniques such as rolling, drawing, and extrusion. The low ductility is caused by the 
low strain‐hardening rate, giving rise to early localized deformation in the form of necking. The 
availability of a bimodal (a mixture of two or multiphases with varying scales and properties) 
grain size distribution leads to a considerable increase in the ductility. We note that based on the 
obtained results, a significant degradation in the ductility of the specimens is typical for COT. 
The YS and UTS values are for the two alloys, comparable when are taken into account the heat 

average diameter ~0.52 µm

average diameter ~0.39 µm

a)

b)

Figure 24. Grain/subgrain size distribution for CuCr0.6 alloy after COT deformation for εft = 45: (a) P state, (b) S1 state.
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treatment processes (maximal value of YS and UTS for S1 state), implying that a high content of 
Cr and Fe solute atoms in the Cu matrix of the deformed sample reduces the dislocation mobil‐
ity and retards the dynamic recovery at a level comparable to that of the noncoherent but small 
particles observed for the S2 state. The pinning of the dislocation by these precipitates is much 
weaker but it does effectively influence the pinning of the grain/subgrain boundaries.

Figure 25. Engineering strain versus engineering stress for CuCr0.6 alloys after application of different magnitudes of 
total effective strain. a) eft = 12 and b) eft = 45.
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6. Summary

The results obtained for the CuFe and CuCr alloys deformed through RCMR and COT indi‐
cated the possibility of obtaining materials with the UFG structure and high mechanical 
properties. During the RCMR and COT deformations, the microstructure was significantly 
refined but was heterogeneous after the application of a high total effective strain. Initially, 
the first process of deformation (lower value of total effective strain) dominates the develop‐
ment of deformation‐induced boundaries that occur heterogeneously in the volume accord‐
ing to the net strain gradient. The measured grain/subgrain sizes are in the 200–500 nm 
range, with a mixture of low‐ and high‐angle boundaries. In contrast to the commonly found 
statements in the literature, subsequent deformations (increased total effective strain) do 
not induce an increase of the grain misorientation and a decrease in the grain/subgrain size. 
Continuous heterogeneity in the microstructure increases in both alloys as a result of the 
cyclical character of these processes. Cyclic character of these methods promotes dynamic 
recovery, involving the decrease of dislocation density in the interior of grains/subgrains 
and in grain/subgrain boundaries.

The initial structure (heat treatment process) of the alloy influences the RCMR and COT 
deformations. The best combination of mechanical properties was obtained for the material 
deformed in the S1 state. The Fe and Cr precipitates in the S1 state that is responsible for 
the peak‐aged strength of CuFe and CuCr alloys are expected to pin the dislocations. While 
the noncoherent particles in the S2 state are still capable of effectively pinning the grain 

Material state YS (MPa) UTS (MPa) Agt (%) Ac (%) HV IACS (%)

CuCr0.6 Initial state 97 ± 4 214 ± 5 22.5 ± 1 26.0 ± 1 43 ± 4 40

Quenching + 
COT

336 ± 6 342 ± 6 1 ± 0.2 8 ± 0.8 123 ± 15 40

Aging at 
500°C/2 h + 
COT

464 ± 11 491 ± 3 1.8 ± 0.1 4.3 ± 0.3 180 ± 6.5 85

Aging at 
700°C/24 h + 
COT

343 ± 8 360 ± 7 1.7 ± 0.5 8.8 ± 1.5 132 ± 9 86

CuFe2 Initial state 148 ± 5 246 ± 4 14.2 ± 0.5 17.7 ± 0.6 60 ± 5 28

Quenching + 
RCMR

329 ± 31 340 ± 34 1.8 ± 0.4 7.8 ± 1.6 126 ± 17 26

Aging at 
500°C/2 h + 
COT

378 ± 18 387 ± 17 1.6 ± 0.3 8 ± 1.4 150 ± 15 48

Aging at 
700°C/24 h + 
COT

309 ± 10 331 ± 17 2.6 ± 0.8 9.5 ± 1.8 133 ± 9 34

Table 5. Measured mechanical parameters: yield strength (YS), ultimate tensile strength (UTS), uniform elongation (Agt), 
and elongation to fracture (Ac) of deformed CuCr0.6 and CuFe2 alloys using COT for εft = 45.
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boundaries and prevent further coarsening, they are not as effective as the precipitates in 
the S1 state. The deformation sample in the P state shows hardening that is comparable to 
that of the S2 state and the deformation of the P samples results in a structure recovery.

The present investigation confirms that the cyclic deformation (RCMR and COT method) 
plays a significant role in the structure evolution. Especially, these processes decrease the 
rate of high angle boundaries (HABs) formation at the stages of large strain accumulation. 
Moreover, RCMR and COT deformations increase in the structure in homogeneity with 
increasing strain. Additionally, cyclic deformation processes did not affect, significantly, the 
effective grain refinement with increasing strain.
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Abstract

This chapter reviews the thermal stability of ultra-fine grained (UFG) microstructure in 
selected magnesium and titanium-based materials prepared by severe plastic deforma-
tion (SPD). The focus is on the wide palette of experimental methods applicable for inves-
tigation of microstructural stability. These methods include scanning electron microscopy 
(SEM), electron backscatter diffraction (EBSD), microhardness measurement, positron 
annihilation spectroscopy (PAS), and electrical resistance measurement. Microstructural 
stability of UFG commercially pure (CP) Ti and Ti-6Al-7Nb alloy produced by equal-
channel angular pressing (ECAP) is studied ex situ after annealing by SEM, by micro-
hardness measurements, and in situ during heating, by high precision electrical resistance 
measurements. Both materials show stable UFG structure up to 440°C. Further annealing 
causes recovery and recrystallization of the microstructure. At 650°C, the microstructure 
is completely recrystallized. Magnesium alloy AZ31 is prepared by hot extrusion fol-
lowed by ECAP. UFG microstructure recovers and continuously recrystallizes during 
annealing. The microstructure of UFG AZ31 alloy is stable up to 170°C and subsequent 
grain growth is analyzed. Special attention is paid to interpret the activation energy of 
the grain growth. The superplastic properties of UFG AZ31 alloy are investigated in the 
temperature range of 170–250°C.

Keywords: equal-channel angular pressing, magnesium alloys, titanium alloys, thermal 
stability, grain growth
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1. Introduction

Lightweight metallic (especially titanium and magnesium) materials are extensively used 
in transport industry and in cutting-edge applications such as manufacturing of medical 
implants and devices. Ultra-fine grained (UFG) counterparts are still materials of the future, 
though the first commercial applications are emerging. In some applications, the employed 
materials are exposed to elevated temperatures either during service or during products 
manufacturing. Mechanical properties enhancement of materials prepared by severe plastic 
deformation (SPD) might be reduced due to recovery and recrystallization of the UFG micro-
structure at higher temperatures.

Magnesium alloys belong to materials with potential to replace aluminum or some other 
conventional structural materials in automotive, aircraft, and other industry branches. 
Magnesium and its alloys are light metals with relatively good mechanical properties which 
provide expanding potential in weight-critical applications. Interest in magnesium-based 
metals has recently been revived primarily due to their gradually decreasing costs and the 
effort of scientists, researchers, and engineers to cut down energy consumption and green-
house gas emissions [1].

Utilization of titanium and titanium alloys for load-bearing orthopedic implants of big joints 
and for dental implants still increases [2–4]. Advantages of these materials include extreme 
corrosion resistance, sufficient biocompatibility, moderate elastic modulus, etc. [5]. A material 
with enhanced strength is required to reduce the size of the load-bearing orthopedic and den-
tal implants. Vast majority of high-strength β-Ti alloys developed for an aircraft industry are 
not utilizable in biomedicine because of high content of toxic elements, such as vanadium [6, 7].

Ti-6Al-7Nb alloy was developed as a biocompatible alternative to the most used Ti-6Al-4V 
alloy. It belongs to α+β alloys which contain both α and β phases at ambient temperature. 
The β-transus temperature of this alloy is 1010°C [8]. UFG microstructure of the studied alloy 
has been already investigated in Ref. [9], and superior mechanical properties of UFG material 
were reported [10].

Promising possibility for strength and fatigue performance improvements is the manufactur-
ing of materials with sub-micrometer or even nanoscale grain sizes using SPD techniques 
[11, 12]. These methods are very efficient in achieving significant grain refinement in poly-
crystalline materials. UFG materials have usually excellent mechanical properties including 
high strength and, if the UFG microstructure is sufficiently stable, a superplastic capability 
at elevated temperatures [11, 13]. Nowadays, the most attractive SPD techniques are equal-
channel angular pressing (ECAP) [14] or combined process of extrusion followed by ECAP 
(EX-ECAP) [15], high-pressure torsion (HPT) [16], and accumulative roll-bonding [17]. In 
practice, ECAP or EX-ECAP processes are especially useful because of their simplicity in labo-
ratory operation. Moreover, these techniques can produce relatively large billets for industrial 
applications [18]. There are several reports to date of the successful processing of magnesium 
and titanium materials using ECAP at elevated temperatures by employing different process-
ing procedures [19–26].
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The practical applications of the UFG AZ31 magnesium alloy are limited due to a low micro-
structure stability at elevated temperatures that complicates the processing of final products 
in industry. Thermal stability depends on many variables, such as stacking fault energy of 
the material, processing or volume fraction of grain boundaries, and their properties [27]. 
Microstructure stability at elevated temperature can be improved by various alloying ele-
ments or composite reinforcements. Microstructure stability of the AZ31 magnesium alloy 
after ECAP was studied by Kim [28] or Radi and Mahmudi [29], who investigated the AZ31 
alloy reinforced by alumina nanoparticles. Both papers present calculations of grain growth 
activation energies which identified two or three temperature regimes with significantly dif-
ferent values of activation energy.

The main objective of this work is the investigation of microstructure stability during anneal-
ing of the UFG materials, in particular of the AZ31 magnesium alloy, commercially pure tita-
nium (CP Ti) and Ti-6Al-7Nb alloy prepared by ECAP.

2. Materials and methods

As cast commercial AZ31 magnesium alloy (nominal composition of Mg-3%Al-1%Zn) was 
extruded at 350°C with an extrusion ratio of 22; subsequently, it was processed by four passes 
of ECAP. ECAP pressing was performed at 180°C with the velocity of 50 mm/min following 
route BC, i.e. rotating the sample by 90° between the individual passes. The angle between 
two intersecting channels and the corner angle were Ф = 90° and Ψ = 0°, respectively. Both 
channels had a square cross section of 10 × 10 mm. The ECAP die was equipped with an ejec-
tor that allows pushing the sample out of the die immediately after pressing from the feed-in 
channel to the exit channel.

Flat squared specimens were cut from the middle part of the billets perpendicular to the 
pressing direction. Results of the microstructural observations and microhardness measure-
ments on planes parallel to the pressing direction are very similar to those from the perpen-
dicular plane [30] and were not addressed in this work.

CP Ti Grade 4 [31] was processed by ECAP through die with the round channel having the 
diameter of 15 mm. The channel angle was Ф = 105° and the corner angle Ψ = 20°. The tem-
perature of the die during pressing was 300°C. The billets were pressed six times (six passes) 
following the route BC at a constant ram speed of 60 mm/min. A detailed study of the ECAP 
processing of CP Ti can be found in Ref. [32]. Benchmark coarse grained material was pre-
pared by annealing of the as-received material at 800°C for 2 h followed by slow cooling in 
furnace.

Ti-6Al-7Nb alloy was prepared by multi-step thermal sequence before processing by ECAP. 
The thermal treatment consisted of two subsequent annealing steps. The first annealing was 
at 985°C (a temperature just below β-transus) for 1 h and the second annealing at 780°C for 
4 h. Each thermal treatment was followed by water quenching. The annealed material pos-
sesses a common “duplex” structure, which consists of 18 vol.% of primary α-phase [31]. Such 
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microstructural condition allowed the successful material processing by ECAP. The ECAP 
die with round channel with the diameter of 20 mm and angles of Φ = 120° and Ψ = 0° was 
used for processing. The samples were pressed six times (six passes) at the temperature of 
600°C. Subsequently, extrusion to 10 mm at 300°C was applied. Finally, the material was aged 
at 500°C for 1 h to achieve the maximum strength level. More details about material and its 
processing can be found in Ref. [33]. Benchmark coarse grained material underwent the same 
thermal treatment including the annealing steps simulating the thermal history during ECAP 
and extrusion.

The samples of CP Ti and Ti-6Al-7Nb alloys were heated up to the three temperatures speci-
fied by in-situ electrical resistance measurements (described in detail below) and subsequently 
water quenched.

Specimens of AZ31 magnesium alloy for thermal stability investigation were prepared by 
isochronal annealing for 1 hour at the temperatures ranging from 150 to 500°C followed 
by water quenching. Specimens of AZ31 magnesium alloy were mechanically grinded on 
watered abrasive papers and then polished with polishing diamond suspensions of grade 3, 
1 and ¼ µm. Flat samples for Vickers microhardness measurements (load 100 g, 10 s) with 
minimum surface scratches were obtained by this method. Finally, the specimen’s surface 
was polished by argon ions (Gatan PIPSTM), which guaranteed successful electron backscatter 
diffraction (EBSD) measurements. CP Ti and Ti-6Al-7Nb alloy were prepared by mechani-
cal grinding and polishing using watered abrasive papers followed by three-step vibratory 
polishing. The polished samples were prepared for microhardness (load 500 g, 10 s) and SEM 
measurement.

