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Abstract 

Among the severe plastic deformation processing (SPD) of materials, high-pressure 

torsion (HPT) is known to induce considerable amounts of plastic strain and crucial 

grain refinement up to the nanometer scale. There have been several reviews on the 

mechanical properties and/or microstructure correlations of SPD-processed materials 

published during the last two decades. By contrast, a review on the crystallographic 

texture evolution during HPT processing is not at present available. Consequently, this 

work was undertaken to review the texture evolution in Face-Centered Cubic (FCC), 

Body-Centered Cubic (BCC) and Hexagonal Close-Packed (HCP) crystal structure 

materials processed exclusively by HPT with a special emphasis on the influence of 

many intrinsic and extrinsic factors such as the imposed strain, the deformation 

temperature and the alloying elements.  
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1. Introduction 

At the present time the application of severe plastic deformation (SPD) is known 

as the most effective ‘top-down’ procedure for achieving exceptional grain refinement 

in bulk solids through attaining ultrafine microstructures within the submicrometer 

(0.1–1 μm) or nanometer range (<100 nm) with relatively large fractions of high-angle 

grain boundaries (HAGBs) and also without changing significantly the overall 

dimensions of the sample. Usually this is possible through the application of very high 

strains via deformation under extensive hydrostatic pressure leading to an accumulation 

of a high dislocation density and/or extensive numbers of vacancies. A combination of 

an ultrafine grain size and a high density of lattice defects greatly enhances the 

mechanical and physical properties of the deformed materials such as strength, ductility, 

the occurrence of superplasticity and conductivity. Furthermore, SPD processing can 

impressively modify the nature of the solid-state phase transformation including the 

sequence and kinetics in various materials [1-12]. 

 Several SPD processing techniques have been proposed but it is noted that 

equal-channel angular pressing (ECAP) [13], accumulative roll-bonding (ARB) [14] 

and high-pressure torsion (HPT) [15] have received the most scientific and industrial 

attention. Figure 1 shows a schematic illustration, reference system, and the appropriate 

relationship for the equivalent strain for each three of these SPD techniques where the 

relationships for the equivalent strains are given in [16] for ECAP, [17] for ARB and 

[18] for HPT.   

 In ECAP processing a billet with a round or square cross-section deforms by a 

simple shear strain when its passes through a special die (Figure 1a). The cross-section 

of the billet remains unchanged which permits a repetition of the deformation and hence 

an accumulation of very large strains [13]. Different ECAP routes were proposed based 
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on the rotation of the billet about the pressing axis between the various passes in 

different dies formed with different angles Φ and  which lead to various 

microstructural and mechanical properties evolutions [19]. More details on the 

principles of ECAP processing are given in other reports [13, 20, 21].  

 ARB processing (Figure 1b) consists of rolling a sheet usually to 50% reduction 

of thickness, cutting the sheet in two halves, stacking them together after degreasing and 

wire-brushing to achieve the original thickness of the sheet and then rolling again [14]. 

Consequently, several repetitions are possible to achieve extensive strains. A modified 

ARB processing procedure was proposed and labeled cross-ARB (CARB) in which the 

sheet is rotated about 90° around the normal direction after each ARB cycle [22]. This 

change in deformation path affects significantly the grain refinement and then the 

mechanical properties such as the tensile strength [22-26]. ARB processing is a useful 

method for manufacturing metal matrix composite materials and for multilayer 

composite materials such as Al/B4C [23], Al/Mg [27], and Cu/Nb [28] or with more 

than two different materials like Al/Ti/Nb [29] and Al/Cu/Mg [30].    

 The principle of HPT processing shown in Figure 1c demonstrates that a disc 

sample undergoes a torsional shear straining under a high hydrostatic pressure (typically 

about 1–6 GPa). The equivalent strain is not homogeneously distributed across the disc 

and instead it varies with the distance from the center of the disc as shown by the 

equation in Figure 1c [18]. More details on the fundamentals and applications of HPT 

processing and the historical development is given in other reports [31-33]. Several 

modified HPT processing methods were proposed over the last decade such as high-

pressure tube twisting (HPTT) [34], tube high-pressure shearing (t-HPS) [35, 36], high-

pressure-double-torsion (HPDT) [34], high-pressure sliding (HPS) [37], reversal high 

pressure torsion (RHPT) [38] and high pressure compressive shearing (HPCS) [39] in 
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order to provide solutions to the limitations of HPT processing such as the 

inhomogeneity of the shear strain across the disc radius or the smallness of the sample 

[40]. Recently, it was demonstrated that HPT processing is an excellent tool for the 

consolidation of metal powders [41-43] and for fabricating hybrid systems in order to 

ultimately obtain metal matrix nanocomposites (MMNCs) such as Al–Mg [44-46], Al-

Cu [47] and Zn-Mg [48].  

 At present, the ECAP and ARB processing techniques are widely investigated 

and they have attracted more industrial attention than HPT processing because they 

provide the capability of producing fairly large billets (for ECAP) and sheets (for ARB) 

so that they may be used in a range of structural applications [13, 49]. By contrast, HPT 

processing suffers from a significant handicap because of the smallness of the samples 

which appears to render this technique generally inappropriate for industrial 

implementation [33]. Nevertheless, it has been demonstrated that HPT processing can 

lead to more significant grain refinement than ARB and ECAP processing [49-54] and 

in addition HPT produces a higher fraction of high-angle grains boundaries (HAGBs) 

[55, 56]. It is reasonable to conclude, therefore, that processing by HPT will attract 

more attention with the increasing current emphasis on the commercialization of bulk 

nanostructured materials [57].  

The derived equation for the estimation of equivalent strain in HPT (Figure 1) 

indicates that HPT processing is capable of reaching an unlimited amount of strain in a   

single operation due to the nature of the HPT process through the superimposition of 

hydrostatic pressure and torsion [15, 32]. By contrast, ECAP [18] and ARB [13] 

processing require several passes in order to achieve large strains. HPT processing 

allows materials with low crystal symmetry, such as magnesium-based alloys, to be 

severely deformed at room temperature (RT) without cracking due to the development 
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of a hydrostatic stress [58, 59]. Moreover, HPT processing is considered a powerful 

process for solid-state consolidation from metallic powders and other constituents [60-

66].  

 For many years, scientific research was focused on understanding the effect of 

grain refinement and dislocation density on the strain hardening of SPD-processed 

materials [2]. Recently, crystallographic texture was demonstrated to contribute 

significantly in the strain hardening, especially during the early stages of deformation 

[67, 68]. 

 In practice, crystallographic texture (or preferred orientations) is defined as the 

quantitative orientation distribution of grains in a polycrystal aggregate. Often, the 

preferred orientation is mainly categorized into the “deformation texture” and the 

“recrystallization (or annealing) texture”.  The development of the texture is observed 

during crystallization from a melt (casting) or more frequently during thermo-

mechanical processing such as welding and heat treatment [69].  

 The texture mainly evolves during deformation processing from grain rotation 

via the activity of different slip systems and/or twinning which leads to the formation of 

intragranular substructures. These latter often exhibit orientation deviations from the 

initial parent grain orientation and the substructures will subsequently move towards 

characteristic preferred orientations dictated by the imposed deformation [70]. For 

example, materials develop a shear texture after ECAP and HPT processing because 

both processing methods are essentially shear-based processes [54, 68, 71, 72] while a 

typical rolling texture is usually observed for ARB-processed materials due to its plane-

strain nature [27, 49, 73]. 

