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Abstract 

 

The present work aims to investigate the effect of strain reversal during high 

pressure torsion on the evolution of microstructure, texture and hardness properties of 

two different materials with different dynamic recovery behavior, namely, high purity 

Aluminum (>99%, designated as 2N-Al) and Aluminum-Magnesium (Al-2.5%Mg) 

alloy. For this purpose, 2N-Al and Al-2.5%Mg were subjected to monotonically (CW) 

and strain reversal (CW-CCW) deformation by High Pressure Torsion (HPT). The 

samples were subjected to a series of rotations in monotonically and strain reversal 

deformation with same equivalent strains of 1, 4, 12, 24 and 60 under an applied load 

of 6 GPa and with 1 rpm under quasi-constrained conditions.  

In the two different aluminum alloys subjected to different routes, the 

evolution of the ultrafine structure follows same trend i.e. initial recrystallized 

microstructure with large grain size throughout the disk, at low strain level sub grains 

with prominent LAGBs network inside the grains and ultimately at higher strains 

ultrafine microstructure throughout the disk characterized by equiaxed grains 

separated by HAGBs. The only exception to this was observed in case of Al-2.5%Mg 

during high strains at the center regions where the fraction of HAGBs was found 

strikingly less as compared to its counterpart during strain reversal deformation. 

However it was observed that there was no effect on the grain size due to strain 

reversal for both the alloys, however the fraction of High Angle Grain Boundary 

(HAGBs) was found lower in case of strain reversal for both the alloys. This 

phenomenon is related to Bauschinger Effect. Remarkable hardness homogeneity was 

observed for 2N-Al deformed by both the deformation modes, however the same was 

not observed for Al-2.5%Mg where the hardness at the center regions was observed 

to be lesser than the edge regions with exceptionally less hardness at center for strain 

reversal specimens at higher strains. 

The texture evolution (A/A- {11̅1̅} < 110 > and {1̅11} < 1̅1̅0 > , A*/A*- {1̅1̅1} <

112 > and {111̅} < 112 >,B/B- {1̅12} < 110 >  and {11̅2̅} < 1̅1̅0 >, C {001} <

110 >  and  (001)[100] component ) in monotonically deformed 2N-Al revealed a 
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strong presence of (001)[100] component at lower strains and a mixed texture at 

higher strains whereas texture evolution in Al-2.5Mg revealed the presence of the C 

component at lower strains and a mixed texture at the higher strains. The texture 

evolution in strain reversal deformation in 2N-Al reveals presence of mixed texture at 

lower strains with dominance of B/B- and A*/A*- components and mixed texture with 

high presence of the C component at higher strains. In Al-2.5%Mg presence of the 

A*/A*- component was observed at lower strains whereas as dominance of the C 

component was observed at higher strains. 
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Nomenclature 

 

 

UFG     Ultrafine grained 

NS        Nanostructured  

HAGB       High Angle Grain Boundary 

LAGB       Low Angle Grain Boundary 

SPD       Severe Plastic Deformation   

HPT          High Pressure Torsion 

Є                Equivalent Strain Value 

CW           Clockwise rotation 

CW-CCW   Clockwise followed by Counter Clockwise 

2N-Al   99% Pure Aluminum 

GB    Grain Boundary 

θmis   Misorientation of Grain Boundaries 

EBSD   Electron Back Scatter Diffraction 

PF   Pole Figure 

ODF   Orientation Distribution Function 

A/A-   {11̅1̅} < 110 > and {1̅11} < 1̅1̅0 > 

A*/A*-            {1̅1̅1} < 112 > and {111̅} < 112 >  

B/B-     {1̅12} < 110 > and {11̅2̅} < 1̅1̅0 > 

C              {001} < 110 > 

FCC   Face Centered Cubic 
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Chapter 1 
 

Introduction 

   

1.1 Overview  

Development of high strength structural materials through grain size reduction 

as conceived in the Hall-Petch relation (𝜎Y = 𝜎0+ kd-1/2) [1] has been a major driving 

force in the fabrication of Ultrafine Grained (UFG with grain size <1µm) and 

Nanostructured (NS with grain size <100 µm) materials with large fraction of high 

angle grain boundaries (HAGBs). Fabrication of UFG and NS can be achieved by two 

methods, bottom up technique and top down approaches. Bottom Up fabrication is 

done through synthesis and consolidation individual atoms or Nano particles solids, 

such as, electro deposition [2], inert gas condensation [3] and ball milling followed 

by subsequent consolidation [4]. Despite the fact that these methods have the 

capability to produce very small grain size, they suffer from disadvantages such as 

small size of the finished product, often residual porosity. 

These disadvantages may be completely overcome in Top Down approach in 

which bulk sold with coarse grain size is processed by imposing high strain in order 

to refine the grain size to submicrometer size. 

Severe Plastic Deformation (SPD) is the most well-known top down approach 

for fabrication UFG and NS materials. Fabrication of materials by SPD is usually 

done by imposing very high plastic strain, without concomitant changes in the 

dimensions of the work pieces. SPD techniques such as Equi Channel Angular 

Processing (ECAP) [5], Accumulative Roll Bonding (ARB) [6] and High Pressure 

Torsion (HPT) [7] can now successfully produce wide variety of bulk Ultra Fined 

Grained and Nano structured materials. 
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Amongst various SPD processing technique HPT has gained significant 

attention due to fact that large plastic strain value can be easily achieved in this 

process. The sample in the form of thin disc is placed between two anvils and a very 

high compressive load is applied with simultaneous torsion strain (Fig 1.1c)  

                                     

(a)                                               (b)                                               (c) 

        

Fig 1.1: S.P.D processes (a) ECAP [5], (b) ARB [6] and (c) HPT [7] 

 

The equivalent strain value in HPT can be calculated by: 

                                                              𝜀 ≈
1

√3

𝑟

ℎ
𝜑 

Where r = radius of the disc in mm, h = height if disc in mm, φ = angle of rotation in 

radians and є = equivalent strain value. 

According to the equation the strain is directly proportional to the radius of 

the disc which indicates that at the center the strain is ideally zero whereas the strain 

is highest at the edges of the disc (Fig.1.2). This strain inhomogeneity can be 

overcome by imposing very high strain values by increasing the number of rotations 

[8]. 
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Fig 1.2: Microhardness distributions across the diameters of aluminum discs 

subjected to HPT at a pressure of P=1GPa and up to eight turns. [7] 

While the development of microstructure and mechanical properties have been 

intensely investigated the evolution of texture is only the beginning to be studied. It 

is expected that level of strain and strain path change should strongly effect the 

formation of texture as observed for conventional deformation processing and also 

shown very recently for HPT processing [8, 9]. 

The stain path change during HPT can be easily achieved by monotonous and 

reversal strain deformation through the combination of clockwise (CW) and 

subsequent anticlockwise rotation (CW-CCW) (Fig.1.3). The present study attempts 

to comprehensively study the effect of strain and strain path change on the formation 

of microstructure, texture and properties during HPT processing.    