For in-situ measurement of electrical resistance evolution during heating, a precise self-made 
apparatus utilizing a common four-point method was employed. The electrical current and 
voltage were measured simultaneously. The samples were placed in a specially designed fur-
nace which allows precise heating of the sample in a protective argon atmosphere. The rela-
tive error of such measurement is lower than 10−4, and the experimental values are acquired 
with the frequency of 2 Hz [34]. The dynamics of microstructural changes can be assessed 
from these measurements. The electrical resistance was measured during heating with the 
constant rate of 5°C/min up to 700 and 800°C for CP Ti and Ti-6Al-7Nb alloy, respectively. 
UFG conditions of both materials were investigated along with their annealed coarse grained 
(non-deformed) counterparts. The samples for these measurements require special design 
maximizing their effective length.

Microhardness of AZ31 alloy and CP Ti was measured by LECOM-400-A microhardness tes-
ter. For Ti-6Al-7Nb alloy, a QNESS A10+ microhardness tester was employed with automatic 
indentation and evaluation using the QPix Control Program. FEI Quanta 200 FX scanning 
electron microscope equipped with EDAX EBSD camera and OIM software was utilized for 
EBSD and microstructure observations.

Flat specimens of AZ31 magnesium alloy for tensile tests were machined and cut from 
ECAPed billets parallel to extrusion direction. The continuous measurements of m-parameter 
were performed on six samples from a single ECAPed billet. The gauge length was 16 mm, 
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and the thickness and width were approximately 1 and 4 mm, respectively. Tensile tests were 
performed using a screw-driven Instron 5882 machine at 175, 200, and 250°C. Computer-
operated machine allows arbitrary control of cross-bar movement.

Atomic force microscopy (AFM) observations were performed to study the deformation 
mechanism. The tensile samples were carefully polished on grinding papers and using dia-
mond pastes (3, 1, and ¼ µm) before the tensile test. The samples after deformation were 
observed using Bruker Dimension Edge AFM.

3. Results

3.1. In-situ electrical resistance measurements of CP Ti and Ti-6Al-7Nb alloy

Temperature dependence of electrical resistance of CP Ti after ECAP and of the annealed 
coarse grained material is shown in Figure 1(a). The relative resistance R(T)/R0, where R(T) is 
the resistance measured as the function of temperature T and R0 is the resistance at room tem-
perature, is plotted at the vertical axis. During heating up to 700°C, the resistance increases 
almost three times. Initially, the resistance increases linearly, whereas above 300°C, the evo-
lution with temperature becomes concave. Small difference between annealed and ECAPed 

Figure 1. Relative resistance variations of CP Ti during heating (a) temperature dependence, (b) the first derivative of 
relative resistance, and (c) the second derivative of relative resistance (highlighted temperatures were chosen for SEM 
observation).
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samples is observed. The first and the second derivatives of relative resistance with respect 
to temperature, computed numerically, are shown in Figure 1(b) and 1(c), respectively. In 
Figure 1(b), both curves behave in a similar manner with two small deviations for ECAPed 
specimen at about 500 and 600°C. Those deviations appear as well observable peaks in the 
plot of the second derivative, which is plotted in Figure 1(c). Assuming that these peaks cor-
respond to undergoing microstructural changes, the temperatures of 440, 520, and 640°C were 
chosen for subsequent annealing and ex-situ observations of microstructure. All other peaks 
in the second derivative graph appear in both curves and therefore they do not represent dif-
ferences caused by different initial microstructure.

Figure 2 shows the results of the resistance measurements of Ti-6Al-7Nb alloy that are pre-
sented in the similar way as for CP Ti. Figure 2(a) shows the temperature dependence of 
the relative resistance for the UFG Ti-6Al-7Nb alloy after ECAP and in the as-rolled condi-
tion. The relative resistance increases only by approximately 10%, in contrast to the CP Ti. 
The difference of the ECAP and as-rolled condition is therefore relatively more pronounced 
in Figure 2(a). The overall course of both curves is concaved up to 650°C, and for higher 
temperatures, the electrical resistance even declines. Figure 2(b) shows the first deriva-
tive of electric resistance with respect to the temperature with two distinct peaks around 
500 and 650°C for the ECAPed material. The differences between the two conditions are 

Figure 2. Relative resistance variations of Ti-6Al-7Nb alloy during heating (a) temperature dependence, (b) the first 
derivative of relative resistance, and (c) the second derivative of relative resistance (highlighted temperatures were 
chosen for SEM observation).
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accentuated by plotting the second derivative of the electrical resistance as displayed in 
Figure 2(c). The temperatures of 440, 550, and 660°C were selected for the microstructure 
observations using SEM.

3.2. Mechanical properties

The microhardness of the UFG materials after the SPD processing (HV0.1AZ31 = 86, HV0.5CPTi = 274, 
and HV0.5Ti67 = 369) is significantly higher than that of the annealed conditions (HV0.1AZ31 = 58, 
HV0.5CPTi = 215, and HV0.5Ti67 = 283) [31, 35, 36]. Figure 3 depicts the microhardness dependence 
on the annealing temperature for each sample.

Microhardness values of the AZ31 alloy after annealing at 150 and 170°C do not differ signifi-
cantly. However, the microhardness of the AZ31 declines abruptly in the temperature range 
of 170–230°C and then continues to decrease up to 500°C.

The values of microhardness of CP Ti remain nearly constant (HV0.5 ≈ 280) up to the aging 
temperature of 450°C and then decrease rapidly approaching values of annealed material at 
700°C (HV0.5annealed = 215).

The annealed sample of Ti-6Al-7Nb exhibits the microhardness of HV0.5annealed = 283. The 
microhardness of ECAPed specimen increases up to (HV0.5 ≈ 370) and remains almost con-
stant after heating to 440 and 550°C. Only heating to the highest temperature (660°C) results 
in a slight decrease of HV. However, the decrease of HV is much lower than in other investi-
gated materials.

Figure 3. Microhardness of the studied materials subjected to SPD and heat treatment.
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3.3. Microstructure

3.3.1. Microstructure changes and dislocation density evolution of UFG AZ31 alloy during heating

The microstructure of AZ31 magnesium alloy after extrusion (not shown here) is bimodal 
containing large grains elongated in the extrusion direction (≈10 µm) and smaller grains 
(≈1 µm) [36].

UFG microstructure of the specimen in the initial non-annealed condition (after extrusion and 
four passes of ECAP) is shown in Figure 4(a). The microstructure is homogeneous comprising 
fine grains of the average size of 0.9 µm. The microstructure and average grain sizes of the 
samples after 1 h of isochronal annealing at 150 and 170°C (not shown here) are similar to the 
initial non-annealed specimen.

Inhomogeneous grain growth is observed at higher annealing temperatures (Figure 4(b)–(f)). 
Some grains start to grow at annealing temperatures of 190 and 210°C (the microstructure 
of the sample after annealing at 210°C is similar to that of 190°C and is not shown here). 
The fraction of coarse grains increases with increasing annealing temperature. At annealing 
 temperature of 250°C, some areas with original fine grains are still observed. However, the 
small grains (≈1 µm) are continuously disappearing at higher annealing temperatures, and 
nearly no small grains are observed after annealing at 400°C (see Figure 4(e)). Please note that 

Figure 4. Microstructure of the AZ31 sample after extrusion and four passes of ECAP (a), and isochronally annealed 
at (b) 190°C, (c) 250°C, (d) 300°C, (e) 400°C, and (f) 500°C. Images (a)–(e) show results from EBSD measurements. The 
image (f) was taken using light microscope.
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the magnification of the EBSD image in Figure 4(e) is two times smaller than the magnifica-
tion of the previous EBSD images. Microstructure of the specimens annealed at 500°C was 
observed by light microscope (see Figure 4(f)).

The dependence of average grain sizes (number average) on annealing temperatures is plot-
ted in Figure 5(a). In specimens annealed at 250 and 300°C, the average values are calcu-
lated from the bimodal grain size distribution. The dependence of the average grain sizes and 
microhardness values on annealing temperature is summarized in Table 1.

Annealing twins observed after annealing at 250–400°C (see Figure 4(c)–(e)) were excluded 
from grain size calculations to achieve the true grain size values. All these twins were identi-
fied as the tensile twins with the misorientation angle of 86° [37].

The plastic shear deformation by extrusion and ECAP causes the accumulation of large plastic 
strain and the increase of density of structural defects. These defects are stable at room tem-
perature, but they annihilate relatively easily during annealing.
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Microstructure changes in the UFG CP Ti and Ti-6Al-7Nb after ECAP occurring during lin-
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material after ECAP is displayed. White dots in the SEM micrograph are β-Ti particles formed 
due to contamination by iron, which is typical for CP Ti. High Fe content in these particles was 
proved by energy dispersive X-ray spectroscopy. The microstructure of the material is typical 

Figure 5. (a) Dependence of the average grain size (number average, excluding twins) of the AZ31 alloy on annealing 
temperature (up to 400°C). (b) Dependence of the dislocation density on annealing temperature after 1 h of isochronal 
annealing process.
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heavily deformed containing grains with the average size around 1 µm [11, 38]. No signifi-
cant differences of the microstructure were observed in the sample annealed up to 440°C (see 
Figure 6(b)). On the other hand, the microstructure of the sample annealed to 520°C differs 
considerably as can be seen in Figure 6(c). The grains are much clearer, which suggests that 

Figure 6. Microstructure evolution of ultra-fine grained CP Ti (a) as ECAPed, (b) heated to 440°C, (c) heated to 520°C, 
and (d) heated to 640°C.

Annealing 
temperature [°C]

– 170 190 210 250 300 350 400 450 500

Microhardness 
HV0.1

85.8 84.1 78.0 71.6 67.6 65.4 63.2 59.3 57.7 51.6

Average grain size 
d [mm]

0.94 0.99 1.05 1.48 1.83 2.06 3.04 3.79 10.09 24.53

Table 1. Microhardness values and average grain sizes at different annealing temperatures.
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some recovery process, probably annihilation of dislocations, was undergoing during heating 
between 440 and 520°C. Grain size also slightly increased. The dark spots in the micrograph 
are probably artifacts caused by polishing. The microstructure of the specimen heated up to 
640°C is shown in Figure 6(d). Material is completely recrystallized with grains of the average 
size of approximately 5 µm.

Figure 7 shows the microstructure of UFG Ti-6Al-7Nb alloy after ECAP and subsequent heat-
ing. The material after ECAP, as shown in Figure 7(a), has the typical duplex microstructure 
consisting of approximately 20% of heavily deformed primary α-phase and significantly frag-
mented α + β region, which contains slightly elongated β-phase particles appearing white 
in the micrograph due to chemical contrast. The microstructure of ECAPed specimen sub-
sequently heated up to 440°C as shown in Figure 7(b). There are no observable changes in 
the microstructure as compared to the ECAPed specimen. Figure 7(c) displays the material 
annealed up to 550°C. Detailed inspection of the micrograph reveals small fraction of tiny 
grains in α + β region with very clear contrast, suggesting that these are newly formed dislo-

Figure 7. Microstructure evolution of UFG Ti-6Al-7Nb alloy (a) as ECAPed, (b) heated to 440°C, (c) heated to 550°C, and 
(d) heated to 660°C.
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Figure 8. Measured flow curve for alternating strain rates (thin curve) and flow curves interpolated through local 
maxima and minima (thick smooth curves) for sample deformed at 200°C.

cation-free grains. Also β-phase particles are slightly globularized. Finally, in Figure 7(d), the 
microstructure of the specimen annealed up to 660°C is shown. The microstructure is partly 
recrystallized with grains >1 µm in the originally heavily fragmented α + β region. White 
β-phase particles are significantly bigger and more globular.

3.4. Superplastic behavior of AZ31

3.4.1. Methodology of superplastic behavior determination

Two types of tests for strain-rate sensitivity determination were performed. Firstly, standard 
strain-rate changes tests were carried out to determine the m-parameter for a wide range of 
strain rates at selected temperature. True strain rate was increased in a step-wise manner from 
5 × 10−5 to 10−2 s−1. Maximum stress after approximately 2% deformation at each strain rate was 
recorded for the calculation of m-parameter.

Secondly, a special strain rate control test was undertaken. For the determination of the strain rate 
sensitivity at strain rate of    ε   ˙    

1
   ≈   10   −4   s   −1  , two different true strain rates were selected:    ε   ˙    

1
   = 0.9  ×    10   −4   s   −1   

and    ε   ˙    
2
   = 1.2  ×    10   −4   s   −1  . The actual true strain rate was changed every 120 s (i.e. after  ε ≈ 1.2% ) during the 

experiment. Note that the overall cross-bar speed exponentially increased to maintain the selected 
two true strain rates. Therefore, the overall true strain is proportional to the time  (ε = 100 %  ~ t = 3h ) . 
The methodology of continuous measurement of m-parameter during the tensile test is described 
in detail in our recently published paper [39].