 Consequently, texture development has a strong effect on different properties of 

the materials and this may be useful for achieving additional information in areas such 
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as the deformation mechanisms [74, 75], the role of strain hardening [76-81], phase 

transformations including precipitation kinetics [82] and recrystallization processes [83-

86], the significance of mechanical anisotropy [87-89] and other physical properties 

such as the magnetic, photovoltaic and corrosion properties [90-95]. It is important to 

note that there is no evidence for any direct correlation between texture and the 

electrical conductivity evolution. However, there is an experimental study on a low 

carbon steel processed by ECAP followed by modeling which shows that the texture 

can induce grain coarsening during large strain deformation [96-98]. This was explained 

because if two neighboring grains develop similar orientations during deformation then 

the disorientation between them progressively diminishes so that high-angle grain 

boundaries transform to low-angle grain boundaries and this thereby produces a 

coalescence of neighboring grains into larger grains [96, 97]. 

 Figure 2 gives an example on the effect of different texture orientations on the 

forming anisotropy which is generally defined as the Lankford coefficient or R-value 

[88]. The R-value is defined as the ratio of the true strains in the width and thickness 

directions measured in tensile tests. Figure 2 shows that Cube {001}<100> and Goss 

{110}<100> known as the recrystallization texture possessed low R-values compared to 

the rolling texture (the Copper {112}<111> and Brass {110}<112> components). The 

shear texture components (A{111}<110> and A* {111}<112>) caused an increase in 

the R-value, while the C {001}<110> component has an insignificant influence on the 

R-value [88]. Such results demonstrate that rolling and shear textures can improve 

formability in deep drawing by comparison with the recrystallization texture. By 

contrast, sharpening the Goss {110}<100> and Cube {001}<100> components is 

beneficial for improving the magnetic and photovoltaic properties of materials, 

respectively [90, 92].  
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 Several reviews on the resulting microstructures and the mechanical properties 

of materials and alloys processed by different SPD processing techniques are now 

available [15, 20, 21, 99-110]. However, there are to date only very limited reviews 

dealing with the textural evolutions after SPD processing [70, 71] and the available 

information is especially limited for HPT processing. Hence, the main objective of the 

present review is to provide a comprehensive compilation of existing data on textural 

evolution of materials having FCC, BCC and HCP crystal structures when processed 

exclusively by HPT.  

 In the present review the texture evolution was first grouped based on the 

crystalline structure (FCC, BCC, and HCP). For each group, the texture review was 

divided into three sections: (1) effect of initial conditions of materials, (2) effect of HPT 

processing deformation conditions and (3) evolution of recrystallization texture of HPT-

processed materials. In addition, this review attempts to provide a direct correlation 

between the texture evolution, grain refinement and different properties, especially the 

mechanical properties, based on the available published data for each crystalline 

structure. Finally, texture simulations during HPT processing are given for different 

materials and texture comparisons are presented with some HPT processing variants 

(HPDT, RHPT, HPTT and HPCS) and combinations with other SPD processing 

procedures. 

   

2. Texture evolution after HPT processing for different materials 

In principle, the texture may be determined either globally by X-ray or neutron 

diffraction or locally by electron backscatter diffraction (EBSD) measurements. Both of 

these procedures offer specific advantages and some limitations as a consequence of the 
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fundamental characteristics of the radiation and the nature of the interaction with metals 

[111]. 

 The ideal shear texture components present in FCC, BCC and HCP materials are 

described initially before providing reviews of the evolution of texture after HPT 

processing for these different structures. The texture components are characterized by 

the Miller indices ({hkl} <uvw>) and the Euler angles (1, Φ, 2) in the Bunge 

notation  and described in the Euler space from the calculated Orientation Distribution 

Function (ODF) and from experimental or recalculated pole figures [112].  

 

2.1.Texture evolution after HPT processing of FCC materials 

2.1.1. Ideal shear texture components for materials with FCC structure  

 The shear texture in FCC materials is typically formed of A,   ,   
 ,   

  , B,    and 

C components [113-115]. These are described in terms of a conventional {hkl} <uvw> 

notation where the plane {hkl} is parallel to the shear plane and <uvw> is the crystal 

direction parallel to the shear direction. However, these texture components can be 

described in different spaces linked to the sample coordinate system. Figure 3 and Table 

1 illustrate the ideal positions of different texture components in ODF sections at 2 = 0 

and 45 ° and the {111} pole figure with respect to the plane measurements for the SD-

RD, SD-CD and CD-RD planes where SD represents the shear direction, RD is the 

radial direction and CD is the compression direction (see Figure 1c). SD, RD and CD 

are referred to as the x, y, and z directions, respectively. It should be noted that all pole 

figures for FCC, BCC and HCP symmetries are presented in equal area projections. The 

majority of published reports presents the texture on the SD-RD and SD-CD planes [54, 

72, 116-136] and rarely on the CD-RD plane [137]. 
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 The presence of all these texture components allows the formation of two fibers: 

an A-fiber ({111}// SP), where SP is the shear plane (or defined as the SD-RD plane) 

containing A,   ,   
  and   

  components and a B-fiber (<110>//SD) with A,   , B,    and 

C components. The illustration of the A and B fibers can be seen in the {111} pole 

figure (Figure 3). 

It should be noted that the presentation of the ideal pole figures and ODF are 

calculated using triclinic symmetry (1 = 0–360°, Φ = 0–90°, 2 = 0–90°). Several 

researchers opted for monoclinic symmetry (1 = 0–180°, Φ = 0–90°, 2 = 0–90°) to 

calculate the ODF. In this case, the two pairs of A and    and the B and    components 

have the same intensity. By contrast, the   
  and   

  components do not present the same 

intensity since they are not symmetric with respect to the monoclinic symmetry. 

Several reports present the evolution of the texture strength by calculating the texture 

index I using the following equation [77]: 

  
 

           
 

                                                           (1) 

where f(g) is the ODF values, G is the Euler space and I = 1 for materials with a random 

texture while a single orientation should have an infinite value of I [77]. 

 Table 2 summarizes the main texture evolution as a function of the equivalent 

strain after HPT processing of several FCC materials available in the literature [54, 72, 

116-137]. Accordingly, in the next sections the texture evolution is discussed based on 

different parameters such as the nature of the processed materials (such as stacking fault 

energy, initial condition prior to HPT processing) and the HPT processing conditions 

(such as the accumulated shear strain, the examination position and the deformation 

temperature). Finally, the recrystallization texture of HPT-processed FCC materials is 

also presented and discussed. 
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It is worth noting that in some published data the imposed strain during HPT 

processing was not precisely given due to a lack of information for the experimental 

conditions and hence in some places the accumulated strain was specified only in terms 

of the total numbers of HPT turns (N). 

 

2.1.2. Effect of initial conditions of FCC materials  

2.1.2.1.Effect of stacking fault energy 

 It is well known that the plastic deformation is accommodated by the activation 

of sufficient dislocation glide systems in materials with a high stacking fault energy, 

γSFE, while a decreasing γSFE promotes deformation by mechanical twinning. Figure 4 

shows an example of the effect of the γSFE on the nature of the texture after HPT 

processing. The texture of materials with high γSFE such as pure Al (~160 mJ/m
2
) [116-

118, 138], Pd-10Au (% wt.)( ~150 mJ/m
2
) [133] and pure Ni (~128 mJ/m

2
) [122, 139-

141] consist of a weak A-fiber and strong B-fiber with the dominance of the C 

component (as shown in Figure 4a). However, changing the initial grain size of the Pd-

10Au alloy leads to a very different deformation texture [133, 134] where this effect of 

the initial grain size is discussed in the next section. By contrast, the texture of materials 

with medium γSFE such as Pure Cu (~78 mJ/m
2
) is characterized by a strong B-fiber with 

the dominance of B/   at the expense of the C component [127]. For materials with low 

γSFE such as the CrMnFeCoNi high-entropy alloy (γSFE ~ 22–35 mJ/m
2
 [142, 143]), the 

texture is characterized by the presence of   
  and   

  components and sharp B/   

components. Apparently, the evolution of the texture of materials with different γSFE 

values is similar for conventional torsion deformation and HPT processing [144]. The 

difference in the nature of texture formation in the different materials is related to the 

activation of dislocation slip systems and twinning in the deformed materials since these 
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processes can occur only in specific crystallographic planes and hence lead to preferred 

orientations. 