 

      (a)                                                       (b) 

Fig 1.3: Type of deformation by HPT: (a) Monotonic Deformation (b) Strain 

Reversal deformation. 
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1.2 Objective and Scope: 

  The present work aims to investigate the effect of strain path change on the 

evolution of microstructure, texture and hardness properties of two different materials 

with different dynamic recovery behavior, namely, high purity Aluminum (>99%, 

designated as 2N-Al) and Aluminum-Magnesium (Al-2.5%Mg) alloy. It is envisaged 

that strain reversal would greatly affect the microstructure-texture-property evolution 

in materials with different dynamic behavior which essentially remains the main 

motivation for the present study.  
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Chapter 2 
 

Literature Review 

 

2.1 Evolution of microstructure and texture during HPT processing 
 

The pioneering works by Bridgman lead to the origin of metals processing by HPT 

[7]. Prof. Bridgman won Nobel Prize in Physics for his extensive research on Physics 

of High Pressure. 

 

 

 

 

 

 

Fig 2.1: General schematic of the apparatus used by Bridgman in which torsional 

straining is combined with longitudinal compression [7]. 

Extensive research has been conducted on aluminum alloys to investigate the 

effect of HPT on the evolution of microstructure and mechanical properties [10, 11, 

12, and 13].  

The investigations on the HPT processing indicate that there is increase in the 

hardness with the increase in the strain or the number of rotations and at high strain 

values, the hardness homogeneity is achieved. It is generally observed that HPT 

processing leads to development of ultrafine grains at high strain levels separated by 

high angle grain boundaries (HAGBs). 
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Fig.2.2 Color Coded hardness contour maps for 99.99% aluminum after (a) ¼, (b) 1 

and (c) 5 turns. [10] 

In contrast texture studies on HPT materials are rather limited and have been 

carried out by few researchers only [14, 15]. Torsion texture development in F.C.C. 

metals are labeled {hkl}<uvw> , where {hkl} is a plane parallel to the shear plane and 

<uvw> is the shear direction Ɵ . Four types of ideal orientations are observed.  

(A)     {11̅1̅} < 110 > and {1̅11} < 1̅1̅0 > 

(A*)  {1̅1̅1} < 112 > and {111̅} < 112 >  

(B)    {1̅12} < 110 > and {11̅2̅} < 1̅1̅0 > 

(C)    {001} < 110 > 

 

Fig 2.3: Four types of ideal orientations during the torsion testing of fcc aluminum 

and copper {111} poles. [15] 

The studies reveal that A component {11̅1̅} < 110 > dominates in lower 

strains whereas the C component {001}<110> dominates at higher strain values.[15] 

The same results have been reported in D. Orlov et al. During monotonous 

deformation, at strain of ԑ=1, A fiber dominates while at strain ԑ=4, C fiber dominates.  
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But as the strain is increased, the texture becomes weak and randomized. Minor 

presence of A* and B fiber was also observed. [9]  

2.2 The effect of strain path change 

Strain path change during deformation processing greatly impacts the 

microstructure, texture and mechanical properties of materials. Very recently, strain 

path change during cold rolling has demonstrated significant variation in texture and 

microstructure from straight cold rolling [8]. 

Strain reversal during HPT on the evolution of hardness and microstructure 

has been reported by few researchers. It has been reported that disc subjected to strain 

reversal show limited increase in the hardness at the center with increasing strain 

values, which is justified upon microstructure observation at the center where grain 

refinement  is limited[16]. Similar results have been reported in another study, that 

strain reversal retards the formation of HAGBs and thereby less grain refinement [17]. 

 

Fig2.4: Grain Boundary maps of 4N-Al after HPT processing. The maps a, b and c 

correspond to monotonic straining to 960 rotation; d, e and f correspond to 4 cycles 

of reversal straining with amplitude of ±120. The maps a and d, b and e, c and f were 

obtained at specimen’s axis, middle radius and edge respectively. HAGBs are in 

black color and LAGBs are in grey. [17] 
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Development of texture due to the effect of strain reversal has been 

investigated to a very less extent. D. Orlov et al investigated on the development of 

texture during monotonic and strain reversal in high purity aluminum [9]. It is reported 

that there is development of A fiber in both deformation modes at lower strain levels 

whereas at higher strain levels, C component becomes dominant in monotonic 

deformation and (001) [100] becomes dominant in strain reversal deformation. 

 

 

Fig 2.5: (111) Pole figures of 99.99% Al after monotonous (a-d) and strain reversal 

(e-h) deformation constructed from the EBSD data. [9] 

The present literature review shows that the strain reversal during HPT 

processing significantly impacts the evolution of microstructure, texture and hardness 

properties of materials. But till date till date no study has been done in order to 

compare different materials with different dynamic recovery behavior subjected to 

both monotonic and strain reversal deformation during HPT processing, which is the 

major focus of the present work. 
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Chapter 3 

Experimental Procedure  

 

3.1 Preparation of Disks for HPT 

 

2N-Al and Al-2.5%Mg alloy were used for the present study. 2N-Al was 

received in the form of fully annealed plates of approximately 2mm thickness. The 

as-received Al-2.5%Mg block (160mm(length) × 60mm (width) × 10mm (thickness)) 

was cold rolled to ~80% reduction in thickness and annealed in air furnace at 673K 

for one hour. The above two materials were used as the staring materials for further 

processing. 

 Disks with the diameter of 10mm were then cut from the sheet using EDM 

wire cut equipment. A total of 10 disks of each alloy were cut for further HPT 

processing. These disks having 2.5mm starting thickness were manually grinded to 

~1.5mm thickness using SiC grit papers with grit size of 500, 1000 and 1200 

respectively. The disks were then designated according to the strain value or the 

number of rotations as per the given chart. 

 

Table 3.1: Designation of the samples according to the strain 

Monotonic Strain Reversal 
Equivalent 

Strain 

CW 30o CW(15o)-CCW(15o) 1 

CW120o CW(60o)-CCW(60o) 4 

CW 1R CW(180o)-CCW(180o) 12 

CW 2R CW(1R)-CCW(1R) 24 

CW 5R CW(2.5R)-CCW(2.5R) 60 

 

CW- Clockwise Rotations, CW-CCW – Clockwise followed by counter clockwise 
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3.2 High Pressure Torsion Processing 

 

The disks were then deformed by HPT to the desired strain levels. The 

imposed load was fixed at 390KN (~5GPa) and a rotation speed of 1 rpm was used at 

quasi-constrained conditions [18]. The processing of the disks were done at 

POSTECH, South Korea in the group of Prof. H.S. Kim. The schematic diagram for 

HPT processing is shown in Fig: 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.1: Schematic illustration of HPT processing with strain reversal processing 

capability. [19] 

 

3.3 Characterization 

3.3.1 Hardness test of processed HPT disks 

 

To measure the hardness variation across the disk, Vickers microhardness test 

(Make: EMCO-TEST, Austria; Model: Dura Scan-70) was conducted on the disks. 

The disks were mounted using Hot Mounting Equipment (Make: Struess Citupress-

HPT Disk ∅10mm, 1.5mm 

thickness 
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10) and then manually grinded and polished in order to obtain a mirror finish. To 

measure hardness variation precisely, microhardness indentation points were taken 

0.5mm apart from each other on two mutually perpendicular diameters of the disk 

under conditions of applied load of 200g with a dwell time of 15sec.  