Due to the strain rate sensitivity of the material and alternating strain, the resulting flow curve 
(thin curve in Figure 8 for sample deformed at 200°C) has a saw-like character.
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Local maxima of the alternating flow-curve were joined by a smooth curve regarded to as the 
“upper fit” which represents the approximate flow-curve at the higher strain rate σ2(ε), whereas 
the interpolation of local minima, the “lower fit”, estimates the flow-curve at the lower strain 
rate σ1(ε). As a result, the continuous evolution of m-parameter with strain can be calculated as:

  m(ε ) =   
ln  (   σ  2  (ε ) )    −  ln  (   σ  1  (ε ) )   

  ______________  
ln  (    ε ˙    2   )     −  ln(  ε ˙    1   )

  .  (1)

Note that the denominator in Eq. (1) depends only on the selected true strain rates and is 
constant.

3.4.2. Results: superplastic behavior of UFG AZ31 alloy

The evolution of m-parameter with strain rate is depicted in Figure 9 for testing temperatures 
of 175, 200, and 250°C. Material exhibits the superplastic behavior (m > 0.5) at all studied tem-
peratures and strain rates up to 10−4

 s−1. At intermediate temperatures of 175 and 200°C, the 
range of m > 0.5 extends to strain rates of 5 × 10−4 s−1. For strain rates higher than 10−3 s−1, the 
material is not superplastic (m < 0.3) at all studied temperatures.

Based on these results, the strain rate of 10−4 s−1 and temperatures of 175, 200, and 250°C were 
selected for further testing employing alternating strain rate, as described in the previous 
section. Two samples per condition were tested. Figure 10 shows the measured true stress-
true strain flow curves. Both measured flow curves for each condition are shown to assess 
the reproducibility of the experiment. All flow curves exhibit significant strain hardening, 

Figure 9. Measured m-parameter at deformation temperatures 175, 200, and 250°C.
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which is followed by moderate softening. In the final stage of deformation, observed soften-
ing is much more pronounced and the strain rate sensitivity decreases, which suggests that 
the specimen undergoes the strain localization. As expected, the highest stress is achieved 
at the lowest testing temperature of 175°C. However, the samples tested at 175°C exhibited 
surprisingly the highest elongation to fracture ≈ 380% (true strain ε ≈ 157%). The flow curves 
for 200°C, and especially 250°C, reached the lower maximum true stress, which was also 
achieved at lower true strain. Shorter range of strain hardening seems to be responsible for 
lower achieved total elongation, especially in samples deformed at 250°C.

The m-parameter evolution m(ε) calculated from Eq. (1) for all investigated samples is depicted 
in Figure 11 [39]. In the beginning of test, the m-parameter reaches 0.5 and then decreases with 
increasing true strain to values slightly above 0.3. The m-parameter for samples deformed 
at 250°C is lower in the initial stage of the deformation, while the m-parameter for samples 
deformed at 200°C is the highest at the true strain ε > 1. Final sharp decrease of m-parameter 
is associated with necking.

Achieved elongation and m-parameter values suggest superplastic deformation mediated 
by grain boundary sliding. If a sample with polished smooth surface is deformed in super-
plastic regime by grain boundary sliding, individual grains can be observed on surface using 
atomic force microscopy (AFM) [40–42]. Tensile sample deformed at 150°C with the constant 
strain rate of 10−4 s−1 which achieved elongation of 315% was used for AFM measurement. 
Figure 12(a) shows the deformed region far from the neck. This region was deformed super-
plastically, and individual grains with the size of ~1 µm can be observed. On the other hand, 
Figure 12(b) shows the region close to the tip of the neck, where the failure occurred. Slip 
bands appear as typical steps and grain structure cannot be resolved.

Figure 10. True stress-true strain curves for six tested samples. Measured flow curve for alternating strain rates (thin 
curve) and flow curves interpolated through local maxima and minima (thick smooth curves).
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4. Discussion

4.1. AZ31 magnesium alloy

4.1.1. Correlation between mechanical properties, dislocation density, and microstructure

Microhardness measurements (cf. Figure 3) indicate that UFG microstructure of AZ31 mag-
nesium alloy is stable up to 170°C. After annealing at temperatures higher than 190°C, a sharp 
drop of microhardness occurred. A detailed inspection of the temperature dependence of the 
microhardness (cf. Figure 3) indicates a two-step character of the microhardness decline. In 

Figure 11. Evolution of m-parameter determined from interpolated flow curves for samples deformed at 175, 200, 
and 250°C.

Figure 12. AFM image of a surface after deformation: (a) deformed region far from the neck, (b) deformed region in the neck.
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the lower annealing temperature range (170–210°C), the decline is significantly sharper, while 
for higher annealing temperatures (T > 210°C), the slope of the curve is much lower.

This two-step character of the curve suggests a change of the mechanism controlling mechan-
ical properties. The strength and microhardness of severely deformed UFG materials are 
affected mainly by the dislocation density [43] and the grain size according to the Hall-Petch 
relation [44, 45]. Therefore, the grain coarsening and the dislocation annihilation during 
annealing are expected to control the material strength and microhardness.

Figure 5(a) shows the grain sizes evolution, which could be correlated with dislocation 
density evolution with annealing temperature shown in Figure 5(b). In the low temperature 
region of the microhardness drop (T ≈ 170–210°C), the grain growth is relatively negligible 
(see Table 1), whereas the dislocation density gradually declines indicating a recovery of 
dislocation structure. Most probably rearrangement and mutual annihilation of disloca-
tions with opposite signs take place during annealing in this lower temperature range  
(T < 210°C). As seen in Figure 4(b) and (c), the fine grain structure becomes unstable and 
significant grain growth is observed at temperatures T > 210°C. In this temperature range, 
the dislocation density is very low, falling below the detection limit of PAS (ρD ≈ 1012 m−2) at  
T ≈ 300°C [36].

From microstructure observation (using EBSD) and lattice defect density determination (using 
PAS), one can conclude that in the lower annealing temperature region (T ≈ 180–210°C), it is 
mostly the annihilation of dislocations which causes the drop of microhardness. At higher 
annealing temperatures (T > 210°C), probably the grain growth influences significantly the 
hardness of AZ31 magnesium alloy.

4.1.2. Grain growth analysis

The determination of grain size in UFG material allows analyzing the mechanisms of grain 
growth during annealing. Two microstructural aspects may be determined:

(a) The activation energy of grain growth

The grain growth mechanism during static annealing can be assessed from calculated 
 activation energy of grain growth. For this analysis, we can use the general equation of the 
grain growth

   d   n  −  d  0  n  = kt,  (2)

where d is the grain size after given annealing time, d0 is the initial grain size, n is the grain 
growth exponent, t is the annealing time, and k is a temperature-dependent constant which 
can be described by Arrhenius equation:

  k =  k  0   exp  (  −   Q _ RT   )   ,  (3)
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where k0 is a constant, Q is the activation energy of grain growth, R is the universal gas con-
stant, and T is the thermodynamic temperature.

The value of the stress exponent n is of significant importance. In the ideal case (defect-free 
infinite crystal), the grain growth exponent n should be equal to 2. However, higher values 
of n are very often found, which can be attributed to various factors affecting grain growth 
kinetics, such as the effect of free surface, texture, impurity-drag, dislocation substructure, 
and microstructure heterogeneities [46]. Several studies [47–49] reported a value of n in a 
range from 2 to 8 for various magnesium alloys and magnesium-based composites. Higher 
values of n (n ≥ 5) were observed mainly in UFG magnesium materials produced by mechani-
cal alloying [48, 49]. The value of grain growth exponent n observed in ultra-fine grained 
magnesium alloy AZ31 produced by various techniques of severe plastic deformation ranges 
between 2 and 4 [47, 50, 51]. The AZ31 alloy processed similarly as the investigated material 
(ECAP without previous hot extrusion, where the average grain size after 4 passes was equal 
to 2.5 µm) was studied by Kim [28] and Kim and Kim [47]. The grain growth exponent n used 
in their calculations was equal to 2. We use the same value of n, which will allow us to make 
a direct comparison with the results of Kim and Kim [47].

Considering isothermal annealing and substituting Eq. (3) into Eq. (2), one can determine 
the activation energy Q as the slope of the dependence of ln(d2 − d0

2) on T−1 which is shown in 
Figure 13 for the investigated AZ31 alloy. Three temperature ranges with different Q values 
can be distinguished. The calculated values of activation energy of grain growth are 115, 33, 

Figure 13. Plot of ln(d2 − d0
2) vs. T−1 for the estimation of the activation energy of grain growth of the EX-ECAP magnesium 

alloy AZ31.
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and 164 kJ/mol in the temperature ranges 170–210, 210–400, and 400–500°C (443–483, 483–573, 
and 573–673 K), respectively. These three temperature ranges with different Q values were 
observed in other fine-grained AZ31 alloys in various conditions, and the respective tempera-
ture ranges are very similar with our temperature ranges [39, 47].

In the low temperature range (T< 483 K, <210°C), the activation energy is relatively high—
higher than the activation energy of grain boundary diffusion in pure magnesium (92 kJ/mol 
[52]), but, on the other hand, much lower than the activation energy of lattice self-diffusion 
(135 kJ/mol [53]). Considering a well-known fact that the activation energy of alloys should be 
higher than the activation energy of pure metals, the diffusion mechanism can be attributed to 
the grain boundary diffusion, which might be further affected by dislocations. In this temper-
ature range, the dislocation density within the grains decreases with increasing temperature, 
but it remains relatively high.

In the high temperature range (T > 673 K, > 400°C), the activation energy Q is equal to  
164 kJ/mol, which is higher than lattice self-diffusion in pure magnesium (135 kJ/mol [53]). 
The lattice self-diffusion is activated, and the grain growth leads eventually to fully-recrys-
tallized structure.

In the intermediate temperature range, the value of Q is abnormally low. Similarly, low 
value of Q was reported by Wang et al. [54] in the ECAPed Al-Mg alloy annealed at the 
temperatures T ≤ 275°C. The authors attribute the extremely low value of Q to the non-
recrystallized microstructure with a certain fraction of non-equilibrium grain boundaries. 
This conclusion is consistent with the concept of reduced activation energy of grain bound-
ary diffusion in UFG materials produced by SPD caused by the ability of the non-equi-
librium grain boundaries to provide enhanced atomic mobility [55, 56]. The AZ31 alloy 
after extrusion and 1 pass of ECAP contains a significant number of non-equilibrium grain 
boundaries. However, the fraction of non-equilibrium grain boundaries decreases with 
increasing number of ECAP passes so that nearly no such grain boundaries are observed 
in more deformed AZ31 alloy [57].

It is shown in Kim and Kim [47] and supported by our results that the low fitted value of 
apparent activation energy in the intermediate temperature range 210–400°C cannot be 
substantiated. It is argued in [47] that the mechanism of diffusion that is the driving force 
for grain growth is continuously changing due to recovery processes and therefore the 
Arrhenius equation (Eq. (1)) is not valid. Detail computation provided in Ref. [58] shows 
that if true activation energy of the process responsible for the grain growth continuously 
rises from the activation energy of grain boundary diffusion (115 kJ/mol) to the activation 
energy of lattice self-diffusion (164 kJ/mol), then the (wrong) fitting by a single Arrhenius 
equation indeed results in very low (and physically meaningless) estimate of apparent 
activation energy (33 kJ/mol). Based on a simple model assuming continuous increase of 
activation energy [58], it can be concluded that the dominant diffusion process is the grain 
boundary diffusion up to 210°C, while the lattice self-diffusion is dominant from 400°C. In 
the intermediate region, the effect of grain boundary diffusion decreases due to undergoing 
grain growth.
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temperatures T ≤ 275°C. The authors attribute the extremely low value of Q to the non-
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This conclusion is consistent with the concept of reduced activation energy of grain bound-
ary diffusion in UFG materials produced by SPD caused by the ability of the non-equi-
librium grain boundaries to provide enhanced atomic mobility [55, 56]. The AZ31 alloy 
after extrusion and 1 pass of ECAP contains a significant number of non-equilibrium grain 
boundaries. However, the fraction of non-equilibrium grain boundaries decreases with 
increasing number of ECAP passes so that nearly no such grain boundaries are observed 
in more deformed AZ31 alloy [57].

It is shown in Kim and Kim [47] and supported by our results that the low fitted value of 
apparent activation energy in the intermediate temperature range 210–400°C cannot be 
substantiated. It is argued in [47] that the mechanism of diffusion that is the driving force 
for grain growth is continuously changing due to recovery processes and therefore the 
Arrhenius equation (Eq. (1)) is not valid. Detail computation provided in Ref. [58] shows 
that if true activation energy of the process responsible for the grain growth continuously 
rises from the activation energy of grain boundary diffusion (115 kJ/mol) to the activation 
energy of lattice self-diffusion (164 kJ/mol), then the (wrong) fitting by a single Arrhenius 
equation indeed results in very low (and physically meaningless) estimate of apparent 
activation energy (33 kJ/mol). Based on a simple model assuming continuous increase of 
activation energy [58], it can be concluded that the dominant diffusion process is the grain 
boundary diffusion up to 210°C, while the lattice self-diffusion is dominant from 400°C. In 
the intermediate region, the effect of grain boundary diffusion decreases due to undergoing 
grain growth.
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(b) Hall-Petch relation

EBSD analysis allows us to determine the validity of the Hall-Petch relation for isochronally 
annealed UFG AZ31 alloy in the temperature range up to 400°C. For this analysis, the Hall-Petch 
relation yields

  HV =  H  0   +  K  H    d   −  1 __ 2   ,  (4)

where HV is the measured value of microhardness and H0 and KH are material constants.