 It is interesting to note that the compilation in Table 2 demonstrates that the 

texture evolution after high shear strains is also affected by the value of the γSFE. For 

example, the texture of Al-based alloys becomes weak after high shear strains [116-121, 

129] while the texture of Ni and Cu-based alloys appear to be reasonably stable [72, 

123, 127, 128]. This difference is related to the hardening and grain refinement 

behaviors in high and low γSFE alloys. Thus, alloys with high γSFE are characterized by 

softening behavior during high strain (as illustrated in Figure 5) due to the rapid 

annihilation of dislocations, their rearrangement to sub-grains with LAGBs and then 

their transformation to HAGBs to produce ultrafine grains [145, 146]. This grain 

refinement process is termed continuous dynamic recrystallization (CDRX) and it is 

characterized by a homogeneous microstructure [106]. It is interesting to point out that 

CDRX is the main grain refinement mechanism operating in low to high γSFE materials 

processed at strains higher than 3 such as cold to warm SPD (T < 0.5Tm, Tm is the 

melting temperature) [106]. While discontinuous dynamic recrystallization (DDRX), 

which involves nucleation and grain growth processes, is responsible for the grain 

refinement in low to medium γSFE materials SPD processed at high temperatures (T > 

0.5Tm) [106]. 

This behavior leads to rapid microstructural recovery and a change in the texture 

evolution as shown in Table 2, especially for Al-based alloys. By contrast, lowering the 

γSFE leads to strain hardening without microstructural recovery (as illustrated in Figure 

5) [146, 147] due to the decrease in the rate of annihilation of dislocations since the 

recombination and cross-slip of dissociated dislocations is difficult and this causes a 
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delay in the recovery and dynamic recrystallization (DRX) [148]. This behavior 

produces more grain refinement and a stable texture at high shear strains.  

A schematic illustration of hardening models (without recovery, with recovery 

and softening) for materials processed by HPT [146] and experimental examples are 

presented in Figure 5 for CrMnFeCoNi (low γSFE ~ 22–35 mJ/m
2
) [149], Cu-2.5Ni-

0.6Ni alloy (medium γSFE ~64.2 mJ/m
2
) [150] and pure Al (high γSFE (~160 mJ/m

2
) 

[151]. The third model known as the strain softening model was proposed based on the 

microhardness behavior of Al-Zn and Pb-Sn after HPT processing [146]. In such alloys, 

HPT processing causes significant grain refinement but with a corresponding decrease 

in the microhardness compared with the initial conditions due mainly to the dissolution 

of precipitates particles during HPT processing [152-156]. Unfortunately, a correlation 

between this model and the texture evolution is not possible at present due to the lack of 

any texture experimental results in these materials. A discussion on the correlation of 

texture evolution with the different hardening models can be found also for HCP 

materials in section 2.3.3.3.  

 The results collected until now are limited especially to FCC materials with low 

γSFE values but Table 3 summarizes the general texture evolutions as a function of the 

γSFE values correlated with deformation mechanisms and strain hardening models. 

 A comparison of texture evolution of a Cu-2.5Ni-0.6Si alloy (low γSFE ~64.2 

mJ/m
2
) and a Fe-36Ni alloy (high γSFE ~122 mJ/m

2
) under similar HPT processing 

conditions is presented in Figure 6 [157]. As can be seen, a typical shear texture with 

the presence of all shear components is formed immediately after N = 1/2 turn for the 

low γSFE alloy (Cu-2.5Ni-0.6Si alloy) and the texture of the alloy appears to be stable 

after N = 1, 5 and 10 turns. By contrast, the texture evolution of the high γSFE alloy (Fe-



15 
 

36Ni alloy) exhibits different trends. A nearly typical shear texture with the presence of 

most shear texture components gradually develops until N = 5 turns.  

 The fraction of different grain boundary misorientations (very low-angle grain 

boundaries, VLAGB (2–5°), LAGB (5–15°) and HAGB (> 15°)) in the shear 

components for both alloys after HPT processing for N = 10 turns as presented in Table 

4 demonstrates that the Cu-2.5Ni-0.6Si alloy contains a low fraction of HAGBs ~2.6–

4.6% compared with ~13–18% of HAGBs in the Fe-36Ni alloy. These behaviors 

confirm the slow rate of formation of new grains as designated HAGBs in the low γSFE 

alloys [157].  

 The evolution and variation of the texture as a function of accumulated shear 

strain is discussed in more detail in section 2.1.3.1.  

 

2.1.2.2.Effect of initial grain size 

 Obviously, the type of shear texture after HPT processing will change with a 

change in the initial grain size of the alloy [133, 134]. As can be seen in Figure 7, a 

typical shear texture of materials with high γSFE (presence of weak A-fiber and strong B-

fiber with a dominance of the C component) is observed after N = 1/2 turn (ε = 9–12) in 

the Pd-10Au (wt. %) alloy having an initial grain size of 100 μm (coarse grains) [133]. 

The texture development in the Pd-10Au alloy with an initial grain size above 20 nm 

(nanocrystalline) under identical HPT processing conditions is more typical of materials 

with low γSFE (showing the presence of B/   and   
  components) with the presence of a 

new component named “Oblique Cube” as indicated in Figure 7. For an initial grain size 

lower than 20 nm the texture of the HPT-processed Pd-10Au alloy is near random 

[134]. It must be noted that the initial texture was already random which means that no 

texture evolution occurred during HPT processing of the nanocrystalline alloy [134]. 
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The Oblique Cube component is the well-known Cube {001}<100> component 

(recrystallization texture) but rotated around the radial direction from the ideal position. 

This component is frequently observed in BCC alloys processed by HPT at a high 

deformation temperature as discussed in the next sections. In practice, the Cube grains 

undergo a rotation around the radial direction (becoming an Oblique Cube component) 

during further deformation [158]. This component appears as a consequence of stress-

induced grain growth rather than due to static recrystallization. In fact, a strong grain 

growth is evident in nano-crystalline Pb pure processed by HPT at RT for large stains 

(εeq> 12) [159].  

 In addition, the texture intensity is twice sharper in the coarse grain alloy than in 

the nanocrystalline alloy [133]. The transition of the texture type can be correlated with 

the deformation mechanism operating during the HPT processing. The change of the 

texture when the initial grain size is about 20 nm is due to the shear banding, the partial 

activation of grain boundary sliding (GBS) and grain rotation accommodated by 

twinning and faulting [159]. In addition, texture simulation demonstrates that the 

resultant texture in the nanocrystalline alloy may result from the activation of the 

{111}<112> slip system, in addition to the usual operating {111}<110> slip system 

[134], while the dominant deformation mechanisms in coarse grain alloys are the 

activation of dislocations and may also include shear banding [159]. The absence of the 

development of any texture evolution up to strains of 12 when the initial grain size is 

below 20 nm is attributed to the domination of grain boundary meditated processes such 

as GBS [134]. Furthermore, it is expected that the texture will change by increasing 

shear strain at higher levels leading to the occurrence of grain growth and then an easy 

activation of dislocations. The saturation of grain size of single phase materials at high 

shear strains in HPT processing is independent of the initial grain size and specifically 
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whether it is coarser or finer [110]. This means that the grain size obtained in HPT-

processed nanocrystalline material processed at high strain is approximately equal to the 

grain size obtained by deforming a coarse material processed at the same conditions. 