 

 

 

 

 

Fig 3.2: Schematic illustration of microhardness measurements across the HPT disk. 

3.3.2 Microstructure and Texture Characterization 

 

The microstructure and texture of the processed HPT disks were characterized 

by Electron Back Scattered Diffraction (EBSD) attached to a FEG-SEM (Make: Carl 

Zeiss; Model Supra 40) using Channel 5™ Software (Oxford Instruments, UK). 

EBSD measurements were taken on the r-ѳ plane of disks at center, middle and edge 

region of the disks as illustrated schematically in the Fig 3.3(b). For EBSD 

investigations, the sample were polished mechanically using SiC paper of grit size 

2000, followed by electropolishing using a mixture of perchloric acid and ethanol as 

electrolyte (1:9) at 20V and -300C (using Liquid N2)  for 20 sec. The microtexture 

analysis was done by assuming triclinic sample symmetry. 

 

 

 

 

 

 

 

(a)                                                                                               (b) 

Fig 3.3: Schematic illustration of (a) Sample geometry, (b) EBSD measurements 

areas. 
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Chapter 4 

 

4.1 Starting Material microstructure of 2N-Al 

Fig. 4.1 shows the microstructure of 2N-Al starting material. The high angle 

grain boundaries HAGBs having misorientation (θmis ≥ 15o) are highlighted in black 

and low angle grain boundaries LAGBs with misorientation (15o ≥ θmis ≥ 2o) are 

highlighted in red. The average grain size is ~28µm and fraction of HAGBs is found 

to be 74%.The starting microstructure reveals typical recrystallized microstructure.   

                                                      

Fig. 4.1: Microstructure graph of 2N-Al starting material 

 

4.2 HPT processed specimens 

4.2.1 Microstructure Evolution 

The grain boundary (GB) maps of the samples deformed by different 

deformation modes are shown in Fig. 4.2 and Fig. 4.3. Fig. 4.2 shows microstructures 

of monotonically deformed specimens while Fig. 4.3 shows microstructures of strain 

reversal specimens, respectively. The variation in the average grain size and fraction 

of HAGBs with imposed strain are plotted in Fig. 4.4 (a,c) for monotonically 

deformed specimens and in Fig. 4.4 (b,d) for strain reversal specimens.  

            HAGB θ>15° 
            LAGB 2°≤ θ<15°      

TD 

RD 
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After ԑ=1 (CW 30o), Fig. 4.2 (a, f, k), the microstructure consists of  starting 

recrystallized grains but inside the starting recrystallized grains LAGBs network can 

be easily observed.  The structure at the center remain course at ԑ=4 (CW 120o), but a 

much finer structure is observed at the middle and edge regions. Further deformation 

upto ԑ=12 (CW 1R), refines the microstructure at both the middle region so that 

equiaxed microstructure could be observed at both these regions. However, the 

microstructure at the center region continues to demonstrate the rather coarse 

appearance. Deformation beyond this level (at ԑ=24 (CW 2R) and ԑ=60 (CW 5R)) 

results in the evolution of an ultrafine microstructure at the middle and the edge 

regions characterized by rather equiaxed grains separated by HAGBs.  The center 

regions even at this deformation level is not refined and appear strikingly dissimilar 

as compared to the middle and edge regions. 

Fig. 4.3 show the GB maps of strain reversal specimens at different strain 

level. The microstructure evolution for middle and edge region appears very similar 

for both the deformation modes such that at lower strains the structure consist of huge 

fraction of LAGBs and with increasing strain gradually transforms into an ultrafine-

grained structure. However at the center region in case of strain reversal specimens 

(Fig. 4.3 (a-e)), the microstructure evolution is remarkably different from 

monotonically deformed specimens. At the center after ԑ=12 (CW(180o)-

CCW(180o)), the microstructure is already found to be refined significantly with high 

fraction of HAGBs. Beyond this deformation level (at ԑ=24(CW(1R)-CCW(1R)) and 

ԑ=60 (CW(2.5R)-CCW(2.5R))) the center regions demonstrate the evolution of an 

ultrafine grained structure characterized by equiaxed grains separated by HAGBs. 

The evolution of key microstructural parameters such as average grain size 

and HAGB fraction is shown in Fig.4.3. It can be inferred from Fig. 4.4 (a) for 

monotonous deformed specimens that after HPT processing, the average grain size 

decreases. The average grain size at the center when 30o clockwise rotation was 

imposed on the disk decreases from 28µm (starting material) to 26µm. The average 

grain size continuously decreases at the center, middle and the edge as the number of 

rotations increases. The average grain size at the edge reduces from ~3.6µm after 30o 

clockwise rotation to 370nm after 5 full rotations.  The average grain size after 1 and 
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2 full rotations at the middle and the edge is very similar. However the average grain 

size at the center reduces at a relatively slower rate and after 5 rotations it reduces to 

~3.3µm. The fraction of HAGBs Fig. 4.4 (c), in case of center and middle increases 

from 14% and 13% after 30o clockwise rotation to 32% and 85% after 5 full rotations 

respectively. In case of the edge the fraction of HAGBs first increase drastically to 

80% after 120o clockwise rotations and then reduce to 47% after 1 rotation and 

thereafter increases to 83% after 5 rotations. 

During strain reversal deformation (Fig. 4.4(b)) after 30o clockwise-counter 

clockwise (CW(15o)-CCW(15o))rotation, the average grain size decreases from ~28 

µm to ~4 µm in edge region. The average grain size at the center also reduces to 

~27µm. The Average grain size continuously reduces at center, middle and edge 

region from ~19 µm, ~14µm and ~4µm after 30o strain reversal ((CW(15o)-

CCW(15o))) rotation to 1.3 µm ,1.2µm and 1.1µm after 5 strain reversal rotations 

(CW(2.5R)-CCW(2.5R)). After 5 strain reversal (CW(2.5R)-CCW(2.5R)) rotations, 

it can be noted that the grain size is almost similar thus signifying remarkable 

homogeneity across the disk. HAGBs fraction (Fig. 4.4 (d)) increases from 31% at 

edge region after 30o strain reversal (CW(15o)-CCW(15o))to 86% after 2 turns (CW-

CCW 1 turn). Thereafter no significant change is observed and the HAGBs remains 

almost unchanged up to 5 turns (CW-CCW 2.5). In case of center region, the HAGBs 

first decrease after 120o strain reversal (CW-CCW 60°) and then increase. After 5 turn 

strain reversal deformation (CW-CCW 2.5), fraction of HAGBs at center, middle and 

edge shows very similar values. 
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Fig. 4.2: Grain boundary maps of monotonically deformed 2N-Al processed to 

different strain levels; center (r/r0=0) (a-e), middle (r/r0=0.5) (f-j) and edge regions 

(r/r0=1) (k-o). 

 

Fig. 4.3: Grain boundary maps of strain reversal deformed 2N-Al processed to 

different strain levels; center (r/r0=0) (a-e), middle (r/r0=0.5) (f-j) and edge regions 

(r/r0=1) (k-o). 