The dependence of HV on d determined from Figures 3 and 5, respectively, is plotted in 
Figure 14.

The constants H0 and KH may be calculated from the parameters of a linear fit depicted also in 
Figure 14. The best fit was applied only to data corresponding to higher annealing tempera-
tures (from 250 to 500°C) since in this temperature range, only the grain size affects the mate-
rial hardness as the dislocation density is low (cf. Figure 5(b)). At low temperatures, both the 
reduced grain and the high dislocation density contribute to strengthening as one may assess 
from Figures 5(a) and (b), and the linear fit of microhardness data fails. Data for low anneal-
ing temperatures (i.e. high dislocation density conditions) lie clearly above the Hall-Petch fit 
(the difference is marked by the arrow in Figure 14).

Figure 14. The Hall-Petch relationship for the isochronally annealed EX-ECAP AZ31 alloy based on HV0.1 microhardness 
data.
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The calculated material constants from the high temperature fit of microhardness versus d1/2 
are: H0 = 47 ± 2 and KH = 27 ± 3 µm1/2. These values are partly comparable to those reported on 
Al alloys prepared by ECAP (H0 = 35–47 and KH = 35–50 µm1/2) [59], but different from those 
reported on the UFG AZ31 alloy reported by Kim and Kim [47] (H0 = 38, KH = 42). It might be 
argued that the constants in Ref. [47] were calculated from the linear fit of the whole tempera-
ture range because the changes of dislocation densities were not taken into account. It results 
in underestimating and overestimating of H0 and KH constants, respectively, in comparison 
with our calculated values. Our value of the constant H0 is closer to the microhardness value 
of the AZ31 in annealed condition (HV0.1 = 58 ± 3, see Ref. [60]) than the value of H0 calculated 
by Kim and Kim [47].

4.1.3. Superplastic behavior

AZ31 magnesium alloy processed by ECAP exhibited a superplastic behavior at comparatively 
low temperatures of 150–250°C at low strain rates up to 5×10−4 s−1 according to m-parameter 
evaluation. This is consistent with previous studies investigating ultra-fine grained AZ31 alloy 
[61–64]. However, the elongation of studied samples did not reach 400%. This may be partly 
attributed to the size of used specimens. In this study, we used samples with relatively long 
gauge length of 16 mm. In this case, final strain localization—necking—is responsible for neg-
ligible elongation. On the other hand, if small samples are used (the gauge length ~ 1 mm), 
necking before failure provides significant additional elongation.

At elevated temperatures, the diffusion processes are generally enhanced and contribute to the 
superplastic behavior. However, we found that m-parameter does not increase with the tem-
perature and achieved elongation even slightly decreases. This unusual behavior can be attrib-
uted to recovery and recrystallization processes at elevated temperatures. Diffusion of atoms, 
which facilitates superplastic behavior, is enhanced by fast diffusion paths like pipe diffusion 
along dislocations or grain boundaries, which was found as the dominant diffusion processes 
in severely deformed UFG microstructure [30, 58, 65]. Note also that the activation energy of 
grain boundary diffusion in pure Mg (92 kJ/mol [52]) is much lower than the activation energy 
of self-diffusion (135 kJ/mol [53]). The decrease of m-parameter and the total elongation for 
250°C is therefore probably caused by disappearing of fast diffusion paths due to recovery and 
grain growth. Limited work hardening at 250°C is also attributed to recovery processes, which 
occur even during static annealing at 250°C [36, 66], and the grain growth might be even faster 
under dynamic conditions [67]. On the other hand, during annealing at 175 and 200°C, limited 
decrease of dislocation density was observed [36]. The m-parameter during deformation at 
200°C remains higher than at 175°C (possibly due to simple temperature effect on diffusion).

4.2. CP Ti and Ti-6Al-7Nb alloy

4.2.1. Resistance evolution

The electrical resistance of CP Ti showed in Figure 1 increased approximately three times during 
heating up to 700°C as compared to the room temperature value. In fact, the resistivity increase 
with increasing temperature in CP Ti depends upon the amount of impurities (mainly oxygen). 

Severe Plastic Deformation Techniques164



The calculated material constants from the high temperature fit of microhardness versus d1/2 
are: H0 = 47 ± 2 and KH = 27 ± 3 µm1/2. These values are partly comparable to those reported on 
Al alloys prepared by ECAP (H0 = 35–47 and KH = 35–50 µm1/2) [59], but different from those 
reported on the UFG AZ31 alloy reported by Kim and Kim [47] (H0 = 38, KH = 42). It might be 
argued that the constants in Ref. [47] were calculated from the linear fit of the whole tempera-
ture range because the changes of dislocation densities were not taken into account. It results 
in underestimating and overestimating of H0 and KH constants, respectively, in comparison 
with our calculated values. Our value of the constant H0 is closer to the microhardness value 
of the AZ31 in annealed condition (HV0.1 = 58 ± 3, see Ref. [60]) than the value of H0 calculated 
by Kim and Kim [47].

4.1.3. Superplastic behavior

AZ31 magnesium alloy processed by ECAP exhibited a superplastic behavior at comparatively 
low temperatures of 150–250°C at low strain rates up to 5×10−4 s−1 according to m-parameter 
evaluation. This is consistent with previous studies investigating ultra-fine grained AZ31 alloy 
[61–64]. However, the elongation of studied samples did not reach 400%. This may be partly 
attributed to the size of used specimens. In this study, we used samples with relatively long 
gauge length of 16 mm. In this case, final strain localization—necking—is responsible for neg-
ligible elongation. On the other hand, if small samples are used (the gauge length ~ 1 mm), 
necking before failure provides significant additional elongation.

At elevated temperatures, the diffusion processes are generally enhanced and contribute to the 
superplastic behavior. However, we found that m-parameter does not increase with the tem-
perature and achieved elongation even slightly decreases. This unusual behavior can be attrib-
uted to recovery and recrystallization processes at elevated temperatures. Diffusion of atoms, 
which facilitates superplastic behavior, is enhanced by fast diffusion paths like pipe diffusion 
along dislocations or grain boundaries, which was found as the dominant diffusion processes 
in severely deformed UFG microstructure [30, 58, 65]. Note also that the activation energy of 
grain boundary diffusion in pure Mg (92 kJ/mol [52]) is much lower than the activation energy 
of self-diffusion (135 kJ/mol [53]). The decrease of m-parameter and the total elongation for 
250°C is therefore probably caused by disappearing of fast diffusion paths due to recovery and 
grain growth. Limited work hardening at 250°C is also attributed to recovery processes, which 
occur even during static annealing at 250°C [36, 66], and the grain growth might be even faster 
under dynamic conditions [67]. On the other hand, during annealing at 175 and 200°C, limited 
decrease of dislocation density was observed [36]. The m-parameter during deformation at 
200°C remains higher than at 175°C (possibly due to simple temperature effect on diffusion).

4.2. CP Ti and Ti-6Al-7Nb alloy

4.2.1. Resistance evolution

The electrical resistance of CP Ti showed in Figure 1 increased approximately three times during 
heating up to 700°C as compared to the room temperature value. In fact, the resistivity increase 
with increasing temperature in CP Ti depends upon the amount of impurities (mainly oxygen). 

Severe Plastic Deformation Techniques164

The achieved results for CP Ti Grade 4 are in good agreement with other authors [68]. Much 
smaller increase of resistance (by only 10%) in Ti-6Al-7Nb alloy as compared to CP Ti confirms 
the well-known fact that the structural/compositional component of resistance in alloyed sys-
tems is higher by one order of magnitude than the temperature-dependent component [69]. 
The decrease of the resistance in Ti-6Al-7Nb alloy above 700°C is caused by increasing equilib-
rium amount of β-phase with increasing temperature. Note that the Ti-6Al-4V alloy containing 
approximately 15% of β-phase particles at 750°C and 20% of β-phase particles at 800°C exhibited 
the similar resistance decrease [70]. The most important result is the obvious difference in resis-
tance evolution between UFG materials and their coarse grained counterparts. This difference is 
more apparent in the Ti-6Al-7Nb alloy and is probably caused by more pronounced structural 
effect on overall resistance than in CP Ti. In the CP Ti, the difference in resistance evolution is 
almost certainly caused by recovery and/or recrystallization as no structure changes occur in 
the investigated temperature range. We assume, however, that recrystallization and/or recov-
ery is also responsible for the differences in resistivity evolution in Ti-6Al-7Nb. However, in 
this alloy, other effects including changes in β-phase particles morphology, reduced amount of 
phase interfaces, and also increasing equilibrium amount of β-phase at elevated temperatures 
are expected to affect the overall resistance.

4.2.2. Correlation between mechanical properties and microstructure

The CP Ti processed by ECAP exhibits nearly constant value of microhardness after anneal-
ing at temperatures lower than 450–500°C (Figure 3). In this temperature range, the recovery 
of the material starts and the microhardness declines. The microhardness data are consistent 
with the electrical resistance measurements. Observations by scanning electron microscopy 
(Figure 6) revealed that material recovery/recrystallization is responsible for the first bump in 
the first derivative of resistance and the decrease of materials microhardness.

Similarly to the CP Ti, the microhardness of the UFG Ti-6Al-7Nb alloy remains constant dur-
ing heating up to 440 and 550°C. Note that both annealed and UFG samples of Ti-6Al-7Nb 
alloy were heat treated at 500°C for 1 hour, which is considered as a strength increasing heat 
treatment [71, 72]. Heating of UFG samples up to 440 and 550°C does not affect the micro-
hardness, despite an obvious response of the electrical resistivity, which can be probably 
attributed to the recovery process. It is therefore assumed that an initial stage of the recovery 
process has only a negligible effect on the microhardness in Ti-6Al-7Nb alloy. The annealing 
of the sample up to 660°C leads to a slight decrease of the microhardness. The effect of heat-
ing on microhardness is much lower in Ti-6Al-7Nb alloy than in CP Ti due to solid solution 
strengthening and, even more importantly, due to strengthening by phase interfaces.

SEM observations of CP Ti did not reveal any microstructural changes after heating up to 
440°C. It is consistent with the electrical resistance evolution and microhardness measure-
ments and also with the results of other authors [73]. Thermally activated processes in CP 
Ti during annealing up to 440°C were not observed. Further annealing to 520°C caused sig-
nificant recovery and possibly even the initial stage of recrystallization/grain growth. These 
processes are responsible for significant decrease of microhardness. Annealing up to 640°C 
caused complete recovery and recrystallization. Such processes were apparently detected by 
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in-situ measurement of electrical resistance. The results proved that high sensitivity in-situ 
measurement of electrical resistance is capable of detecting recovery and/or recrystallization 
processes in temperature regions that are decisive for microstructure stability of UFG CP Ti.

The comparison of resistance measurements and SEM observations is less convincing in Ti-6Al-
7Nb alloy than in CP Ti. The microstructure remains unchanged after annealing up to 440°C, 
which is consistent with the resistance measurements. Despite resistance evolution suggests a 
microstructural transformation in the condition annealed to 550°C, no obvious microstructure 
changes were observed. On the other hand, other authors reported recovery process (identified 
by X-ray diffraction) and even the beginning of recrystallization (observed by TEM) in Ti-6Al-
7Nb alloy prepared by ECAP and annealed at 500°C for 1 h [33]. However, our sample heated 
up to 550°C at a constant rate of 5°C min−1 was in fact exposed to temperatures above 500°C 
only for 10 min. This relatively short time of exposure to temperatures above 500°C might be 
insufficient for recovery process to be observed by SEM. Partially recrystallized structure of 
the sample annealed up to 660°C is shown in Figure 6(d) and is consistent with the results 
in Ref. [33], in which resistance measurements and observations of the similar UFG material 
annealed at 600°C for 1 h are reported. Therefore, we are convinced that electrical resistance 
measurement captured the recovery and recrystallization processes also in Ti-6Al-7Nb, despite 
the beginning of the process could not be unambiguously proven by SEM observations.

5. Conclusion

Evolution of microstructure of ultra-fine grained magnesium alloy AZ31, CP Ti (Grade 4), 
and Ti-6Al-7Nb alloy prepared by equal-channel angular pressing was investigated. Several 
experimental techniques were employed in order to identify the processes operating during 
heating of the material. The following conclusions can be drawn from this study:

• Ultra-fine grained titanium and magnesium-based materials were successfully prepared 
by ECAP. Microstructural refinement significantly increases their microhardness.

• UFG AZ31 alloy is stable up to 170°C (0.5 Tm), while CP Ti and Ti-6Al-7Nb alloy are stable 
approximately to 500°C, which corresponds to 0.4 Tm.

• The decrease of the microhardness upon annealing of both AZ31 alloy and CP Ti was at-
tributed to annihilation of dislocation and subsequent grain growth.

• Recovery processes in Ti-6Al-7Nb alloy occur in the similar temperature range as in CP Ti. 
However, Ti-6Al-7Nb does not exhibit strong decrease of microhardness even after heating to 
660°C, which is associated with solid solution strengthening of the material by phase interfaces.

• In-situ electrical resistance measurement is capable to detect recovery and/or recrystalliza-
tion processes. It revealed differences in resistance evolution between ultra-fine grained 
and coarse grained condition of Ti-based materials. These differences correspond to micro-
structural changes observed by SEM and associated microhardness decrease.