Hence, the differences in the saturation grain size of nanocrystalline materials depend 

strongly on the material purity and impurity content [110, 134]. Some questions remain 

open concerning the texture evolution: i) Will the texture be independent on the initial 

grain size at higher shear strains, as in the saturation regime? ii) Which type of texture 

will form at higher strains for materials with initial grain sizes below ~20 nm?   

 The texture is similar for HPT-processed pure Ni (weak A-fiber, strong B-fiber 

with the dominance of the C component) at N = 5 turns having initial grain sizes of 100 

μm or ~350 nm resulting from prior ECAP processing (8 passes via route Bc) [122]. 

However, the deformation mechanisms and texture transition are reported at much 

lower grain sizes [110, 133, 134].  

 The shape of the grains also strongly affects the development of the texture 

during HPT processing. A typical shear texture is formed when the microstructure is 

composed of equiaxed grains, while a microstructure with elongated grains leads to the 

formation of shear texture with a dominance of the C component [160]. 

 

2.1.2.3.Effect of heat treatment before HPT processing 

 The effect of a preliminary heat treatment on the texture evolution was 

investigated for the Al-0.6Mg-0.4Si (wt.%), commercial AA6082 and Cu-0.86Cr (at.%) 

alloys [119, 120, 130]. Figure 8 presents the evolution of the texture of the Al-0.6Mg-

0.4Si alloy under different initial conditions (solid solution treatment at 813 K for 2 h 

and quenched to RT, aged for 5 minutes at 473 and 523 K, respectively) [119]. The 

qualitative and quantitative aspects of the texture after HPT processing change with a 
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change in the annealing conditions. It is suggested that a preliminary annealing leads to 

the formation of precipitation that influences both the initial texture and the deformation 

texture. It is well known that precipitate particles can act as obstacles to the movement 

of dislocations and thereby change the deformation mechanisms which finally affects 

the deformation texture.  

 In order to confirm any correlation, Table 5 was developed based on the 

fundamental microstructural parameters of grain size and fraction of HAGBs, the 

microhardness and the texture evolutions reported for AA6082 [120] and Cu-0.86Cr 

[130] alloys during HPT processing. It is evident that the effect of precipitate particles 

on the microstructural parameters, microhardness and texture evolution depend strongly 

on the amount of shear strain. At low strains, only the nano-size particles (10 nm in 

length and 4 nm in diameter) form during the T6 aging and this causes a change of the 

texture from the typical shear texture of high γSFE materials to the dominance of the C 

component. In addition, the grain size and the fraction of HAGBs of the T6-aged 

sample are very small compared to the as-cast condition which contains large particles, 

where this is due to the pinning effect of the nano-size precipitates. At large strains, the 

texture, grain size, HAGBs and even the microhardness values of AA6082 and Cu-

0.86Cr alloys are very similar in both conditions. Thus, the texture is similar to that 

reported at high shear strain in high (weak) and medium (stable texture) γSFE materials 

as discussed in section 2.1.2.1 and this indicates that the effect of particles is negligible 

at this stage of processing since most of these particles are dissolved under the high 

shear strain.  
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2.1.3. HPT processing deformation conditions 

 The fundamental parameters that can be modified during HPT processing are the 

applied pressure, rotation speed, deformation temperature and the number of HPT turns 

(which may be denoted also as the accumulated shear strain). At present, no 

investigations were carried out in order to highlight the effects of the applied pressure or 

the rotation speed on the texture evolution in FCC materials. Nevertheless, experimental 

results show that there is only a minor difference in the microstructure and mechanical 

properties evolution as a function of the applied pressure [15, 145, 161]. There is also 

evidence that the microstructural and mechanical properties variation of the HPT-

processed materials originate from a combination of the shearing strain achieved in 

torsion and the compressive strain introduced by the imposed pressure [145]. 

 In HPT processing, the dimensions of the disc sample also affect the 

microstructural and textural evolution since the accumulated shear strain is strongly 

dependent upon the thickness of the disc as shown in Figure 1c.  

 

2.1.3.1.Effect of accumulated shear strain 

 Generally, and as discussed in section 2.1.2.1, the texture evolution of Al, Fe and 

high entropy alloys look similar with increasing shear strain. First, the shear texture 

starts gradually to form at low shear strain. Then, the shear texture weakens at high 

shear strain [54, 116-121, 129, 136]. By contrast, the texture of Ni and Cu-based alloys 

at high shear strain remains stable and exhibits no weakening with further increasing 

shear stain [72, 123, 127, 128].  

 The instability of the shear texture during the early stage of deformation is 

related to the complicated nature of the torsional deformation. In fact, the disc sample is 

continuously rotating during the entire torsional deformation and this causes an 
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instability and oscillation of the texture [162, 163]. For example, the initial   
  

component of single crystal Ni transforms to the C component after HPT processing at 

εeq = 2–5 and then the C component transforms to   
  when εeq > 5 [125, 126]. Also, in 

polycrystalline materials (CP Al alloy) it is found that the A/   and   
 /   

  components 

rotate gradually to C and/or B components with increasing strain or numbers of HPT 

turns, as demonstrated in Figure 9 [116, 117]. The texture may further strengthen with 

increasing shear strain. In practice, the texture of the torsional deformation is very weak 

compared to other SPD processes such as ECAP [122]. At high shear strain, the texture 

of materials with high γSFE become weak due to grain fragmentation [116] where this 

fragmentation leads to the formation of sub-grains with different orientations from the 

parent grains and thus it should produce a texture weakening. In addition, decreasing the 

grain size to the nanometer scale favors the activation of GBS instead of dislocation slip 

and this tends to cause a randomization of the texture [127, 133, 134, 164]. 

 As described in section 2.1.2.1, the stabilization of the texture at high shear 

strains for Ni and Cu-based alloys is related to their low stacking fault energy and slow 

recovery rate. In practice, the microstructural homogeneity in these materials requires 

the imposition of a higher shear strain than in materials having a high stacking fault 

energy [145]. To date, the maximum shear strain for which the texture was investigated 

in materials with medium γSFE is εeq ≈ 204 (N = 10 turns) [127, 150]. Therefore, it will 

be interesting to investigate the texture and the corresponding microstructure produced 

above this strain for this category of materials.  

 The effect of the texture evolution on the mechanical properties was investigated 

in commercially pure Al after HPT processing at RT up to εeq = 25.1 (N = 3 turns) 

[138]. The results show the dominance of the C component causes a lowering of the 

fracture strain along the radial direction. As can be seen in Figures 10a and 10b, the 
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elongation to failure decreases with an increase in the volume fraction of the C 

component when the CP Al is processed by HPT up to εeq = 4.2 (N = 1/2 turn). It is 

apparent also that the texture weakening reduces the anisotropy along the radial and 

thickness directions as is readily evident from inspection of Figures 10c and 10d [138].  

 Several investigations attempted to correlate the texture evolution with the 

stored energy during HPT processing. Thus, there are some reports on HPT-processed 

Al and Ni materials indicating that the Taylor factor in grains with different shear 

texture components increase in the order of A/   <   
 /  

  < B/   < C [116, 124, 138, 

165]. It is accepted that a grain with a high Taylor factor has a higher dislocation 

density and consensually a high stored energy. However, it is necessary to emphasize 

that this hierarchy was first and only estimated for FCC materials deformed by simple 

shear [162] and to date there is no direct correlation between the stored energy and the 

Taylor factor. Generally, the Taylor factor may be regarded as an instantaneous measure 

of the dissipation of the plastic power per orientation and any selected strain mode and 

therefore technically it is valid only as an estimate of the stored energy if it is reasonable 

to assume that the strain path and texture remain constant [166].  