R 

θ 

R 

θ 
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       (a)                                      (b)    

(c)                                                                           (d)    

Fig. 4.4: Variation of grain size ((a),(b)) and HAGB  fraction ((c),(d)) with imposed 

strain in  monotonous ((a),(c)) and strain reversal deformation ((b),(d)) modes.  

4.2.2 Micro-texture Evolution 

Figure 4.5 shows the (111) pole figure for the monotonically (a-e) and strain 

reversal deformed specimens (f-j). Figure 4.6 shows the Φ2=45o section of the ODF 

of monotonic ((a)-(e)) and strain reversal deformed specimens ((f)-(j)). Fig 4.7 shows 

the orientation maps depicting the spatial distribution of different texture components 
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for the monotonically ((a)-(e)) and strain reversal deformed specimens ((f)-(j)). Only 

the edge regions has been considered here as the maximum strain is obtained at the 

edge of the specimen in the torsional geometry. The ideal shear texture components 

are shown in (111) pole figure in Fig. 4.5-(k). Torsion texture development in F.C.C. 

metals are labeled {hkl}<uvw> , where {hkl} is a plane parallel to the shear plane and 

<uvw> is the shear direction Ɵ [14]. The ideal shear texture components are listed in 

Table 1. [15] 

During monotonous deformation, at ԑ =1 (Fig. 4.5 (a), Fig 4.6(a)) a strong 

presence of the (001)[100] fibre can be observed having a volume fraction of ~18% 

(Fig. 4.7(a)). Other components are present only in negligible proportion. At ԑ=4 

(Fig.4.5(b), Fig4.6(b)), the strong presence of the C component having a volume 

fraction of ~15% along with considerable presence of A/A- fibre (~6%) can be 

observed (Fig 4.7 (b)). At ԑ =12 (Fig.4.5(c), Fig. 4.6(c)), a noticeable presence of 

(001)[100] can be seen with a volume fraction of ~9%. Significant presence of A/A- 

fibre with the volume fraction of ~10% (Fig. 4.7(c)) can also be observed. At ԑ =24 

(Fig. 4.5(d), Fig. 4.6(d)), strong presence of the C component having the volume 

fraction of ~12% (Fig 4.7 (d)) can be observed. The volume fraction of A/A- and 

A*/A*- decreases to ~3.5% at this strain level. At ԑ=60 (Fig 4.5(e), Fig 4.6 (e), Fig. 

4.7(e)), the presence of the C, B/B-, A*/A*- and A/A- fibre can be seen with the 

volume fraction between~6-8%.  

During strain reversal deformation, at ԑ=1 (Fig. 4.5 (f), Fig. 4.6(f)), presence 

of the B/B- fibre can be observed with the volume fraction of ~9% (Fig.4.7 (f)). 

A*/A*- fibre is also observed at this strain level with the volume fraction of ~8%. At 

ԑ= 4 (Fig. 4.5 (g), Fig. 4.6(g)), presence of the A/A- is noticed having the volume 

fraction of ~9% (Fig.4.7 (g)). Presence of the C component is increased to ~6%. With 

the increase in strain at ԑ=12 (Fig. 4.5 (h), Fig. 4.6(h)), a strong presence of the C 

component can be observed having the volume fraction of ~13% (Fig. 4.7(h). The 

A/A- fibre can also be observed at this strain having the volume fraction of ~10%. At 

ԑ=24 (Fig. 4.5 (i), Fig. 4.6(i)), the strength of the C and A*/A*- fibre decreases to ~7% 

which is confirmed in the corresponding orientation map (Fig.4.7 (i)). After an 

imposed strain of ԑ= 60 both the pole figure (Fig. 4.5 (j)) and the ODF (Fig. 4.6(j)) 
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reveal weak intensities thereby confirming weakening of the texture. The 

corresponding orientation map (Fig. 4.7 (i)) confirms the same which shows the 

fraction of the C, A*/A*- and A/A- fibre found to be similar lying between 5-6%.  

The texture evolution in 2N-Al subjected to the two different processing routes 

is summarized in Figures 4.8(a) and 4.8(b) for monotonically and strain reversal 

deformed specimens. 

Fig. 4.5: (111) pole figure of the edge regions of monotonically (a-e) and strain 

reversal (f-j) specimens. The ideal texture components in (111) pole figure is shown 

in (k) [20]. 
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Fig. 4.6: Φ2=45° sections of the ODFs of monotonically (a-e) and by strain reversal 

(f-j) deformed obtained from the edge region (r/r0=1). The ideal positions of ideal 

shear texture components is shown in (k) [21]. 

 

Table 1: Ideal texture components for fcc metals           
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Fig. 4.7: EBSD maps of monotonically (a-e) and strain reversal deformed specimens 

(f-j). 

(a)          (b) 

Fig. 4.8: Variation of texture component with imposed strain for (a) monotonically 

(b) strain reversal deformed specimens. 

4.2.3 Microhardness Properties 

The distribution of hardness values across the diameters are shown in Fig. 4.9 

for the disks processed by HPT through monotonous (CW) and strain reversal (CW-

CCW) deformation mode. The lower straight line shows hardness value of Hv=28 of 

the annealed starting material used for further HPT processing.  
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The hardness values of the monotonically and strain reversal deformed 

specimens at the lower strain levels are found to be very similar and shows very 

similar distribution characterized by higher hardness values at the edge and minimum 

at the center which is typical for the HPT processed disks. At the highest strain ԑ=60, 

the difference in the hardness values is quite apparent. The hardness of the strain 

reversal specimen is observed to be higher than monotonically deformed specimens. 

The hardness at the edge region of the monotonically deformed specimens is ~53 

whereas in case of strain reversal deformed is ~57.  The hardness value at the center 

region of the strain reversal specimen is ~53 and that of monotonically deformed 

specimens is ~47. It can be thus clearly seen that the hardness value across the disk of 

strain reversal deformed specimens at higher strain is greater as compared to the 

hardness values of monotonically deformed specimens. It can be clearly seen that the 

hardness homogeneity is achieved at highest strain level. 

Fig. 4.9: Hardness distribution in monotonically and strain reversal deformed 

specimens at different stains. 
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Chapter 5 

 

5.1 Starting Material microstructure of Al-2.5Mg 

Fig 5.1 shows the microstructure of Al-2.5Mg starting material. The high angle grain 

boundaries HAGBs having misorientation (θmis ≥ 15o) are highlighted in black and 

low angle grain boundaries LAGBs with misorientation (15o ≥ θmis ≥ 2o) are 

highlighted in red. The average grain size is ~31µm and fraction of HAGBs is found 

to be 68%. The starting microstructure reveals typical recrystallized microstructure.   

                                                      

Fig 5.1: Microstructure graph of Al-2.5Mg starting material 

 

5.2 HPT processed specimens 

5.2.1 Microstructure Evolution 

The grain boundary (GB) maps of the samples deformed by different deformation 

modes are shown in Fig 5.2 and Fig 5.3. Fig 5.2 shows microstructures of 

monotonically deformed specimens while Fig 5.3 shows microstructures of strain 

reversal specimens, respectively. The variation in the average grain size and fraction 

of HAGBs with imposed strain are plotted in Fig 5.4 (a,c) for monotonically deformed 

specimens and in Fig 5.4 (b,d) for strain reversal specimens.  