• The kinetics of grain growth of AZ31 alloy was described by the Arrhenius equation and the 
activation energies of grain growth were determined. The values of activation energy continu-
ously increase with increasing temperature due to changes of dominant diffusion mechanisms.
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Abstract

In this chapter, results of theoretical and laboratory research of combined process
“rolling-pressing” using equal-channel step matrix are described. In theoretical studies,
the empirical dependences for determining forces of rolling, extrusion, and back pres-
sure in the matrix have been obtained. A program was compiled for finding the optimal
value of the angle of intersection of channels in the matrix. In the study of kinematic
parameters of the process were obtained formulas for determining diameters of the rolls,
the values of which would provide the best capture angle of the workpiece. During
computer simulation, the parameters of stress-strain state, temperature distribution, and
the influence of the tilting of the workpiece on the process parameters were studied. In
the laboratory experiment, the effect of the new combined deformation process “rolling-
pressing” on the evolution of microstructure of copper was studied.

Keywords: combined process, rolling-pressing, modeling, experiment, microstructure,
copper

1. Introduction

The research and development studies aimed at obtaining high-strength metals and alloys are
currently of great scientific and practical interest. Production of metals with unique properties
may be possible by reduction of grain through the implementation of intensive plastic defor-
mation in the whole bulk of the deformable workpiece.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



A range of new processes of metal-forming designed to produce metal with sub-ultrafine-
grained structure whose basic principle refers to the realization of a simple shear scheme in
the process of deformation has been recently developed. The equal channel angular pressing of
billets [1] in the matrices of various designs is one of these methods. It provides an intensive
plastic deformation without significant change of the original cross-sectional dimensions of the
workpiece. However, it has a significant drawback—the length of the original billet is limited
by the space of the equipment used, i.e., by the working stroke of the press punch. Further-
more, this method of deformation does not provide a continuous pressing process. That is why
this method of obtaining a sub-ultrafine-grained metal structure has not found an industrial
implementation. It is still in an object of investigation using relatively small samples under
laboratory conditions.

The aim of this work is to develop and investigate a new method of deformation, allowing
production of long-length workpieces with sub-ultrafine-grained structure at low energy costs.

2. Theory, materials, and research methods

For this purpose, at “Metal forming” Department of Karaganda State Industrial University, the
combined process “rolling-pressing” with the use of equal-channel step matrix, calibrated [2]
and smooth [3] rolls (Figure 1), was developed, which in comparison with conventional compres-
sion in equal-channel step matrix partially removes limitations on the sizes of initial billets.

The essence of the proposed method of deformation is as follows. The workpiece which is
preheated at the beginning of deformation is applied to forming roll and is fed to the rolling
rolls through the contact friction forces capturing it in roll gap. At output, it is pushed through
the channels of an equal-channel step matrix. The next billet is served at the time when the
workpiece is fully released from the gap of the rolls. Passing through the rolls and once in the
matrix, it pushes out of the matrix the billet previously deformed. The process of pressing in
this case is implemented through the use of contact friction forces acting at the surface of
contact between the metal and the rotating rolls. This process, as noted above, can be applied
using smooth and calibrated rolls. The comparative analysis shows that the later use is the

Figure 1. Scheme of combined process “rolling-pressing” with smooth rolls (a) and calibrated rolls (b).
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most optimal solution, because it requires a smaller absolute compression of the billet during
its rolling to push it through the channels of the matrix. Besides, the broadening of the
workpiece in the rolls can be controlled, which in the case of using of smooth rolls should be
calculated [4].

The feasibility of the “rolling-pressing” process requires that the projection on the X-axis of the
sum of forces generated by the rolls in the deformation zone (marked as PROLL) is greater than
the effort required to push the billet through the channels of the matrix (marked as PPRESS), i.e.:

PROLL > PPRESS ð1Þ

The projection on the X-axis of the sum of all forces acting at the deformation zone (Figure 2) is
described by

PROLL ¼ 2bav
ðα

γ1

τavR cosθdθ� 2bav
ðγ

0

τavR cosθdθ� 2bav
ðα

0

pavR sinθdθ ð2Þ

where b1 and bav are the width of the workpiece after deformation and average width; τav and
pav are the average tangential and normal stresses; R is the radius of the rolls; θ is the current
angle; α is the angle of capture; γ and γ1 are the angles characterizing the extent of zones of
advance and lag, respectively.

Angles γ and γ1 can be found using the methodology described in the work [5]. Integrate
Eq. (2) assuming that bav = b1:

PROLL ¼ 2b1RτAVð sinα� sinγ1Þ � 2b1RτAVð sinγ� 0Þ � 2b1RpAVð� cosαþ 1Þ ð3Þ
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Figure 2. The scheme of forces during deformation.
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PROLL ¼ 2b1RσSμ1ðα� γ1Þ � 2b1RσSμ1γ� 2b1RσS
α2

2
ð4Þ

where μ1 is the coefficient of friction in the deformation zone during rolling. Finally, we obtain

PROLL ¼ 2b1RσSμ1 α� γ1 � γ� α2

2μ1

� �
ð5Þ

When using grooved rolls, Eq. (5) takes the form:

PROLL_CAL ¼ 2RσSμ1 b1 α� γ1 � γ� α2

2μ1

� �
þ havα

� �
ð6Þ

where hav is the average height of workpiece in the deformation zone. In work [6], the formula
for determining pressing forces in equal-channel angular matrix was obtained. Converting this
formula taking into account the configuration of the channels of equal-channel step matrix, we
obtain the formula for determining tonnage in this matrix:

PPRESS ¼ 2σSμ2 ð2l1 þ l2Þðb1 þ h1Þ þ 2h21tg
φ
2
þ tgφ � h1ffiffiffi

3
p

μ2

" #
ð7Þ

In the study of back pressure from the matrix, the following dependencies were obtained:

Q1 ¼ 2b1RσSμ1 α� γ1 � γ� α2

2μ1

� �
� σSμ2 2l1 þ h1ctg

φ
2

� �
ðb1 þ h1Þ

� �� �
= sinφ ð8Þ

Q2 ¼ Q1 cos ð180� φÞ � 2σSμ2 sinφ l2 þ h1ctg
φ
2

� �
ðb1 þ h1Þ ð9Þ

Dependencies (8) and (9) fair when using rolls with smooth barrel. When using grooved rolls,
it must also take account of forces of friction in the deformation zone on the side contact metal
with the rolls. Taking into account the assumptions that were adopted when defining the force
of backpressure Q1 at the first stage of deformation with smooth rolls, force of backpressure
Q1C for process with calibrated rolls is determined by the formula:

Q1C ¼ 2RσSμ1 b1 α� γ1 � γ� α2

2μ1

� �
þ hAVα

� �
� σSμ2 2l1 þ h1ctg

φ
2

� �
ðb1 þ h1Þ

� �� �
= sinφ

ð10Þ

When projecting forces are on the vertical axis, all forces in the deformation zone cancel out.
Therefore, Eq. (9) for determining the force of backpressure Q2C in the case of grooved rolls is
not changed. For the normal course of the process must ensure:

PPRESS

h1b1
< σS ð11Þ
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Failure to comply with this condition, the metal in the area from the line connecting the centers
of the rolls to equal-channel step matrix is repressed, increasing its transverse dimensions,
thereby making the pressing process impossible.

One of the main factors influencing the pressing force is the angle of the junction of the
channels of the matrix. To determine the optimal angle of junction of the channels of equal-
channel step matrix, allowing the value of the compression force less than the force of rolling, a
program in the Excel editor was compiled. This program allows us to determine the optimal
angle of junction of graphically based plotting compression force depending on the angle of
intersection of channels, and the rolling forces created by the rolls depending on the size of
absolute compression. To comply with the condition (11), efforts were transferred to stresses:

σROLL ¼ РROLL

h1b1
ð12Þ

σPRESS ¼ РPRESS

h1b1
ð13Þ

where σROLL is the stress in the cross section of the workpiece on the line connecting the centers
of the rolls; σPRESS is the stress in the transverse section of the billet at the entrance to the
matrix. As a result, graphs of σROLL, σPRESS, and σS depending on the angle φ (Figure 3) were
obtained.

Also, a study of kinematic parameters of this combined process was conducted. As noted
above, a combined method of deformation of blanks “rolling-pressing” has advantages over
previously known methods of pressing, but it has one drawback that it still does not ensure the

Figure 3. Graphs to determine the optimal angle of junction of the channels in the matrix.
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continuity of the process, i.e., during deformation of a batch of blanks subsequent workpiece
will push the previous. But after all deformation cycles, in the matrix will be the last not fully
deformed workpiece. To remove this drawback, the scheme of combined process “rolling-
pressing”with two pairs of rolls and equal-channel step matrix was proposed (Figure 4) [7, 8].

The essence of the proposed method of deformation is as follows. Preheated to a temperature
of the beginning of the deformation the workpiece is fed to rolling rolls that captured it in roll
gap by contact friction forces, and at the output from it, workpiece is pushed through the
channels of equal-channel step matrix. After the workpiece exit from the channel matrix, it is
captured by the second pair of rolls, which pull workpiece completely from the channels of the
matrix. The advantage of this method is that during the implementation of this combined
process, the proposed scheme ensures the continuity of the process and removes limitations
on the sizes of initial billets.

After exiting from the matrix, the deformed billet will be redirected to the second pair of rolls
that have to pull it out of the matrix; for capture of the workpiece by second pair of rolls, it
needs to provide two conditions [9] as follows:

1. Optimal capture angle;

2. Optimal angular velocity of the rolls must be maintained so the workpiece that is in
contact with the rolls is not jammed and slipped.

The final workpiece thickness (at the exit from the matrix) and roll diameters must be known
to ensure an optimal capture. Determining the optimum speed of rotation of the rolls is a little
complicated, since it is necessary to consider the influence of the matrix on the velocity of the
workpiece. Figure 5 shows the kinematic diagram of this method of deformation. Here, V01 is

Figure 4. Combined process “rolling-pressing” with two pairs of rolls.
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the velocity of the metal at the entrance to the first pair of rolls; V11 is the velocity of the metal
at the exit of the first pair of rolls; V02 is the velocity of the metal at the entrance of the second
pair of rolls; V12 is the velocity of the metal at the exit of the second pair of rolls; VR1 is the
rolling speed in the first pair of rolls; VR2 is the rolling speed in the second pair of rolls; ωR1 is
the circumferential speed of the first pair of rolls; ωR2 is the circumferential speed of the second
pair of rolls; q is the back pressure of matrix.

Equations were adopted on the following assumptions:

1. an optimum angle of capture was adopted by 18�;

2. as the whole construction is on one mill, we can take that both pairs of rolls are fed from
the same electric motor. Therefore, the circumferential velocities of them are equal.

The result is the following formulas for finding the required diameter of the rolls:

D2 ¼ D1ð1þ S1Þ
cosα2

ð14Þ

D2CAL ¼ RROL_1ð1þ SAV1Þ
cosα2

þ h1 ð15Þ

3. Computer simulation

The next stage of studying of this process was the simulation in program complex DEFORM.
The purpose of this simulation was to investigate the stress-strain state of metal during the
realization of combined process “rolling-pressing.” Initially, the goal was to obtain a successful
model in which the first pair of rolls has captured the workpiece, after which it crossed all
channels of the matrix, at the output of which fell into the second pair of rolls which drew a
blank from the matrix (Figure 6).

Figure 5. Kinematic diagram of the process “rolling-pressing” with two pairs of rolls.
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For investigation of the strain state, the study of parameter “strain effective” (Figure 7) was
conducted, which includes the components of deformation in the following form:

εEQ ¼
ffiffiffi
2

p

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðε1 � ε2Þ2 þ ðε2 � ε3Þ2 þ ðε3 � ε1Þ2

q
ð16Þ

where ε1, ε2, and ε3 are main strains.

Figure 6. Stage of successful model with calibrated rolls: (a) the workpiece is in the 1st pair of rolls, (b) the workpiece is in
the 1st pair of rolls and in the matrix, (c) the workpiece is in the both pairs of rolls and in the matrix, (d) the workpiece is in
the matrix and in the 2nd pair of rolls, (e) the workpiece is in the 2nd pair of rolls.

Figure 7. Strain state of the workpiece.
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For investigation of the stress state, the study of parameter “stress effective” (Figure 8) was
conducted, which is defined as follows:

σEQ ¼ 1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðσ1 � σ2Þ2 þ ðσ2 � σ3Þ2 þ ðσ3 � σ1Þ2

q
ð17Þ

where σ1, σ2, and σ3 are main stresses.

For a detailed study of the stress and strain state, the modeling of process “rolling-pressing”
was conducted by varying the main geometrical and technological factors that have a signifi-
cant impact on the process. Analysis of the influence of various factors on the stress and strain
state of this process showed that factors such as the angle of intersection of channels of the
matrix, the coefficient of friction, temperature, and length of the channels of the matrix have a
significant influence on the distribution of stresses and accumulated plastic deformation in the
whole volume of the workpiece in the implementation of combined process.

The study of temperature conditions of this process (Figure 9) revealed that the temperature
distribution over the cross section of the workpiece is uneven. A large temperature difference (up
to 40�) can result in heterogeneity in physical properties. Therefore, to equalize the temperature
difference in the cross section, it is recommended to carry out preheating of the matrix.