The first direct correlation between the stored energy and the different shear 

texture components was recently reported for the Cu-.5Ni-0.6Si and Fe-36Ni alloys 

after HPT processing at RT up to N = 10 turns using the Kernel Average Misorientation 

(KAM) approach [157]. The results presented in Figure 11 demonstrate that HPT 

processing produces the same amount of stored energy in the different shear texture 

components (~24 J/mol) for the Fe-36Ni alloy and higher values (~35 J/mol) for the Cu-

2.5Ni-0.6Si alloy. This is a consequence of the occurrence of CDRX in which the 

dislocation substructures develop homogenously and do not vary from grain to grain.  
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2.1.3.2.Effect of the examination position 

 An heterogeneity of the shear texture is observed with increasing distance from 

the disc center at low numbers of HPT turns in the Cu-2.5Ni-0.6Si (wt. %) alloy as 

shown in Figure 12 [72]. The shear texture is not developed near the centers of the HPT 

discs up to N = 1 turn due to the low strain. In practice, the equivalent strain imposed by 

HPT processing is heterogeneous across the HPT disc and increases with increasing 

radial distance from the center of the disc (see equation in Figure 1c). It worth noting 

also that most of the published texture results were obtained for HPT-processed 

materials under quasi-constrained conditions [167, 168].  

 In the constrained HPT disc, the torsion deformation is well defined in the 

region between 0.05 and about 0.9 of the radius of the HPT disc. At the edge of the disc 

(in the region of about 0.9 to 1), the axial direction experiences a very inhomogeneous 

deformation due to the constraining role of the anvils. In the center region, it is difficult 

to calculate an exact applied strain because of the inaccuracy of the determination of the 

exact center of the disc. It follows therefore that experimental data at the disc center 

must always be considered with caution.  

However, the texture became more homogeneous and reaches a steady-state across the 

cross-sections of the HPT discs at high numbers of HPT turns up to N = 5 turns as 

shown in Figure 12. As can be seen from Figure 13, the texture homogeneity is 

consistent with the homogeneity of the microstructure and the mechanical properties as 

a function of distance from the disc center and the number of HPT turns [72, 150].   

 A similar texture tendency with increasing numbers of HPT turns is reported for 

HPT-processed pure Cu [128]. In addition, the volume fractions of the shear texture 

components are similar near the mid-radius and edge of HPT-processed pure Cu at N = 

10 turns [127]. The occurrence of shear texture depends strongly on the measurement 
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position of the processed sample. For example, a typical shear texture is first developed 

at the edge of an Al processed sample shortly after N = 1/12 turn which corresponds to 

an equivalent strain of only εeq = 0.9 [117] whereas it is observed in the central area of 

the Al processed sample at N = 1/8 turn (εeq = 0.75) [116].  

 Several investigations report an independence of the microstructure and 

microhardness evolution with the distance from the center of the disc after a small 

number of HPT turns in several FCC materials including Cu [72, 169], Al [170] and Ni 

[171]. However, it is interesting to note that the texture and grain refinement reaches a 

steady-state at essentially the same high strain level as indicated in Figures 12 and 13. 

The evolution of the texture, microstructure and mechanical properties are a direct 

consequence of the character of the strain gradient due to the non-homogeneity of the 

HPT-processed samples which produces differences in the dislocation densities [172-

174].  

 It should be noted that a net texture homogeneity across the disc was reported at 

low strains in commercially pure Al (N = 1/8 turn) [116] and in the AA 6082 alloy (N = 

1 turn) processed by HPT [137] and this appears to be due to the effect of the high γSFE. 

 By contrast, a strong texture heterogeneity is observed along the axial direction, 

and therefore in the through thickness, of the Al (A5086) alloy, after HPT processing up 

to a rotation of 270° (N = 3/4 turn) with P = 1.2 GPa [175] as shown in Figure 14. The 

heterogeneity of the texture across the disc thickness was investigated also for pure Mg 

as an HCP material under the same HPT processing conditions [175] and the results are 

documented in section 2.3.4. It is worth noting that a strain heterogeneity through the 

HPT disc thickness is reported in relatively thick disc samples which are ten times 

thicker (8 mm) [176] and four times thicker (3 mm) [175] than the disc samples usually 

employed in HPT processing (0.8 mm). In thin HPT discs (0.8 mm), the microhardness 
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of pure Al is stable through the thickness even at low strains (N = 1/4 turn) [177]. In the 

case of thicker HPT discs, the strain heterogeneity is essentially localized in the middle 

plane section [175, 176]. It is claimed that homogenous mechanical properties are 

achieved when using a suitable geometric ratio in terms of the thickness to diameter of 

the HPT disc [32]. Although a systematic study was not performed on texture evolution, 

it is generally believed that a texture homogeneity may be achieved together with the 

mechanical properties.  

 

2.1.3.3.Effect of deformation temperature 

 Only limited information is available at present documenting the effect of 

deformation temperature on texture development in the Fe-36Ni (% wt.) alloy [54] and 

pure Ni after HPT processing [124]. The Fe-36Ni alloy was processed at RT and 523 K 

for N= 1/2, 1, 5 and 10 turns and the texture was measured at the mid-radius of the discs 

using EBSD measurements [54]. The results show that almost all shear components 

except the   
  component start gradually to form at RT between N = 1/2 and 1 turn 

corresponding to εeq = 5–10. The texture is weak and stable upon increasing the amount 

of processing to N = 5 and 10 turns equivalent to εeq = 50–100 and this is associated 

with the enforcement of the B component but nevertheless a strong typical shear texture 

develops soon after N = 1/2 (εeq = 5) when the alloy is processed at 523 K. At this 

temperature, increasing processing from N = 1 to 10 turns causes a weakening of the 

shear texture except for the dominance of the C component. This texture difference is 

attributed to dynamic recovery rather than dynamic recrystallization at 523 K [54] 

where dynamic recrystallization is excluded for two reasons. First, a temperature of 523 

K (~0.3Tm) is lower than the effective temperature of ~873 K (~0.5Tm) for 

recrystallization and grain growth [178]. Second, it is expected that the A and    
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components strengthen by consuming the C component during the occurrence of 

dynamic recrystallization [127, 179] and this is not observed in the present case.  

 The texture difference was also discussed in terms of the evolution of the texture 

index as a function of the numbers of HPT turns as shown in Figure 15 [54] which 

presents the evolution of texture strength of the Fe-36Ni alloy under both conditions as 

a function of the number of HPT turns.  

 In practice, the alloys exhibit significantly different behaviors. Thus, the texture 

of the alloy processed at RT first decreases because of the gradual formation of a shear 

texture at low strain and then increases after N = 5 and slightly decreases after N = 10 

turns due to the grain refinement. The texture index of the Fe-36Ni alloy processed at 

523 K continually decreases with increasing numbers of HPT turns and this indicates 

that the texture weakens. It is noted that between N = 1/2 and 1 turn the texture of the 

alloy processed at 523 K is stronger than for the alloy processed at RT. This tendency is 

reversed after higher numbers of HPT turns, for example up to N = 5 turns. These 

differences are mainly attributed to the different microstructural evolutions in grain size 

and grain boundary misorientation during deformation in these two deformation 

conditions as presented in Table 6 [54].  

 In practice, the grain refinement mechanism as given by the activation of 

dislocations and their accumulation and rearrangement to form sub-grain boundaries 

(CDRX) is slower in the alloy processed at RT as demonstrated in Table 6 [54]. The 

grain size is smaller and the fraction of HAGBs is higher after processing at 523 K than 

at RT. These differences account for the rapid formation of a typical shear texture in the 

alloy processed at 523 K at lower numbers of HPT turns as at N = 1/2 versus N = 5 

turns at RT, and thereafter there is a continuous weakening of the texture with 
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increasing numbers of HPT turns [54]. The gradual transformation of LAGBs into 

HAGBs creates a larger spread in orientations between the neighboring grains [123]. 