            HAGB θ>15° 
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After ԑ=1 (Fig 5.2-(a, f, k)), the microstructure consists of mostly sub grains with 

prominent LAGB network inside the grains. The structure at the center and middle 

regions essentially remain coarse at ԑ=4 but a much finer structure is observed at the 

edge region. The microstructure at the middle and center regions, however, remain 

visibly coarse. Further deformation up to ԑ=12 refines the microstructure at the middle 

region so that a rather equiaxed microstructure is observed at middle and center 

regions, whereas the microstructure at the center regions continues to demonstrate the 

coarse appearance. Deformation beyond this level (ԑ=24 and ԑ=60) results in 

evolution of an ultrafine microstructure throughout the disk characterized by rather 

equiaxed grains separated by HAGBs.  

Fig 5.3 show the GB maps of strain reversal specimens at different strain level. The 

microstructure evolution for middle and edge region is similar for both the 

deformation modes, such that at lower strains the structure consist of huge LAGBs 

and with increasing strain gradually transforms into an ultrafine grained structure. 

However, at the center region in case of strain reversal specimens (Fig 5.3-(a-e)), the 

microstructure evolution is remarkably different compared to the monotonically 

deformation specimens. At the center after ԑ=12, the microstructure starts to become 

ultrafine grained structure with high fraction of HAGBs, but beyond this deformation 

level (at ԑ=24) the center region again shows presence of LAGBs and at ԑ=60, the 

structure at center region remains essentially shows predominantly LAGBs network. 

The evolution of structural parameters during HPT is shown in Fig 5.4 for both the 

deformation modes. It can be inferred from Fig 5.4 (a) that for monotonically 

deformed specimens, the average grain size decreases consistently throughout the disk 

with increasing strain. The average grain size at the edge reduces from ~8µm after 

ԑ=1 to 370nm after ԑ=60.  The average grain size at center, middle and the edge regions 

beyond strain level ԑ=24 is nearly the same indicating a great homogeneity of 

microstructure. The fraction of HAGBs (Fig-5.4 (c)), in case of middle and the edge 

at strain level after ԑ=1increases from 8% and 14% respectively to 81% and 91% after 

ԑ=60. In case of the center region the fraction of HAGBs first reduces up to the strain 

of ԑ=12 and thereafter increases. The fraction of HAGBs at the edge remains almost 

unchanged beyond ԑ= 12.  
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During strain reversal deformation (Fig5.4-(b)) at ԑ=1 the average grain size decreases 

from 31 µm to 4 µm in case of the edge region. At this strain the average grain size at 

the center also reduces to ~27µm. The average grain size at middle and edge region 

reduces continuously from 7µm and 4µm, respectively after ԑ =1 to 410nm and 400nm 

at ԑ=24. However at ԑ=60, a slight increase in grain size to 470nm and 500nm, 

respectively at edge and middle is observed. At the center, the evolution of the grain 

size and fraction of HAGBs is noted to be quite unusual. The average grain size 

decreases up to strain of ԑ=12 to ~1µm, and then significantly increases to ~2.6 µm at 

ԑ=24 and increases to further ~5.7µm at ԑ=60. This is consistent with the reappearance 

of LAGBs network already discussed before. 

HAGBs fraction increases from 21% in case at edge region (Fig-5.4-(d)) after ԑ=1 to 

82% after ԑ=4, thereafter no significant change could be observed as the HAGBs 

remains more or less constant up to ԑ=60. In case of center region, the HAGBs first 

decrease after ԑ=4 and then increase after ԑ=12. At ԑ=24 the fraction of HAGBs 

consistently reduces and at ԑ=60 the fraction is only 15%. 
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Fig. 5.2: Grain boundary maps of monotonically deformed Al-2.5Mg processed to 

different strain levels; center (r/r0=0) (a-e), middle (r/r0=0.5) (f-j) and edge regions 

(r/r0=1) (k-o). 

Fig. 5.3: Grain boundary maps of strain reversal deformed Al-2.5Mg processed to 

different strain levels; center (r/r0=0) (a-e), middle (r/r0=0.5) (f-j) and edge regions 

(r/r0=1) (k-o). 
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(a)                                                                 (b) 

 

(c)                  (d) 

Fig 5.4: Variation of grain size ((a),(b)) and HAGB fraction ((c),(d)) with imposed 

strain in monotonous ((a),(c)) and strain reversal deformation ((b),(d)) modes. 
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5.2.2 Micro-texture Evolution 

Figure 5.4 shows the (111) pole figure for monotonically (a-e) and strain reversal 

deformed (f-j) specimens. Figure 5.6 shows the Φ2=45 section of the ODF of 

monotonic ((a)-(e)) and strain reversal specimens ((f)-(j)). Fig. 5.7 shows the 

orientation maps depicting the spatial distribution maps of different texture 

components for monotonically ((a)-(e)) and strain reversal deformed specimens ((f)-

(j)). Only the edge region has been considered here as maximum strain is obtained at 

the edge of the specimen as the torsional geometry. The ideal shear texture 

components are shown in (111) pole figure in Fig 5.4-(k) and listed in Table 1 [14]. 

Torsion texture development in F.C.C. metals are labelled {hkl}<uvw> , where {hkl} 

is a plane parallel to the shear plane and <uvw> is the shear direction Ɵ [15]. 

During monotonic deformation, at ԑ =1 (Fig-5.5 (a), Fig 5.6(a)), noticeable presence 

of the C component can be observed having a volume fraction of ~9% (Fig.5.7(a)). 

Other components are present only in minor proportion and texture appears to be not 

very strong. The strength of the C component does not change much following 

straining to ԑ=4 (Fig.5.5(b), 5.6(b)) which is confirmed from the volume fraction of 

the C component (~8%) from the orientation map (Fig5.7(b). However the volume 

fraction of A*/A*- component increases perceptibly (~6%). With further straining to at 

ԑ=12 (Fig.5.5(c), 5.6(c) and 5.7(c)) the C component increases to ~11% along with 

the A/A- component becomes noticeable ~6%. The A*/A*- fraction remains almost 

unchanged. Following straining to ԑ =24, the significant strengthening in the C 

(~14%) and A*/A*- (~12%) could be observed. The volume fraction of the A/A- 

remains almost unchanged. After an imposed strain of ԑ=60 both pole figure 

(Fig.5.5(e)) and ODF (Fig.5.6 (e)) reveal very weak intensities which clearly indicates 

extensive weakening of texture. This is further confirmed from the corresponding 

orientation map (Fig.5.7(e)) which shows considerable decrease in two major texture 

components, namely, C and A*/A*- as compared to the strain level ԑ =24. The volume 

fraction of the C component is only 4% while that of the A*/A*- is ~7%. The volume 

fraction of the A/A- (~6%) although does not show major change as compared to the 