Figure 8. Stress state of the workpiece.

Figure 9. Study of temperature conditions.
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In the study of the influence of the tilting of the workpiece (Figure 10) on the stress-strain state
of the metal, it is established that the implementation of the tilting of the sample is not only has
a positive effect on the distribution of accumulated plastic deformation and equivalent stresses
in the workpiece, but also contributes to the restoration of the original shape of the cross
section, which in some cases can play an important role.

4. Laboratory experiments

After the simulation, laboratory experiments on the deformation of copper billets were carried
by the combined process “rolling-pressing.”” As material for the study, a copper alloy of M1
grade was taken. Before the “rolling-pressing” process, all samples were annealed, normalized,
and tempered. Modes of heat treatment are given in Table 1. For the experiment, workpieces
were made with dimensions h � b � l = 16 � 30 � 200 mm.

A laboratory experiment was conducted on designed stand for realization of the combined
process “rolling-pressing” with the use of smooth rolls (Figure 11) based on rolling mill DUO-
250. It was done in three passes.

At increasing temperatures, it is possible to start the process of grain growth during deforma-
tion. To exclude this growth, it is necessary to use the deformation temperature that is lower
than the initial temperature of recrystallization [10]. Based on this fact, the experiment was
conducted at ambient temperature.

With an increasing number of passes, the intensity of the dispersion of the structure increases,
but it also increases the hardening of the material. As a result, the resource of plasticity is lost
and further deformation and the use in industry of such a metal is impossible, since there is its
destruction. For the reduction of the density of excess dislocations and increase of plasticity

Figure 10. Impact of tilting on stress-strain state.

Heat treatment mode Temperature, �C Time, min Colling area

Annealing 600 16 Inside the oven

Normalizing 600 16 Air

Quenching 700 16 Water

Table 1. Heat treatment modes.

Severe Plastic Deformation Techniques184



In the study of the influence of the tilting of the workpiece (Figure 10) on the stress-strain state
of the metal, it is established that the implementation of the tilting of the sample is not only has
a positive effect on the distribution of accumulated plastic deformation and equivalent stresses
in the workpiece, but also contributes to the restoration of the original shape of the cross
section, which in some cases can play an important role.

4. Laboratory experiments

After the simulation, laboratory experiments on the deformation of copper billets were carried
by the combined process “rolling-pressing.”” As material for the study, a copper alloy of M1
grade was taken. Before the “rolling-pressing” process, all samples were annealed, normalized,
and tempered. Modes of heat treatment are given in Table 1. For the experiment, workpieces
were made with dimensions h � b � l = 16 � 30 � 200 mm.

A laboratory experiment was conducted on designed stand for realization of the combined
process “rolling-pressing” with the use of smooth rolls (Figure 11) based on rolling mill DUO-
250. It was done in three passes.

At increasing temperatures, it is possible to start the process of grain growth during deforma-
tion. To exclude this growth, it is necessary to use the deformation temperature that is lower
than the initial temperature of recrystallization [10]. Based on this fact, the experiment was
conducted at ambient temperature.

With an increasing number of passes, the intensity of the dispersion of the structure increases,
but it also increases the hardening of the material. As a result, the resource of plasticity is lost
and further deformation and the use in industry of such a metal is impossible, since there is its
destruction. For the reduction of the density of excess dislocations and increase of plasticity

Figure 10. Impact of tilting on stress-strain state.

Heat treatment mode Temperature, �C Time, min Colling area

Annealing 600 16 Inside the oven

Normalizing 600 16 Air

Quenching 700 16 Water

Table 1. Heat treatment modes.

Severe Plastic Deformation Techniques184

resource, the metal should be heated at temperature that is lower than initial temperature of
recrystallization. After determination of this temperature using equations [11], a laboratory
experiment was performed. All billets after the “rolling-pressing” process were cut into pieces
with a thickness of 5 mm and heated at temperatures of 100–270�C with duration of exposure
30 min and cooling in water.

The treated samples were studied in two sections: transverse and longitudinal, using optical
and transmission electron microscopes (TEM). The resulting samples were also tested on a
torsion-tensile machine to the test tension and compression. All the samples were studied in
the mid-plane of the sample to avoid the influence of peripheral areas.

Preparation of thin sections for metallographic studies was carried out according to standard
methods; for the study, an optical microscope Leica equipped with a set box was used for
hardness testing. For the studies, at a transmission electron microscope JEOL JEM 2100, thin
foils were prepared. For this purpose, from the sample using a precision cutting machine
cutoff, the workpieces with a thickness of 250 μm that were subjected to fine grinding for
removing the work-hardened layer. Then the samples were subjected to processing in the
machine for electrolytic thinning Tenupol 5.

For determination the mechanical properties of copper after heat treatment and subsequent
“rolling-pressing” process the torsion-testing machine MI40KU was used. For the testing,
standard samples of cylindrical shape in quantities of 72 pieces were used, the diameter of the
working part was 3 mm, working length was 15 mm, and tensile speed was 0.5 mm/min. This
value corresponds to a strain rate equal to 0.56 � 10�3 s�1.

Figure 11. Experimental stand for realization of combined process “rolling-pressing.”
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5. Results and discussion

5.1. Microstructure of copper before and after the “rolling-pressing” process

Figure 12 presents pictures of the microstructure of copper in the initial state and after
preliminary heat treatments. In the structure of the deformed copper, twins are clearly shown
(Figure 12a), after deformation and annealing grains of copper have more equiaxed grain form
(Figure 12b).

To evaluate the effectiveness of the “rolling-pressing” process, it is necessary to compare the
microstructure of copper samples before and after deformation. Photographs of the micro-
structure, obtained in the study of copper after the “rolling-pressing” process, are presented in
Figure 13.

Microstructural studies of deformed copper billets by the combined process showed that
before deformation copper has a coarse structure with twins. Grains have an average size equal
to 100 μm (Figure 13). After the first pass, the structure is intensely reduced up to 40 μm
compared with its initial state. In the transverse cross section, the structure is homogeneous
and has equiaxed grains. However, in the longitudinal section, the structure has strokefest in

Figure 12. Optical photographs of the microstructure of the initial copper after pre-heat treatment: (a) initial microstruc-
ture, (b) annealing, (c) quenching, and (d) normalizing.
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radial direction. Individual changes in the structure of copper after “rolling-pressing” were
investigated using transmission electron microscopy (Figure 14).

During rolling after the first pass, there is a reduction in cross-border distances in both cross
sections. Reducing of those distances is due to initial grains compression due to deformation.
The creation of new borders occurs slowly, and all fragmentation occurs in the equal channel
angular matrix. In accordance with the rule of Hall-Petch, the rolling in the first cycles leads to
increasing the strength of parameters of copper by decreasing the interval between the bound-
aries in both cross sections.

Also, it was established that the second pass of combined process leads to the creation of the
structure of mixed type: small recrystallized and deformed. Such structure is created due to the
action of two processes: fragmentation in ECA-matrix and recrystallization during rolling. As
the result, the copper with such structure has high ductility and strength. After the third pass,
the copper structure shows a big part of large-angle boundaries.

TEM investigations have revealed that after two passes in the longitudinal direction elongated
grains appear, which during next passes obtain more equiaxed grain form. Also there is an

Figure 13. Optical photographs of the microstructure of the copper after three passes of “rolling-pressing” process: (a)
initial microstructure, (b) annealing, (c) quenching, and (d) normalizing.
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increase in the part of borders with large angles. After three passes, copper forms the structure
with an equiaxed form and an average size of grains equals to 3.5 μm.

Complex investigation of different preliminary heat treatments on copper billets deformed by
the “rolling-pressing” process revealed that preliminary heat treatment almost has no effect on
the size of grains of pure copper.

5.2. Mechanical properties of copper before and after the “rolling-pressing” process

The tests for determining microhardness by Vickers were performed using the optical micro-
scope Leica equipped with a set box for hardness testing (Figure 15).

The results of microhardness and average grain diameter of copper after thermal pretreatment
are presented in Table 2. In contrast to other alloys, copper has the highest hardness after slow
cooling in air, and after rapid cooling in water hardness becomes the lowest. After the “rolling-
pressing” process, measurement of microhardness by Vickers, tests for tension and compres-
sion was conducted.

The strength characteristics are represented by values of yield stress and tensile stress;
plastic characteristics are represented by the values of relative contraction and elongation
(Table 3).

Figure 14. Microstructure of copper after three passes of the process “rolling-pressing” in equal-channel step matrix,
obtained with a transmission electron microscope: (a) initial microstructure, (b) annealing, (c) quenching, and (d) normal-
izing.
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The most intensive hardening of copper occurs at relatively small degrees of deformation (two
passes), then the process of hardening becomes slow, and during subsequent deformation,
dynamic weakening occurs; as a result, the structure is less processed.

Figure 15. Determination of microhardness of copper.

Heat treatment process Microhardness HV Average grain diameter, μm

Initial microstructure 97.5 100

Annealing 104.6 125

Normalizing 109.5 105

Quenching 96.8 95

Table 2. Microhardness and average grain diameter of copper after preliminary heat treatment.

Heat treatment process Microhardness HV Yield stress, MPa Tensile stress, MPa ψ, % δ, %

Initial microstructure 229.4 402 469 25.5 3.6

Annealing 215.7 360 374 36.3 8.0

Normalizing 236.8 402 502 22.2 5.7

Quenching 246.1 460 560 26.0 7.2

Table 3. Results of mechanical testing of copper after “rolling-pressing” process.
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6. Conclusions

During the theoretical research of combined process “rolling-pressing” with equal-channel
step matrix, the following results were obtained:
• Obtained empirical equations for determining the values of force of rolling, pressing, and

back pressure from the matrix.

• Compiled a program for determining the optimal value of the angle of intersection of
channels in the matrix, allowing you to quickly determine optimal conditions for the
implementation of this combined process.

• Obtained formulas for determining diameters of the rolls, the values of which would
provide the best capture angle of the workpiece.

• Studied, during computer simulation, parameters of the stress-strain state, temperature
distribution, and the effect of the tilting of the workpiece on the process parameters. The
results indicate the possibility of obtaining parts with sub-ultrafine-grained structure at
realization of combined process “rolling-pressing.”

After experiment for the study of influence of the “rolling-pressing” process on the microstruc-
ture of copper, the following results were established:

• After the first pass, the structure of copper is intensely reduced till about 40 μm.

• The creation of new borders occurs slowly; all fragmentation occurs in the ECA-matrix.

• After three passes in copper forms, the structure with an equiaxed form and average size
of grains equal to 3.5 μm.

• A comprehensive study of the effect of different prethermal treatments on the structural
changes in copper after the “rolling-pressing” process showed that preliminary heat treat-
ment has little effect on the grain size of pure copper produced by severe plastic deformation.

At the same time, in almost identical grain size of the structure after the “rolling-pressing”
process, the copper after quenching has greater values of the yield stress and tensile stress in
comparison with copper obtained after other heat treatment processes.
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Abstract

This chapter focuses on multifunctional properties of ultrafine-grained (UFG) metallic 
materials processed by severe plastic deformation (SPD), such as enhanced mechanical 
properties, excellent superplasticity, and wear resistance. Based on these multifunctional 
properties, the potential innovative application for UFG materials processed by SPD is 
introduced in the next section, including innovative application in micro-forming, nano-
implants, electro-connections, and sport engineering.

Keywords: ultrafine-grained material, properties, micro-forming, MEMS

1. Introduction

Materials experts have asserted that materials breakthroughs in the twentieth century 
required about 20 years from the time of invention to gain widespread market acceptance 
[1]. Ultrafine-grained (UFG) materials are used as a structural material due to these proper-
ties. Bulk nanostructured metallic materials also have been following this track. Twenty-five 
years ago, in 1988, there appeared a classic description of the application of severe plastic 
deformation (SPD) to bulk solids in order to achieve exceptional grain refinement to the sub-
micrometer level [2]. Though a wide research started at the beginning of 1990, a great prog-
ress in commercial applications of UFG materials has been made just in the last few years. 
This chapter focused on multifunctional properties of ultrafine-grained metallic materials, 
 including mechanical properties, superplasticity, wear resistance, etc. The innovative appli-
cation of UFG materials was introduced in the following section, including in micro-forming 
and other commercial industries.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



2. Multifunctional properties of ultrafine-grained materials

2.1. Enhanced mechanical properties

The grain size, d, plays a dominant role on the strength of polycrystalline metallic materials 
according to the Hall-Petch equation which states that the yield stress, σy, is given by [3, 4]

   σ  y   =  σ  0   + k  d   −1/2   (1)

where σ0 is the friction stress and k is the Hall-Petch constant [1]. It follows from Eq. (1) that 
the strength increases with a decrease of grain size, and this leads to an ever-increasing inter-
est in producing UFG materials with grain size of submicrometer or even nanometer level, 
which are processed by severe plastic deformation (SPD) techniques, including equal-channel 
angular pressing (ECAP) and high-pressure torsion (HPT). This means that UFG materials 
are anticipated to exhibit exceptional strength according to the Hall-Petch equation in Eq. (1).