 In pure Ni processed by HPT at T = 77 and 300 K (0.17Tm) for N = 10 turns, a 

typical shear texture composed of a weak A-fiber, a full B-fiber and a strong C 

component is formed [124]. Increasing the deformation temperature to 523 and 673 K 

(0.3Tm to 0.38Tm) leads to the disappearance of the C component and the formation of a 

new component named the Oblique Cube, as demonstrated in Figure 16 [124].  

 In addition, isothermal annealing at 448 K of the disc processed at 300 K shows 

that the Oblique Cube component is related specifically to the abnormal growth of 

grains [124]. The main conclusions of this latter work are that the stored energy and 

oriented nucleation provide the source for recrystallized grains while the oriented 

migration of grain boundaries determines the sharpening or weakening of the different 

texture components [124]. 

 

2.1.4. Recrystallization texture of HPT-processed FCC materials 

 Investigations of the static recrystallization process and thermal stability of 

HPT-processed materials are of great interest because it is important to retain the ultra-

grain refinement and high strength during the annealing treatment. In practice, static 

recrystallization can take place by discontinuous or continuous mechanisms [180]. The 

discontinuous static recrystallization (DSR) consists of the formation of nuclei and their 

subsequent growth which is characterized by a heterogeneous microstructural evolution 

and a rapid softening during annealing. Continuous static recrystallization (CSR) 

includes the continuous transformation of LAGBS into HAGBs and this leads to 

homogeneous microstructural coarsening and a continuous decrease in strength during 

annealing. In SPD-processed materials, HAGBs already form during deformation due to 
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the occurrence of CDRX. However, these HAGBs formed during SPD processing are in 

a non-equilibrium state and they may be transformed into equilibrium HAGBs by 

recovery and short-range migration of boundaries with further application of an 

annealing treatment [106]. In this case, the static recrystallization of SPD-processed 

materials is a continuous type (CSR) [106]. However, a transition from CRS to DSR is 

reported in HPT-processed BCC materials under annealing conditions as will be shown 

in section 2.2.3.  

 Even if the thermal stability and the evolution of mechanical properties after 

isothermal or isochronal annealing of HPT-processed FCC materials were more widely 

examined and reported, it is important to note that only very limited data are at present  

available concerning the recrystallization texture in HPT-processed Ni alloys [139, 

181].  

 In the first report on this topic, it is claimed that the shear texture formed during 

HPT processing at RT through N = 5 turns of pure Ni transforms into four different 

fibers designated as (001), (111), (112) and (103) during isothermal annealing at 573 K 

(0.33Tm) for 1, 10 and 30 minutes in an Ar atmosphere [139]. In fact, these four fibers 

were not critically defined in this report but nevertheless it is important to recognize that 

this is the first report dealing with the evolution of texture after HPT processing and it 

was published at a time when the evolution of texture after HPT processing was not 

generally studied and it was not understood. 

 The second report investigated the evolution of the recrystallization texture of 

HPT-processed Ni (99.967% (4N) and 99.5% (2N) purity) after isochronal annealing 

from 373 to 873 K (from 0.21Tm to 0.5Tm) for 1 hour [181]. First, the alloys were HPT-

processed at RT to εeq = 100 without any indication of the precise numbers of HPT 

turns. Then the effect of impurities was investigated by measuring the microstructure, 
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microhardness and texture at different stages of softening: in the as-deformed state, the 

recovered state, the recrystallized state and after grain growth as summarized in Table 7. 

The similarities in the deformation textures of both alloys demonstrates that the 

impurities have only a minor influence during HPT processing. However, their effect is 

more pronounced during recrystallization and grain growth processes where the 

recrystallization texture of the 4N Ni alloy changes from a typical shear to a near-

random texture while the recrystallization texture of the 2N Ni alloy is retained. The 

evolution of microstructure and microhardness are also different in both of these 

samples. The recovery and recrystallization kinetics are significantly delayed in the 2N 

Ni alloy due to the presence of impurities and their effect on the dislocation annihilation 

and grain boundary migration [181]. Moreover, the presence of impurities significantly 

modifies the static recrystallization mechanisms. The modification of the texture and 

microstructural parameters during isochronal annealing of the 4N Ni alloy is an 

indication of the occurrence of DSR and the retained texture and the change of the 

microstructural parameters and microhardness values after the grain growth process in 

the 2N Ni alloy demonstrates that the alloy undergoes a discontinuous and continuous 

static recrystallization simultaneously [181]. 

Considering the limitations on the available data, it would be interesting to focus 

more directly on the evolution of the recrystallization texture for different FCC 

materials in order to develop a reasonably comprehensive analysis of the static 

recrystallization mechanism.  
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2.2.Texture evolution after HPT processing of BCC materials 

2.2.1. Ideal shear texture components for materials with a BCC structure  

 The main ideal shear texture components for BCC materials are listed in Table 8 

[114, 182] and they are illustrated by ODF sections at 2 = 0 and 45° and {110} pole 

figures projected onto the SD-RD, SD-CD and CD-RD planes as shown in Figure 17.  

 The shear texture for BCC materials is characterized by the formation of two 

fibers. The first fiber is {110}//SP or SD-RD plane and contains the F, J,   , E and    

components. The second fiber is {hkl}<111> and contains   ,   , E and    components. 

In some reports the J,    , E and    components are designated as J1, J2, E1 and E2, 

respectively [183, 184].  

 Only limited investigations on the evolution of BCC materials after HPT 

processing are available at present. Nevertheless, in the following the evolution of the 

texture is discussed as a function of the deformation conditions such as the deformation 

temperature and shear strain, the measurement position and finally there is a discussion 

and more detailed analysis of the recrystallization texture of HPT-processed BCC 

materials. 

 

2.2.2. HPT processing deformation conditions 

2.2.2.1.Effect of deformation temperature 

 It is remarkable to note that the majority of the HPT processing of BCC 

materials was conducted at a high temperature [184-186] and/or the texture evolution 

was investigated as a function of increasing deformation temperature [187-191] where 

this is mainly due to the brittle character of these materials which arises from the lack of 

easy dislocation movement at low deformation temperatures. In these high temperature 

conditions, dynamic recrystallization and phase transformations play an increasingly 
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important role during the texture development [187-191]. For example, the textures at 

the edge of an intermetallic NiAl disc HPT-processed at RT and at 373 (0.2Tm), 573 

(0.3Tm) and 773 K (0.4Tm) for N = 2 turns, equivalent to εeq = 34.6, are reported as very 

different [188, 189]. Thus, at RT all shear components (the F, J,   , E,   ,    and    

components) are developed and they lead to the formation of a typical shear texture in 

BCC materials as shown in Figure 18. At a high deformation temperature an Oblique 

Cube component dominates the texture with a weak F component. As noted earlier, the 

Oblique Cube is a Cube component that undergoes a rotation around the radial direction 

and then develops through discontinuous dynamic recrystallization [158]. 

 This texture difference at different temperatures may be explained by the 

activation of different secondary slip systems during processing at RT which causes the 

formation of different shear texture components whereas the onset of dynamic 

recrystallization during hot processing leads to the formation of an Oblique Cube 

component. However, the Oblique Cube component is observed in the YCu 

intermetallic [189] and in a Ti-45Nb (wt. %) alloy processed by HPT at RT [192]. 

Furthermore, the Oblique Cube component is also reported in the central region of an 

Ni50Mn90Ga21 disc after HPT processing at εeq = 3 at temperatures below 973 K [187]. It 

is noted that the texture transforms to strong Cube and weak F components above 973 K 

where this corresponds to the phase transition B2 → L21 (1020 K).  