ԑ =24 deformed condition. 
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The texture evolution in the strain reversal deformed specimens show characteristic 

differences with the monotonically deformed specimens. During strain reversal 

deformation after an imposed strain of ԑ=1 (Fig-5.4 (f), 5.6(f) and 5.7(f)), the texture 

appears quite weak such that the volume fraction of the A*/A*- component is only 

4%. Other components are present even in minor proportions while the volume 

fraction of the C component is ~2%. All the components are strengthened after an 

imposed strain of ԑ= 4 (Fig.5.5(g), 5.6(g) and 5.7(g)). The A*/A*- component appears 

relatively stronger having a volume fraction of ~15% while the volume fraction of 

A/A- is found to be ~9%. The fraction of the C component is almost negligible. At ԑ 

=12 (Fig.5.5(h), 5.6(h) and 5.7(h)) remarkable change in texture could be observed 

such that the volume fraction of the two major components A*/A*- and A/A- decreases 

to ~6% and 4%, respectively. Beyond this strain level volume fraction of all but the C 

component increases drastically while the volume fraction of other components show 

only marginal changes. A string C component having a volume fraction ~18% is 

observed at the highest strain level of ԑ=60 (Fig.5.5(k), 5.6(k) and 5.7(k)). The volume 

fraction of the A*/A*- , A/A- and B/B- are found to be very similar amongst them lying 

between 5-7% and much lower than the volume fraction of the C component. 

The texture evolution in Al-Mg subjected to the two different processing routes is 

summarized in Figures 5.8(a) and 5.8(b) for monotonically and strain reversal 

deformed specimens.  
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Fig 5.5: (111) pole figure of the edge regions of monotonically (a-e) and strain 

reversal (f-j) specimens. The ideal texture components in (111) pole figure is shown 

in (k) [20]. 
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Fig 5.6: Φ2=45° sections of the ODFs of monotonically (a-e) and strain reversal (f-j) 

deformed obtained from the edge region (r/r0=1). The ideal positions of ideal shear 

texture components is shown in (k) [21]. 

 

Table 1: Ideal texture components for fcc metals 
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Fig 5.7: EBSD maps of monotonically (a-e) and strain reversal deformed specimens 

(f-j). 

 

(a)          (b) 

Fig 5.8: Variation of texture component with imposed strain for (a) monotonically 

and (b) strain reversal deformed specimens. 

5.2.3 Microhardness Properties 

The distribution of hardness values across the diameters are shown in Fig-5.9 for the 

disks processed by HPT through monotonic (CW) and strain reversal (CW-CCW) 
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deformation modes. The lower straight line shows hardness value of Hv=62 of the 

annealed starting material used for the HPT processing.  

The characteristic hardness distribution of HPT processed disks with minimum in the 

center and maximum at the edges can be easily seen at all strain levels. The hardness 

values of the monotonically and strain reversal deformed specimens at the same strain 

level are found to be very similar and shows very similar distribution characterized 

by higher hardness values at the edge and minimum at the center which is typical for 

HPT processed disks. However, the major difference between the hardness 

distribution of the two processing routes is apparent at the highest strain level i.e. at 

ԑ=60. At this strain level the hardness at the edge regions of the monotonically and 

strain reversal deformed specimens are found to be very similar~128 and 125 

respectively. On the other hand at the center region the hardness values are found to 

be different ~107 and 87, respectively clearly indicating the hardness at the center of 

strain reversal deformed specimen is much lower than edges regions and also 

significantly lower compared to the center regions of its monotonically deformed 

counterpart. It is clearly noted that hardness homogeneity is not achieved in any of 

the processing routes even after the imposition of such huge strain.  
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Fig 5.9: Hardness distribution in monotonically and strain reversal deformed 

specimens at different strain. 
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Chapter 6 

Discussion 

 

6.1 Evolution of microstructure and hardness properties 

The process for the formation of grain refinement has been explained on the 

basis of subdivision behavior [22-25]. The theory suggests that the microstructural 

refinement takes place by dislocation generation (when the strain is applied) followed 

by evolution of cell or substructure made up of dislocation cell walls having low 

misorientation. With the continued deformation dislocation starts accumulating at the 

cell boundaries resulting in increasing misorientation of the boundaries and decrease 

in cell size. Finally the low angle dislocation boundaries transform to high angle 

boundaries resulting in the formation of ultrafine microstructure (Fig.6.1). This 

process of grain refinement might be helpful to discuss the grain refinement process 

during monotonic and strain reversal deformation of the two aluminium alloys in the 

present study.  

In the two different aluminium alloys deformed by the two different 

deformation modes, the evolution of the ultrafine structure follows similar trend. The 

starting microstructure composed of large recrystallized grains throughout the disk 

develops prominent LAGBs network inside the grains and with increasing strain the 

structure is continuously refined such that ultimately at higher strains ultrafine 

microstructure characterized by equiaxed grains separated by HAGBs evolve 

throughout the disk. The grain refinement of the alloys start from the edge region and 

gradually extends towards the center with increasing strain for both the deformation 

modes (Fig 4.2, Fig 4.3, Fig 5.2, and Fig 5.3). The only exception to this is in case of 

Al-2.5Mg at the center regions during strain reversal deformation as already indicated 

(Fig 5.3 (a)-(e)). Thus the microstructural evolution of the HPT processed disks are in 

agreement with the mechanism outlined in the grain subdivision process which may 
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thus be considered to be primary mechanism for the evolution of ultrafine structure in 

the two aluminium alloys.   

 

 

Fig 6.1: Schematic illustration of microstructural evolution with low strain to high 

strain in regions I-III. The double line in region II represent LAGBs and thick lines 

in region III represent HAGBs. [26] 

In order to understand the differences in the microstructural evolution in two 

aluminium alloys deformed by the two different deformation modes the edge regions 

are compared as the maximum strain is achieved here as per the torsional geometry. 

The variation of grain size and fraction of HAGBs near the edge regions (r/ro~1) with 

imposed strain are represented in Fig. 6.2 ((a)-(b)) for monotonically and strain 

reversal deformed specimens.  

It can be clearly seen for both the deformation modes the grain size decreases 

with the increasing strain. It is observed that for both the alloys processed by the two 

deformation modes significant grain refinement happens after ԑ=4 (CW 120o and 

CW(60o)-CCW(60o)). Beyond this only slight decrease in the grain size could be 

observed. It may be noted that in the monotonic deformation mode, the average grain 

size of Al-2.5Mg and 2N-Al decrease drastically after ԑ=4 (CW 120o) to 760 nm and 

1.7 µm respectively. Thereafter the grain size further reduces to ~370 nm and 900nm 

after ԑ=60(CW 5R) (Fig. 6.2(a)). However minor fluctuation in the grain size 

reduction in 2N-Al is observed as compared to Al-2.5Mg which shows very consistent 

behavior. In strain reversal deformation the grain refinement in Al-2.5Mg and 2N-Al 
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occurs after ԑ=4 (CW(60o)-CCW(60o)) and average grain size achieved is ~500nm 

and 1.5 µm (Fig 6.2 (a)). The grain size reduces slightly in both the cases and the final 

grain size achieved after ԑ=60 (CW(2.5R)-CCW(2.5R)) in Al-2.5Mg and 2N-Al is 

~500nm and ~900nm respectively. Thus, it may be clearly seen that strain reversal 

affect the grain size in the two materials at lower strain regime, however,  at large 

strain levels no appreciable variation could be evidenced. 