For example, Figure 1 shows the average Vickers microhardness values which were taken 
over the total surface of each disk for the AZ31 magnesium alloy processed by ECAP for up 

Figure 1. Distribution of microhardness of AZ31 processed by ECAP through (a) one pass, (b) two passes, (c) four passes, 
and (d) eight passes [5].
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to eight passes [5]. The results demonstrate that the average value of the microhardness, Hv, 
increases significantly after one pass and continues to increase slowly up to eight passes. It is 
apparent in Figure 1 that the samples processed by ECAP through one and two passes exhibit 
a higher average microhardness over the entire surface than the as-received sample as shown 
in Figure 1(a) and (b). After four passes of ECAP, the sample achieves a reasonable level of 
homogeneity over the plane as shown in Figure 1(c), and finally there is additional hardening 
and a general homogeneity after ECAP for eight passes in Figure 1(d). These microhardness 
results demonstrate that the strength can be enhanced significantly by ECAP processing.

By comparison with the sample processed by ECAP, Figure 2 shows the evolution in micro-
hardness over one-quarter of the disk for the same AZ31 alloy processed by HPT through (a) 
1/4, (b) 1, (c) 5, and (d) 10 turns [6]. There is a gradual evolution toward higher microhardness 
values with increasing numbers of turns after HPT processing. There is a reasonable level 
of hardness homogeneity which is achieved across the HPT disks through ten turns with a 
saturation hardness value of Hv ≈ 125 as shown in Figure 2 [6]. This gradual development of 
hardness homogeneity is consistent with several experimental reports for magnesium alloys 
processed by HPT [7–10]. There are many other papers reporting the enhanced strength of 
UFG materials processed by SPD methods [11–15].

Figure 2. The variation of microhardness over one-quarter area of the disks processed by HPT through (a) 1/4, (b) 1, (c) 
5, and (d) 10 turns[6].
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Figure 3. The extraordinary combination of high strength and high ductility in metals processed by SPD [20].

High ductility in metallic materials is another very important property, which is essential for 
metal-forming operations as well as to avoid catastrophic failure in load-bearing applications 
during their service life. However, most of the UFG materials processed by SPD demonstrate 
significantly higher strength than the coarse-grained (CG) counterparts but have a relatively 
low ductility. Various strategies to improve low ductility of the UFG materials have been 
proposed, which can be divided into two groups of “mechanical” strategies and “microstruc-
tural” strategies [16, 17]. For example, there are different finds of strength and ductility in 
high-purity Cu with initial coarse grains, cold rolling (CR) with reduction ratio of 60%, and 
after ECAP processing up to 16 passes. The results for the ECAP-processed Cu demonstrate 
an enhanced strength with good ductility similar to the CG sample [12]. As shown in Figure 3, 
for Cu and Al, CR (the reduction in thickness is marked by each datum point) increases the 
yield strength but decreases the elongation to failure [18, 19]. The extraordinary combination 
of high strength and high ductility shown in Figure 3 for the nanostructured Cu and Ti after 
SPD processing clearly sets them apart from the other CG metals [20].

2.2. Excellent superplasticity

Superplasticity is a well-recognized mechanical property in polycrystalline metallic materi-
als that have the ability to pull out to a very high elongation without any significant necking 
in tension. The superplastic flow mechanism is dominated by the process of grain bound-
ary sliding (GBS) in which the small grains slide over each other in response to the applied 
stress [21]. The GBS needs intragranular slip as an accommodation mechanism, and this slip 
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is held up at subgrain boundaries in CG materials. Accordingly, the UFG materials processed 
by SPD have an opportunity to achieving good superplasticity due to submicrometer grain 
size with high fraction of high-angle boundaries [22–32].

For example, there is no superplasticity after cold rolling (CR) because of the presence of 
low-angle sub-boundaries. By comparison, the presence of UFG structures can lead to excep-
tional superplasticity at elevated temperatures. An excellent superplasticity in an UFG Al-3% 
Mg-0.2% Sc alloy after processing by ECAP through eight passes was found, and the maxi-
mum elongation of 2280% can be obtained after tension tests at strain rate of 3.3 × 10−2 s−1 and 
the temperature of 673 K [33]. The highest elongation of 3030% was recorded after tension at 
a strain rate of 1.0 × 10−4 s−1 and the temperature of 473 K in a ZK60 Mg-5.5% Zn-0.5% Zr alloy 
processed by extrusion and ECAP as shown in Figure 4 [34]. This is the highest elongation in 
a Mg alloy processed under any condition and one of the highest elongations recorded in any 
materials processed by ECAP [35]. In addition, the absence of any visible necking within the 
gauge length in Figure 4 demonstrates conclusively that this is a true superplastic flow [36].

Processing by HPT can also produce UFG materials that have a potential for achieving super-
plastic elongation in tension. An example is shown in Figure 5 for the superplasticity in 

Figure 4. Exceptional superplasticity in a ZK60 alloy processed by ECAP [34].

Figure 5. Superplasticity in the Zn-22% Al alloy after processing by HPT [37].
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 tension at 473 K using different strain rates in a Zn (22%)-Al alloy processed by HPT through 
five turns at room temperature under an applied pressure of 6.0 GPa [37]. It is evident from 
Figure 5 that very high elongations may be achieved at strain rates in the vicinity of 10−1 s−1, 

whereas there is a clear evidence for necking in the two samples pulled at the slowest strain 
rates. A tabulation of superplastic data for samples prepared by HPT shows that the elonga-
tion of 1800% visible in Figure 5 is the highest elongation reported to date for any material 
processed by HPT [37]. However, the highest elongation in the same UFG Zn-22% Al alloy 
processed by ECAP occurs at 10−2 s−1 [38]. High strain rate superplasticity can be achieved by 
using ECAP or HPT. Compared with the sample processed by ECAP, the optimum super-
plasticity for the sample processed by HPT correctly occurs at faster strain rate, but maxi-
mum elongation is reduced. The elongation is reduced because HPT samples have very small 
gauge sections.

In the recent report, there is an instructive comparison of the superplasticity in various mate-
rials processed by ECAP and HPT with other processing techniques as shown in Figure 6  
[39], where the superimposed on each diagram are the appropriate ranges for UFG Al alloy 
processed by ECAP and HPT indicated by the dashed ovals fill in the diagrams first devel-
oped 20 years ago [40]. It is readily apparent from Figure 6 that both the ECAP and HPT pro-
cessing methods extend the plastic forming rate of the given materials with faster strain rates 
and higher elongation. The expanded ranges generally overlap with the ranges associated 
with powder metallurgy (PM) materials. This expansion in the range of strain rate reveals 
an important advantage for the SPD processing without any contamination and/or porosity 

Figure 6. A plot of elongation versus strain rate for a series of Al alloys produced using different processing methods [39].
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in using PM methods. Thus, processing of SPD techniques demonstrates a very important 
approach for extending the future applications of numerous simple metals and alloys [39].

2.3. Wear resistance

Wear resistance is an important property for UFG materials in order to evaluate their potential 
for use as structural components [41]. The wear of sliding surfaces can occur by one or more 
wear mechanisms, including adhesion, abrasion, fatigue wear, corrosive wear, and fretting. 
For the metallic materials, the wear volume under abrasive and some adhesive wear models 
is generally assumed to be inversely proportional to the hardness of the materials according 
to the traditional Archard relationship which is given by [42]

  V = K   LN ___ H    (2)

where V is the wear loss of the volume, N is the applied force, L is the sliding distance, K is 
the wear coefficient, and H is the hardness on wear surface of the material. Because the UFG 
materials processed by SPD techniques normally have much higher hardness values than the 
conventional CG materials, it is critical to have superior wear resistance for UFG materials. 
However, there has been a disagreement in this regard among researchers [41].

There are a number of studies reporting an improved wear resistance in UFG materials pro-
duced by ECAP and HPT. For example, the dry sliding wear tests of an aluminum alloy 
processed by ECAP method showed that the wear mass loss decreased significantly with 
increasing of the numbers of ECAP passes [43]. A similar enhanced wear resistance property 
was also presented in an Al-Mg-Si alloy processed by ECAP [44]. An investigation of friction 
and wear behavior revealed that grain size was the important factor determining the transi-
tion from elasto-hydrodynamic lubrication to the boundary lubrication regions [45, 46]. An 
investigation of the aluminum bronze alloy processed by ECAP demonstrated that the coeffi-
cient of friction decreased with increasing numbers of ECAP passes and accordingly the wear 
resistance was improved significantly after ECAP processing [47, 48]. Similarly, a character-
ization of the dry sliding wear behaviors of Cu-0.1 wt.% Zr alloy and AZ31 alloy processed 
by ECAP was investigated [49, 50], and the wear volume loss of the samples processed by 
ECAP becomes much lower than the annealed alloy as shown in Figure 7 due to the higher 
microhardness introduced by ECAP processing [49]. Processing by ECAP can produce bulk 
materials with significantly enhanced mechanical properties due to the grain refinement, and 
therefore the wear loss of the ECAP-processed alloy is much smaller than for the annealed 
alloy. Some papers are now available on the wear behavior of commercial purity Ti processed 
by HPT method. Compared with the CG pure Ti, the wear resistance of pure Ti processed by 
HPT was improved significantly both in dry and wet sliding tests [51, 52].

On the other hand, there are also some other contradictory results on wear property in UFG 
materials. For example, the wear resistance of some UFG materials processed by ECAP was 
lower than for the as-received CG materials [53]. For example, the dry sliding wear tests of 
an Al-1050 alloy were conducted with the as-received condition and UFG materials with 
grain size of ~1.3 μm after ECAP processing through eight passes [54]. The UFG samples  
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have a similar coefficient of friction (COF) and the higher wear loss than the as-received 
sample although the microhardness value is improved significantly after ECAP processing.  
An investigation of UFG AISI 1024 steel processed by a warm multiaxial forging tech-
nique showed that there is no obvious improvement on wear resistance property though 
the strength property can be enhanced significantly due to the effects of higher density of 
grain boundaries and submicrometer-sized cementite particles [55]. There is a surprising 
result that there is no corresponding improvement in the wear resistance in pure titanium 
processed due to the occurrence of oxidative wear with an abrasive effect [56]. As a conse-
quence of these varying reports, it is readily apparent that further investigations should be 
further conducted in order to evaluate the wear behavior of UFG materials processed by 
SPD techniques.

3. Innovative application of ultrafine-grained materials

It is well established that SPD techniques are very effective in producing UFG materials with 
submicrometer or even nanoscale grain sizes, and these materials have superior mechani-
cal properties including high strength and, if the fine grains are reasonably stable, a good 
superplastic capability at elevated temperatures [57, 58]. Despite a wide research on SPD tech-
niques started at the beginning of 1990, very significant progress in the commercialization of 
UFG materials has been made in the recent years. In this section, the innovative application of 
UFG metallic materials processed by SPD is discussed.

Figure 7. The wear volume loss versus the number of ECAP passes for a sliding time of 600 s under normal loads of 1, 
5, 10, and 15 N.
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3.1. Potential application in micro-forming technology

Micro-forming is defined as the production of parts or structures having at least two dimen-
sions in the submillimeter range, which becomes an attractive option in the manufacturing 
of these products because of its advantages for mass production with controlled forming 
quality, high production rate, and low cost [59–61]. Nevertheless, although the knowledge of 
tool design and fabrication techniques are now well developed for the conventional macro-
forming, there is an evidence that the occurrence of size effects may lead to a breakdown in 
these basic plastic deformation theory when the specimen dimensions are scaled down to 
the micro/mesoscale [62, 63]. In practice, if there are only a few grains in the micro-parts, the 
response to the applied forces will show significant variations, and the reproducibility of the 
mechanical properties will become a serious problem in any micro-forming processes [64]. 
Hopefully, there is a way to solve grain size effects in micro/mesoforming by applying UFG 
materials with submicrometer or even nanoscale grain sizes produced by SPD techniques 
[65–68] because ultrafine grains can improve the micro-formability, surface roughness, and 
good mechanical properties of the MEMS components [69–71].