 Pure materials such as tungsten (W) [190] and tantalum (Ta) [191] exhibit 

similar texture evolution as a function of deformation temperature. Figure 19 shows that 

all shear components of BCC materials are formed in the HPT processing of pure Ta for 

N = 10 turns, equivalent to εeq = 136, at all of the deformation temperatures of 77 

(0.02Tm), 298 (0.09Tm), 673 (0.2Tm) and 773 K (0.23Tm) and it is also observed that 

their intensity decreases with increasing deformation temperature due to the recovery 
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process [191]. Nevertheless, an increased spread of the components is reported at 

elevated deformation temperatures. This behavior is explained by the change in the 

recovery processes from predominantly mechanically-induced boundary migration to a 

thermally-induced boundary migration [124, 191]. 

 By contrast, the addition of 1 wt.% of La2O3 particles in pure W (W-1La2O3, 

WL10) gives a different texture evolution [190]. Thus, HPT processing for N = 2 turns, 

equivalent to εeq = 22, between 473 (0.12Tm) and 673 K (0.18Tm) of W-1La2O3 leads to 

the formation of a γ-fiber containing E {111}<110> to F {111}<112>. Increasing the 

deformation temperature between 673 and 973 K (0.26Tm) causes a considerable 

decrease in the γ-fiber and the formation of A {112}<111>, J {110}<112> and G 

{110}<001> components [190]. This is explained by firstly noting that the γ-fiber forms 

at a low deformation temperature through the effect of the La2O3 particles on the 

dislocation motion and by lowering the γSFE the DRX is retarded and secondly by 

developing a particle-stimulated nucleation (PSN) mechanism [186, 190]. Increasing the 

deformation temperature renders dynamic recrystallization easier which explains the 

formation of the A {112}<111>, J {110}<112> and G {110}<001> components. 

 

2.2.2.2.Effect of hydrostatic pressure 

 The influence of applied hydrostatic pressure on the texture evolution was 

investigated near the edge of an NiAl disc after HPT processing at RT and 773 K 

(~0.5Tm) up to N = 2 turns, equivalent to εeq = 34.6 [193]. The results demonstrate that 

the volume fraction of all shear components except the D2 component form in the disc 

processed at RT and increase with increasing applied hydrostatic pressure from 4 to 8 

GPa. However, the volume fraction of the Oblique Cube formed in the disc processed at 

773 K decreases continuously with an increase of the applied hydrostatic pressure from 
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2 to 8 GPa. It appears that the change in volume fraction of the shear texture 

components at RT may be attributed to the change in activity of the different secondary 

slip systems with changes in the applied pressure, whereas at a high deformation 

temperature an increase in the applied pressure effectively delays the onset of 

recrystallization or grain growth [193]. 

 

2.2.2.3.Effect of accumulated shear strain 

 The intensity of the A {112}<111>, J {110}<112> and G {110}<001> 

components increases with increasing shear strain from εeq = 5.43 for N = 1/2 turn to εeq 

= 21.7 for N = 2 turns and then decreases after εeq = 43.5–87 for N = 4–8 turns in HPT-

processed pure W at 673 K (0.18Tm) [186]. Furthermore, the texture of HPT-processed 

WL10 exhibits different trends with increasing shear strain [186]. In these experiments 

the A {112}<111> and G {110}<001> components form first after εeq = 5.43 and, by 

increasing the shear strain to 10.8–21.7 for N = 1–2 turns, there is the formation of a γ-

fiber. Finally, the γ-fiber disappears and the A {112}<111>, J {110}<112> and G 

{110}<001> components appear again after εeq = 43.5 for N = 4 turns [186]. In this 

latter work a scheme is proposed composed of the three deformation stages, as shown in 

Figure 20, to explain the microstructural and textural changes during HPT processing of 

W and WL10 alloys at 673 K [186]. 

 A work hardening occurs at stage I, where this is εeq < 9 for a W alloy and εeq < 

24 for a WL10 alloy, and this leads to a lamellar microstructure, the generation of 

dislocations and rapid grain refinement. During this stage, HPT processing changes the 

initial texture of both alloys and this leads to the formation of typical shear components 

of A {112}<111>, J {110}<112> and G {110}<001> due to the shear nature of the HPT 

processing. In addition, a γ-fiber forms in the WL10 alloy due to the occurrence of PSN 
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near La2O3 particles. A softening occurs during stage II, corresponding to 9 < εeq < 68 

for the W alloy and 24 < εeq < 68 for the WL10 alloy, owing to dislocation annihilation 

in both alloys which is associated with the operation of DRX. At this stage, the 

elongated grains transform to an equiaxed shape which is related to the transformation 

of LAGBs to HAGBs. The texture of the W alloy is maintained through the presence of 

the A, J and G components due to the occurrence of continuous DRX [194]. A texture 

transition is observed in the WL10 alloy with the dominance of the γ-fiber, thereby 

demonstrating the occurrence of discontinuous DRX [194].  

At stage III where 68 > εeq, there is a clear difference between the W and WL10 

alloys. Thus, the W alloy exhibits a saturation state including a saturation in the grain 

refinement. Nevertheless, grain rotation is possible and this leads to texture weakening 

in the W alloy. A flow localization composed of nanocrystalline arrays and 

microstructure coarsening in the adjacent areas is observed at high shear stains in the W 

alloy as is evident in Figure 20 and this is explained by the presence of impurities, nano-

cracks, and/or through the presence of a plastic instability. It is found also that the  -

fiber dominates the texture of this nanocrystalline array due to the change in slip plane 

of the dislocations from {110} and {112} to {111}. For the WL10 alloy, the La2O3 

particles undergo a refinement at stage III which leads to the activation of dispersion 

hardening, the disappearance of the γ-fiber and the dominance again of the A, J and G 

components. 

  

2.2.2.4.Effect of the measurement position 

 It is readily evident from inspection of Figure 21 that the use of HPT processing 

to compact Fe powder into a solid disc causes the formation of three regions throughout 

the thickness. These regions may be defined as (1) an undeformed region (named U-
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zone) corresponding to the top part from the disc in contact with the fixed punch, (2) an 

intermediate or transition region (named T-zone) where the shear strain increases and 

(3) a severely deformed region (named S-zone) which is the part of the disc in contact 

with the lower rotating anvil in the bottom part of the HPT processing facility. The 

texture of the undeformed region is very weak and nearly random and gradually it 

transforms to a typical shear texture with increasing shear strain in the T and S-zones. It 

is obvious that the evolution of the microhardness throughout the thickness follows 

similar trends as for the texture evolution as shown in Figure 21. However, there is 

unfortunately an overall lack of any systematic evaluations of the texture, 

microstructural and mechanical properties in BCC materials after HPT processing and 

this demonstrates that further investigations are needed to correlate the grain refinement, 

mechanical properties and the overall texture evolution. 

 

2.2.3. Recrystallization texture of HPT-processed BCC materials 

A transition of the static recrystallization from a continuous to a discontinuous 

manner above 873 K (~0.5Tm) was demonstrated in an Fe-9Cr (wt.%) alloy processed 

by HPT at 573 K (0.3Tm) for N = 10 turns, equivalent to  εeq = 120, during isochronal 

annealing from 773 to 973 K for 48 hours [195]. The φ2 = 45° ODF section shown in 

Figure 22 demonstrates that all BCC shear components developed during HPT 

processing disappear except for the dominance of the J/   components during annealing 

at 873 K for 6 and 24 hours [184].  

 The results presented in Figure 23 demonstrate that grains with the J/   

orientation have the highest stored energy and they are surrounded by special 

coincidence site lattice (CSL) boundaries such as Σ9 (20.1°<110>) and Σ33a 

(38.9°<110>), as illustrated in Figure 23b, that lead to their rapid and fast 
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recrystallization and growth by comparison with other oriented grains during annealing 

[184].  