In monotonically deformed Al-2.5Mg, the fraction of HAGB increases 

consistently till ԑ=12 (CW 1R) and thereafter remains nearly unchanged (Fig. 6(b)). 

In 2N-Al, the fraction of HAGB first increases at ԑ=4 (CW120o) and then decreases 

at ԑ=12 (CW 1R). This is in accordance with the grain size reduction, where the grain 

size is lower at ԑ=4 (CW 120o) and then increases at ԑ=12 (CW 1R). At ԑ=60 (CW 

5R), the fraction of HAGBs for both the alloys is similar ~90%. At strain reversal 

deformation, the fraction of HAGBs increases consistently and at ԑ=60 (CW (2.5R)-

CCW(2.5R)) the fraction is similar for both the cases ~80%.  However, it is clearly 

observed that irrespective of the alloy system strain reversal results in lower HAGB 

fraction. 

The retardation in the formation of HAGBs in strain reversals has also been 

reported by Hasegawa et al. [27]. It has been argued that due to reversal straining the 

cell walls and sub boundaries which were developed by pre straining became unstable. 

It is also reported that at early strains, the dislocation density reduced by ~16% due to 

strain reversals. In conclusion, the dissolution of cell walls due to strain reversal was 

related to Bauschinger Effect. The effect of strain reversal during HPT has also been 

studied by Orlov et al [17]. It is reported that there is no contribution of the effect of 

strain reversal on grain size, but significant retardation in the formation of HAGBs 

was observed. The authors have suggested the mechanism of this is related to 

Bauschinger Effect, which works not only in near elastic deformation but also for far 

plastic deformation. The present results are in thus good agreement with the results 

reported by Orlov et al [17]. 
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The hardness distribution plots of 2N-Al (Fig 4.9) reveal excellent 

homogeneity at higher strains whereas that of Al-2.5Mg (Fig 5.9) reveal homogeneity 

at the edge regions only. However smaller grain size combined with high hardness is 

achieved in Al-2.5Mg for both the deformation modes as compared to 2N-Al. This is 

clearly attributed to the solid-solution strengthening effect of Mg alloying and the fact 

that addition of Mg in Al influences the dislocation density and strength. Addition of 

Mg causes solid solution strengthening and hindrance to dislocation movement (by 

pinning the dislocations) resulting in hindrance in annihilation of dislocations during 

deformation which ultimately increases the dislocation density [28]. The hardness 

values obtained for Al-2.5Mg agrees with those of Horita et al [29], who reported that 

the reverse straining in HPT of Al-Mg-Sc did not contribute to increase in hardness, 

rather decreased hardness is observed in strain reversal specimens as compared to 

monotonically deformed specimens. Higher hardness values are observed in 2N-Al 

deformed by strain reversal. It has been reported by Kawasaki et al. [30] that slight 

higher hardness is observed in high purity Al when deformed by cyclic-HPT(c-HPT). 

The authors justified this by a simple theory: during strain reversal, the dislocations 

formed during initial monotonic direction, flow back from the dislocation pile ups 

resulting in slightly less total strain as compared to its counterpart. In the present 

results, in 2N-Al, higher hardness is observed but the grain size obtained by the two 

deformation modes remains similar.   

 

 

Fig. 6.2: Variation of (a) grain size (b) fraction of HAGBs with the imposed strain 

for monotonically and strain reversal deformed specimens. 
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6.2 Evolution of Texture 

Torsion texture evolution in Al and Cu has been studied by Montheillet et al 

[15]. The report discussed development of torsion texture during conventional 

deformation. The results from the pole figure of Cu and Al show similarity with each 

other. During low strains in Cu, the A and A* component was observed which was 

replaced by the C component as the strain increases. The A*- part was also observed 

at higher strains. The strength of the B component increases with the increasing strain. 

Similar results are observed in case of Al (Fig 6.3 (a)-(d)), where the A component is 

present in low strains and is gradually replaced by the C component at higher strains.  

 

 

 

 

 

 

 

 

 

 

 (e) 

Fig.6.3: Torsion texture of Aluminum at 20oC and 7×10-3 s-1; (111) pole figures, (a) 

initial state, (b) ԑ=0.62, (c) ԑ=2.18, (d) ԑ=4.98, (e) Ideal texture components in (111) 

pole figure. [15] 
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The texture evolution in aluminum alloys processed by the two deformation 

modes shows the presence of same ideal shear components A/A-, A*/A*-, B/B- and C 

which are also observed during conventional torsional deformation (Fig.6.4).  

In 2N-Al (Fig.6.4 (a)-(d)), the A/A- component follows the similar trend in 

both the deformation modes. The component can be seen to increase till ԑ=12 (CW 

1R) and then decreases after ԑ=24 (CW 2R) in both the deformation modes. The A/A- 

component has similar fraction at ԑ=60 (CW 5R). The A*/A*- component follows a 

completely opposite trend for both the deformation modes. The fraction of A*/A*- 

component is lower in monotonic deformation at ԑ=1 (CW30o) as compared to its 

strain reversal counterpart. The fraction increases till ԑ=12 (CW 1R) and thereafter 

decreases at ԑ=24 (CW2R) and increased again at ԑ=60 (CW5R). Exactly opposite 

trend can be seen for strain reversal mode, where the A/A*- component decreases 

after ԑ=12 (CW(180o)-CCW(180o)), increases after ԑ=24 (CW(1R)-CCW(1R)) and 

ultimately decreases after ԑ=60 (CW(2.5R)-CCW(2.5R)). The fraction of the B/B- 

component is less in monotonic deformation as compared to strain reversal at lower 

strain. With the increase in strain the fraction increases consistently in monotonic 

deformation however in strain reversal mode opposite trend is observed, where at 

lower strain the fraction is very high and then consistently decreases with increasing 

strain. The C component increases after ԑ=4 (CW 120o) in both the deformation mode 

but relatively sharp increase is observed in monotonic deformation. The fraction 

reduces sharply in monotonic deformation at ԑ=12 (CW 1R), whereas for strain 

reversal it increases significantly. The fraction then is observed to increase in 

monotonic deformation whereas it decreases in strain reversal one. The fraction is 

observed to be similar in both the deformation modes at ԑ=60 (CW 5R and CW2.5R-

CCW2.5R). 