However, micro-deformation behavior changes from dislocation dominated in large grains to 
grain boundary dominated in small-grain regimes when the grain size decreases to the sub-
micron range. For example, the deformation behavior in UFG pure aluminum processed by 
ECAP and post-annealed specimens at room temperature (RT) was investigated, and the results 
show that different work hardening behaviors were observed during macro-compression  
test when the grain size increased from 0.35 to 45 μm [72]. The strain rate also has an obvious 
effect on micro-compression behavior of UFG pure aluminum, and the results demonstrate 
that a lower strain rate causes activation of micro-shear banding [73], and the deformation 
mechanism may be related to grain boundary sliding in UFG pure aluminum [74]. Thus, it 
is believed that grain boundary sliding and grain rotations are the main deformation mech-
anism in the UFG materials processed by SPD techniques. However, there is only limited 
information available on micro-forming when the material grain size is reduced to the sub-
micrometer even nanoscale level although these problems and limitations are beginning to 
attract attentions within the materials science community. At the present time, Le et al. [75] 
investigated the influence of grain size ranging from 0.5 to 5.2 μm on the deformation behav-
ior by compression tests at macroscale in aluminum prepared by a spark plasma sintering 
method. The results indicate that there is a strong correlation between deformation micro-
structure and grain size in the micrometer regime. Okamoto et al. [76] investigated the speci-
men and grain size effects on micro-compression formation behavior in the electrodeposited 
nanocrystalline copper with average grain size of 360, 100, and 34 nm. The results show that 
the deformation mechanisms with nanocrystalline grains are different from those for pillar 
with submicron grain size from the surface microstructure of deformed micropillars. There is 
a significant micro-deformation difference between the CG and UFG materials. For example, 
the micro-deformation behavior is transferred from work hardening to slight strain weaken-
ing with decreasing of grain size during micro-compression. The microstructural evolution 
results show that a lot of low-angle grain boundaries and recrystallized fine grains are formed 
inside of the original large grains in CG pure aluminum. By contrast,  ultrafine grains are 
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kept in UFG pure aluminum, which are similar to the original microstructure before micro-
compression. Meanwhile, there is an obvious transition from nonuniform deformation to uni-
form deformation after micro-compression testing with decreasing of grain size as shown in 
Figure 8a–e. The nonuniform deformation can be improved significantly, and the compressed 
specimens using UFG pure Al are cylindrical with a smooth surface as shown in Figure 8d 
and e [77, 78]. Research on the micro-extrusion of UFG aluminum showed that the material 
flow became more uniform because more grains were deformed during micro-extrusion [79]. 
Similarly, an investigation of the effect of specimen size on tensile testing with UFG and CG 
pure copper demonstrates that the uniform elongation increases with increasing specimen 
thickness and decreasing gauge length. In addition, the failure mode changed gradually from 
shear to normal tensile failure with increasing of specimen thickness [80, 81]. Therefore, the 
surface roughness and coordinated deformation ability can be significantly improved during 
micro-compression with UFG materials, which demonstrates that they have a potential appli-
cation in micro-forming at ambient temperature.

The ductility at micro/mesoscale is another method to evaluate the UFG materials whether 
the alloy has the potential for use in micro-forming applications. The mechanical proper-
ties confirm the general behavior anticipated for UFG metals including a strengthening at 
ambient temperature through the Hall-Petch relationship and a decrease in yield stress and 
higher ductilities when testing at elevated temperatures. For example, an investigation of the 
superplastic micro-forming of the magnesium AZ91 alloy with a UFG microstructure showed 
that the grain size and the transition from superplastic flow to non-superplastic flow were the 
main parameters controlling the micro-formability [82]. A UFG AZ31 magnesium alloy with 
average grain size of ~110 nm processed by HPT for 10 turns under an imposed pressure of 
6.0 GPa shows a highest elongation of ~400% testing at a temperature of 423 K and a strain 
rate of 1.0 × 10−4 s−1 [6]. This elongation of the sample processed by HPT is more than two times 
larger than the elongation of ~192% recorded in the same alloy processed by ECAP through 
eight passes testing at 472 K [5]. Thus, the micro-tensile testing of the UFG AZ31 magnesium 

Figure 8. Surface topographies of the compressed sample with grain size of (a) ~150, (b) ~25, (c) ~4, (d) ~1.5, and (e) ~1.3 
μm when compressed with fixed specimen diameter 2 mm [77].
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alloy processed by HPT suggests the possibility of obtaining a true superplastic property at 
a testing temperature which is much lower than for the same samples processed by ECAP.

To evaluate the micro-formability of UFG materials, a micro-V-groove die with a width of 
100 μm and the V angle of 60o was proposed as shown in Figure 9 [83]. The micro-coining 
tests were conducted with the as-drawn and UFG AZ31 magnesium alloy at the temperatures 
ranging from 298 to 523 K. After micro-coining tests, the surface shape of the embossed speci-
men was measured, and the filling area Af was calculated from the measurement data. The 
filling ratio Rf of the filling area Af to the V-groove area Av was used to evaluate the formabil-
ity after micro-embossing. Figure 9 shows the different filling behaviors during micro-coining 
with the as-drawn AZ31 magnesium alloy and UFG AZ31 alloy processed by HPT. For the 
as-drawn AZ31 magnesium alloy, the percentage of flowed area, Rf, increases slowly with 
increasing temperature from room temperature to 423 K and then increases abruptly up to 
523 K. In contrast, the filling ratio, Rf, increases significantly when the embossing temperature 
in UFG AZ31 is elevated from 298 to 423 K and then continues to increase slowly with increas-
ing of embossing temperature up to 523 [84]. Thus, UFG AZ31 alloy processed by HPT exhib-
its an excellent micro-formability by superplastic deformation, which is expected to become 
one of most useful materials to fabricate MEMS components with complicated structures.

Figure 9. Plots of filling ratio versus the increasing of embossing temperature for UFG AZ31 alloy processed by HPT and 
as-drawn AZ31 alloy [83].
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Based on these results, it is concluded that the SPD-processed UFG materials have a strong potential 
for use in micro-forming applications at elevated temperature. For example, a UFG pure Al 
with average grain size of ~1.0 μm produced by ECAP was adopted for micro-hot-embossing  
processes using a novel micro-embossing tool that was designed with a self-adaptive adjust-
ment and a vacuum mounting system [84]. The microarray channels are fabricated with 
feather widths from 5 to 100 μm at the temperature of 523 K under a force of 4 kN followed 
by a dwell time of 600 s as shown in Figure 10. The embossed micro-channels of 100 μm in 
width are clearly formed with a good geometrical transferability and no obvious defects as 
shown in Figure 10a. The straight side walls are replicated from the micro-silicon dies, but 
the top surface becomes rough and even with the decreasing of channel widths, as shown in 
Figure 10b–d. These results demonstrate that the filling quality is mainly attributed to the 
channel dimension compared to the grain size at the given micro-embossing conditions [84].

Figure 11 shows the comparison of the profile measurements for the micro-channels that are 
25 μm in width were embossed under the same experimental conditions using CG pure Al and 
UFG pure Al after ECAP processing through eight passes [84]. The filling problem of CG pure 
Al with an average grain size of ~300 μm is much more serious for micro-embossing at 25 μm 
in width because there are some wrinkles and uneven channels after micro-embossing. During 
the micro-embossing tests of the CG pure Al, the micro-channel on the silicon die is filled by a 
single grain deformation in the transverse direction because the grain size of CG pure Al is much 
larger than the channel width. So the material flow behavior is different at the grain bound-
ary and at the edge of the micro-channels, which leads to an inclined surface and wrinkles. 
By contrast, the micro-embossing of UFG pure Al at the same temperature produces smooth 
micro-channels, and the patterns on the silicon mold are fully transferred to the UFG pure Al 
plate. These results demonstrate that the UFG pure Al has much better formability than the CG 
pure Al. Therefore, micro-hot-embossing of UFG pure Al has good potential for application  

Figure 10. SEM images of microarray channels with sizes of (a) 100, (b) 50, (c) 25, (d) 10, and (e) 5 μm in width [84].
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in the fabrication of micro-parts with the micro-forming mold equipped with self-adaptive  
adjustment and a vacuum mounting system [84].

The UFG materials processed by SPD appear to provide a significant potential for use in 
micro-forming applications at elevated temperatures due to their enhanced mechanical prop-
erties at the room temperature and improved ductility at the elevated temperatures. However, 
the present investigation demonstrates that there is also an excellent micro-formability when 
using UFG pure aluminum at ambient temperature. The micro-tensile testing shows that the 
UFG pure Al processed by ECAP has excellent mechanical properties compared with the 
CG pure Al. The highest elongation of ~72% after ECAP processing suggests a good poten-
tial for using this material in micro-forming process at ambient temperature [85]. Moreover, 
micro-compression testing shows that the UFG pure Al produced by ECAP has improved the 
deformation compatibility by comparison with the CG sample and benefits to filling quality 
during micro-forming. This was confirmed by successfully using micro-forming to fabricate a 
micro-turbine from UFG pure aluminum at ambient temperature as shown in Figure 12. The 
perfection of this micro-turbine is a direct consequence of the high forming quality and the 
generally uniform mechanical properties of this material. The high strength and high level 
of homogeneity are also confirmed directly by microhardness measurements. These results 
demonstrate that there is an excellent potential for using UFG materials to fabricate micro-
parts with high accuracy, high strength, and a high level of uniformity [85].

3.2. Commercial applications of ultrafine-grained materials

Application and commercialization of UFG materials are associated with three primary 
points: their superior properties, their efficient fabrication, and the possibility to produce 

Figure 11. Comparison of the filling quality using UFG and CG pure Al [84].
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cutting-edge products from these materials [86]. Below are the examples of UFG materials 
processed by SPD for their commercial applications in biomedical engineering, electrical 
engineering, and sports.

The UFG pure titanium processed by ECAP-Conform from the Ufa State Aviation Technical 
University under the management of professor Valiev has been used as trademark applica-
tion to manufacture dental implants in the company “Timplant” (Ostrava, Czech Republic) 
since 2006 [87]. The UFG Ti with ultimate strength of 1350 MPa enabled design of thin den-
tal implant with diameter of 2.0 mm, which serves as fully functional pillar, and it can be 
inserted into very thin bones. Another advantage of smaller dental implants is less damage 
induced into jawbone during surgery intervention [88]. To date, these dental implants have 
been certified according to the European standard EN ISO 13485:2003. Figure 13a illustrates 
the Nanoimplant®, which is installed into the body of an 18-year-old patient with thin jaw-
bones between teeth 11 and 13. Another implant with the diameter of 2.4 mm was inserted 
to the right-side position 12 as shown in Figure 13b and c. Two nanoimplants with two tem-
porary crowns made in the same day as implants were inserted in the patient left the dental 
office. After 6 weeks, the final metal-ceramic crowns were fixed on the implants [89]. One of 
the possible next dental implant products with UFG Ti produced by SPD was manufactured 
and sold by basic implant systems under the trademark Biotanium in the USA beginning in 
2011 [86]. Thus, the small-diameter dental implants made from UFG Ti are possible to replace 
standard ones made from Ti-4Al-6V alloy, since the UFG pure Ti is characterized not only by 
the improved mechanical strength and fatigue life but also by better biocompatibility com-
pared to the conventional Ti-4Al-6V alloy.

UFG pure copper, aluminum, and aluminum alloy would be an innovative solution for  
electro-connections in high-voltage current converter due to the improved mechanical 
property without reduction of their electrical conductivity or even with its significant 
improvement. For example, very thin Cu and Al-2% Fe wires with a final diameter of 0.08 
mm were successfully drawn from the ring sample processed by HPT for N = 1 revolu-
tion as shown in Figure 14 [90]. A 25:1 area reduction after wire drawn can be achieved 
from the HPT processed samples, but the wire draw from the as-cast state failed after 
12:1 reduction [90]. The electrical conductivity of the wires ranges from 49–51 IACS% and 
increased to 52–54% after aging at 473 K for 1 h. These results demonstrate that there is 
a large potential to further improve the electrical conductivity with an optimized aging 
treatment [91].

Figure 12. Micro-turbine of UFG pure aluminum formed at ambient temperature [85].
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Producers of sport devices/equipment can also benefit from the UFG metals, particularly 
where high strength and low weight are required. The UFG materials could find applica-
tions in high-performance golf, bicycles, tennis, hockey, mountain equipment, etc. One of 

Figure 13. (a) Dental implant from nanostructured Ti and (b and c) X-ray photographs after surgery and control 
photograph after incorporation of dental implants into human jaw [89].

Figure 14. (a) Photograph and (b) optical micrograph of pure Cu and Al-2 % Fe as-drawn wires. SEM images showing 
surface condition of wires drawn from c as cast state and d HPT-processed state [90].
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the important examples is nano-dynamic high-performance golf balls, which have a hollow 
 nanostructured titanium core. The core material is manufactured using the UFG chip from 
Purdue University [92]. The Institute for Metals Superplasticity Problems (Russia) has devel-
oped a technology for the fabrication of golf club components from UFG Ti-6Al-4V alloy with 
grain size of 200 nm as shown in Figure 15 [93]. The method for producing the goffer-type 
face using UFG or nanostructured metals and inserts provided processing faces characterized 
by enhanced strength and high-impact efficiency. This technology allowed a reduction in 
weight of a golf club along with increase of ball’s flight distance due to increased restitution 
factor [93]. These application results demonstrate wide commercial potentialities for applying 
UFG materials processed by SPD.
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Harbin Institute of Technology, Harbin, China

Figure 15. Components of golf club made from nanostructured Ti-6Al-4V alloy [93].
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Grain size is recognized as a key microstructural factor affecting mechanical and, to 
some extent, physical properties of metals and metallic materials. For this reason, 

all the means designed to control and modify the grain size are considered a proper 
way to design and tailor metallic materials with desired properties. In this sense, 
microstructure refinement through severe plastic deformation (SPD) techniques 

can be considered a key method for this purpose. A typical SPD process is currently 
defined as any method of metal forming under extensive hydrostatic pressure intended 
to impose a very high strain on a bulk solid without involving any significant change in 
the overall dimensions and having the ability to produce exceptional grain refinement. 
What makes SPD processing techniques so popular and attractive is the possibility of 

using them to enhance the strength behavior of conventional metallic materials by 
a factor of up to eight for pure metals such as copper and by some 30-50% for alloys. 
Despite the impressive property improvement achievable with SPD techniques, their 

uptake by industry has been rather sluggish. This book intends to give a panorama 
of the typical SPD techniques intended to optimize the mechanical and physical 

properties of metals through a significant grain size reduction process. Modeling for 
this purpose is also presented.
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