In Al-2.5Mg (Fig.6.4 (a)-(d)), the A/A- fraction increases with increasing 

strain in both the deformation modes and at higher strain (ԑ=60 (CW5R and 

CW(2.5R)-CCW(2.5R)) the values are quite similar. The only exception is at ԑ=4 

(CW120o and CW(60o)-CCW(60o)), where the fraction decreases in strain reversal 

deformation and increases in monotonic deformation. The A*/A*- component follows 

similar trend for both the deformation modes and the fraction is similar at highest 
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strain value with the exception of ԑ=24 (CW2R and CW(1R)-CCW(1R)), where the 

fraction increases in monotonic deformation and decrease in strain reversal mode. The 

B/B- component increases consistently for both the deformation modes and at ԑ=60 

(CW5R and CW(2.5R)-CCW(2.5R)) the fraction is higher in strain reversal as 

compared to monotonic deformation. The C component also follows similar trend in 

both the deformation modes with the exception of ԑ=24 (CW2R and CW(1R)-

CCW(1R)) where the fraction decreases in monotonically deformed specimen but 

increases in the strain reversal deformed specimen. 
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Fig.6.4:  Volume fractions of the texture components with imposed strain for 

monotonically and strain reversal deformed two alloys: (a) A/A- component; (b) 

A*/A*- component; (c) B/B- component (d) C component; (e) (001)[100] 

component. 
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It may be also helpful to relook the volume fraction of different texture 

components separately for each deformation mode (Fig.6.5 and Fig.6.6). In 

monotonically deformed 2N-Al and Al-2.5Mg specimens (Fig.6.5 (a)-(c)), increase in 

the volume fraction of the C and B/B- component is observed. Presence of A*/A*- is 

also observed in the present results. The observations are in agreement of the results 

reported by Montheillet et al [15] and Toth et al [20]. The work carried by Orlov et al 

[9, 31] although up to a much smaller strain level agrees with the present results. A 

rise in the C component observed in 2N-Al from ԑ=1 (CW30o) to ԑ=4(CW120o) may 

be considered not vastly different from the strain regime in the study reported by 

Orlov et al [9]. Very similar behavior can be seen in Al-2.5Mg, where the C 

component is strengthened to strain level of ԑ=24 (CW 2R). It is interesting to note 

that at this strain level the strength of the C component increases at the expense of 

A/A- component. In the present case, at the highest strain i.e. at ԑ=60 (CW 5R) in Al-

2.5Mg, the fraction of the C, A*/A*- and B/B- components decreases and the texture 

appears to be weakened which is in well accordance with the study reported by Orlov 

at el [9] and Aicha et al [21], where it has been reported that at higher strains the 

texture becomes weak and randomized. On the other hand, reports on texture 

evolution during strain reversal deformation in HPT is rather limited [9]. It has been 

reported during strain reversal deformation for pure (99.99%) Al, that at lower strains 

the A/A- and A*/A*- components dominate. The (001)[100] component increases 

after ԑ =1 and at highest strain, significance presence of the (001)[100] was observed. 

Similar results is observed in present report in 2N-Al (Fig. 6.6(d)) that the fraction 

(001)[100] component increases after ԑ=4 (CW(60o)-CCW(60o)). At ԑ=60 

(CW(2.5R)-CCW(2.5R)), considerable presence of (001)[100] is observed in 2N-Al. 

However, in Al-2.5Mg, the (001)[100] component is found in negligible fraction. But 

significant presence of A/A- and A*/A*- can be observed in Al-2.5Mg (Fig.6.6(a)-

(b)) at lower strains which is in agreement with the reported results [13]. At higher 

strains the C component (Fig. 6.6 (c)) can be seen to increase in both the alloys with 

exceptionally high fraction in case of Al-2.5Mg alloy. 
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Fig.6.5: Volume fractions of the texture components with imposed strain for 

monotonically deformed two alloys: (a) A/A- and B/B- components; (b) A*/A*- 

components; (c) C component; (d) (001)[100] component. 

Fig.6.6: Volume fractions of the texture components with imposed strain for 

strain reversal deformed two alloys: (a) A/A- and B/B- components; (b) A*/A*- 

components; (c) C component; (d) (001)[100] component. 
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In the study reported by Gilormini at el [32], with the increase in the number 

of rotations, the periodic rise and fall of A/A-, A*/A*- and C is observed. The reason 

for this might be due to successive lattice rotations of the A1* into A2*, A2* into C, 

and then C into A1*. The variations in the texture components is observed but such 

cyclic variations at some strain values (at ԑ =12 (CW 1R) for Al-2.5Mg and at ԑ =24 

(CW 2R) for 2N-Al where A*/A*- can be seen to decrease and the C component 

increases) agree with the experimental results. At the highest strain (ԑ =60 (CW 5R), 

the volume fraction of the shear components in monotonically deformed alloys is 

found to decrease and texture becomes weak in Al-2.5Mg and randomized in 2N-Al. 

This weakening of texture may be due to extreme grain refinement in which the grain 

rotation may lead to texture weakening. This is also observed in a study by Zhilyeav 

at et.[33] where HPT results in better grain refinement as compared to ECAP, but 

stronger texture was observed in ECAP and weaker after HPT processing.  

The evolution of A/A- and C components in 2N-Al and Al-2.5Mg deformed 

by the two different routes follows similar trend. The B/B- component in Al-2.5Mg 

alloy follows similar trend in both the deformation modes. However in 2N-Al the 

A*/A*- and B/B- component show reverse trends. It may be observed that the strain 

reversal affects the texture evolution in both the aluminum alloys.  

 

 

 

 

 

 

 

 

 



44 

Chapter 7 

Summary and Conclusion 

 

The effect of strain reversal during high pressure torsion on the evolution of 

microstructure, texture and hardness properties of two aluminum alloys, namely, high 

purity aluminum (2N-Al) and Al-2.5%Mg has been studied. The microstructure, 

microtexture and hardness have been characterized by using EBSD and Vickers 

hardness testing. The following conclusions are drawn from the present study: 

1. The microstructural evolution reveals that the grain refinement for the two 

deformation modes for the two alloys follows similar trend i.e. initial 

recrystallized microstructure with large grain size throughout the disk develop 

prominent LAGBs network inside the grains and ultimately at higher strains 

ultrafine equiaxed grains separated by HAGBs throughout the disk evolve. 

The final grain size of 2N-Al and Al-2.5Mg deformed by both the deformation 

modes at higher strain level is observed to be similar. However strain reversal 

effect the grain size at lower strain regime in two materials.  

2.  The fraction of HAGBs increases with the imposed strain for the two alloys 

in both deformation modes. However the fraction of HAGBs for 

monotonically deformed specimens is found to be higher than strain reversal 

deformed alloys. 

3. The hardness distribution of 2N-Al reveals excellent homogeneity at higher 

strains whereas for Al-2.5Mg hardness homogeneity is not achieved and is 

limited to edge regions only at higher strains. Slightly higher hardness is 

observed for 2N-Al subjected to strain reversals at higher strains. The hardness 

of Al-2.5Mg at center region subjected to strain reversal at high strain regime 

is observed to be strikingly less as compared to its monotonically deformed 

counterparts.  



45 

4. The evolution of A/A- and C components in 2N-Al deformed by the two 

deformation modes follows similar trend. The A*/A*- and B/B- component 

shows reverse trend. The (001)[100] component is observed at lower strains 

and a mixed texture is observed during monotonic deformation. In strain 

reversal, a mixed texture but relatively stronger B/B- component is observed 

at lower strains whereas weak texture is observed at higher strains. 

5. In Al-2.5Mg, similar trend is observed for A/A- , C and B/B- component for 

both the deformation modes.  A strong C component is observed at lower 

strains and a mixed texture is observed at higher strains for monotonically 

deformed specimens. During strain reversals, a weak texture is observed at the 

lower strains and with the increase in the imposed strain, the C component 

gradually becomes stronger.  
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