 The evolution of recrystallization below 873 K was not reported in this 

investigation but nevertheless it is generally expected that the deformation texture will 

be retained. This is confirmed by the retained texture reported for HPT-processed W 

and WL10 at 673 K for N = 4 turns after annealing at 1273 K up to 6 hours [186]. This 

is a consequence of the high melting temperature of the materials where the recovery of 

defects and recrystallization processes require relatively high temperatures [191]. In 

addition, the texture during the annealing treatment is more stable in the WL10 alloy 

than in pure W. It is worth noting that the stabilization of texture and microstructure 

during the annealing treatment results from a continuous static recrystallization 

mechanism due to the high fraction of HAGBs in the as-deformed W and WL10 alloy. 

The pinning effect of the La2O3 particles on the grains boundaries is also a significant 

factor in stabilizing the texture of the processed WL10 alloy. 

 

2.3.Texture evolution after HPT processing of HCP materials 

2.3.1. Ideal shear texture components for materials with HCP structure 

 The ideal positions and fibers of materials with HCP structure subjected to 

simple shear were recently evaluated using the Viscoplastic Full Constraints Crystal 

Plasticity Approach [196]. Five fibers were identified and labeled B, P, Y, C1 and C2. 

Their ideal positions in the ODF sections at 2 = 0 and 30° and {0002} and {10  0} 

pole figures projected on the SD-RD, SD-CD and CD-RD planes are shown in Figure 

24 and Table 9. It is found that the persistence and the stability of these fibers depend 

strongly on the activation of different slip and twinning systems and hence on the c/a 

ratio of the material, where c and a are the fundamental lattice parameters. For example, 
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the presence of B, P and Y fibers corresponds with a high activation of the <a> basal 

slip system while the activation of the <c+a> pyramidal slip system leads to the 

formation of C1 and C2 fibers [196].  

 It appears that HPT processing is the only SPD processing technique that may be 

used effectively to produce excellent grain refinement in difficult-to-deform HCP 

materials such as Mg-based alloys by processing at room temperature [197]. Thus, 

processing by HPT may be used to prevent the cracking and to suppress the 

development of internal fragmentation which are inherent fracturing processes 

occurring in other SPD processing techniques such as ECAP [198, 199]. There are 

several investigations dealing with the evolution of microstructure, the mechanical 

properties and the texture of HPT-processed HCP materials, especially for a range of 

Mg-based alloys. In the following section, the evolution of the texture in HCP materials 

is discussed as a function of the initial condition of the material, the deformation 

conditions and finally the evolution of the recrystallization texture.  

 

2.3.2. Effect of initial conditions of HCP materials 

2.3.2.1.Effect of c/a parameter and alloying elements 

 It is well established that the deformation textures of HCP materials are different 

after processing by conventional rolling where these differences depend upon the c/a 

ratios of the material. The results may be divided into 3 distinct categories: 1) c/a < 

1.633 such as Ti where c/a = 1.587, 2) c/a ≈ 1.633 such as Mg where c/a =1.624 and 3) 

c/a > 1.633 such as Zn where c/a = 1.856 [200].  

 In general, the c/a ratio reveals the activation of the different slip and twinning 

systems. The resulting texture for materials with c/a > 1.633 is attributed to a 

combination of basal <a> slip and mechanical twinning while the prismatic <a> and 
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pyramidal <c+a> slip systems are responsible for texture formation in materials with 

values of c/a lower than 1.633 [200].  

 A comparison of the texture formation in pure Ti [201], Mg [202] and Zn [203] 

after similar HPT processing at N = 5 turns is shown in Figure 25. It is readily apparent 

that the three pure materials exhibit essentially the same typical B-fiber even though 

their c/a ratios are different. Nevertheless, it appears that the sharpness of the B-fiber 

increases with increasing c/a ratio. 

 In practice, the majority of HCP materials processed by HPT exhibit a B-fiber 

due to the easy activation of the <a> basal slip system at RT compared to the other non-

basal systems and the basal planes oriented parallel to the shear plane produce a typical 

basal B-fiber texture. By contrast, the presence of alloying elements may have a 

significant influence on the distribution of the basal poles and their intensity. For 

example, HPT processing at RT up N = 10 turns for the Mg-1.44Ce and Mg-1.43Nd 

(wt. %) alloys leads to the formation of a weak and asymmetric basal texture (B-fiber) 

having a “crescent” form unilaterally shifted about 15° towards SD [204]. Another 

example concerns the texture of the ZK60A (Mg-6Zn-0.5Zr, wt.%) alloy which is 

characterized by a shift of the basal poles towards SD which leads to the formation of a 

Y-fiber after HPT processing at RT through N = 1/2 turn [205]. However, increasing the 

numbers of HPT turns up to N = 5 turns permits the formation of a typical B-fiber 

texture in the ZK60A alloy [206].  

 The general weakening and the altering of the texture with the presence of 

alloying elements such as rare earth (RE) elements is associated with the grain boundary 

pinning effects caused by solute segregation and precipitate particles and by the 

activation of non-basal slip through a modification of the stacking fault energy of the 

Mg matrix [10, 204, 207, 208]. 
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2.3.2.2.Effect of initial texture 

 The effect of the initial texture on the texture development during HPT 

processing was first investigated in Mg single crystals [209]. Two Mg single crystals 

were prepared from two different orientations: <10  2>//CD and <11  2>//CD. The 

samples were then processed under a pressure of 1.5 GPa through N = 0.1, 0.2, 0.3 and 

1/2 turn and the texture was recorded using X-ray diffraction (XRD) across the disc 

radius [209]. The results demonstrate that the <10  2>//CD named as the soft orientation 

transforms rapidly to a B-fiber with increasing shear strain while the <11  2>//CD is 

named as the hard orientation because this orientation remains stable and unchanged 

with increasing shear strain [209]. 

 The effect of the initial texture on the texture evolution after HPT processing 

was also investigated in two types of polycrystalline CP Mg [67]. The first was CP Mg 

in an as-cast condition where the microstructure exhibits coarse grains larger than 1 mm 

and a random texture. The second was CP Mg in an as-extruded condition where the 

microstructure is more refined with a grain size of ~50 μm and where this material 

exhibits a typical extrusion texture where the <0002>//ED (where ED is defined as the 

extrusion direction) [67]. The texture was measured using neutron diffraction at the 

center, middle and edge of the HPT-processed discs to N = 1/8, 1/4, 1/2, 1, 4 and 8 turns 

and the results show that in all HPT-processed discs a typical shear texture is formed of 

B-fiber (basal texture) with a 15° deviation from their ideal position [67]. However, 

there are some differences in the texture evolution because the B-fiber is formed rapidly 

after N = 1/8 (disc center) in the as-extruded CP Mg compared with after N = 1 turn 

(disc center) in the as-cast CP Mg. In addition, the texture intensity is weak in the as-

extruded CP Mg compared to the as-cast condition. The rapid formation of the B-fiber 

in the as-extruded CP Mg is attributed to the activation of tensile twins that produce a 
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rotation about 86.3° of the basal plane which is perpendicular to the shear direction in 

the initial texture and to a direction parallel to the shear direction after N = 1/8 turn of 

HPT. The presence of twins is readily evident from microstructural observations. 

Furthermore, the evolution of the texture in the early stage of deformation in the as-cast 

CP Mg is explained by the presence of the pyramidal <c + a> slip systems. It is claimed 

that the formation of a double texture shown in the {0002} pole figure of the as-cast PC 

Mg processed at N = 1/8 turn (as presented in Figure 26) is an indication of the 

activation of the pyramidal <c + a> slip together with basal slip [67]. 

 

2.3.2.3.Effect of heat treatment before HPT processing 

 The resulting texture after HPT processing at RT for N = 3 turns of an Mg-Dy-

Al-Zn-Zr alloy is strongly dependent on the pre-heating treatment before HPT 

processing [210]. The EBSD measurements show that the HPT processing leads to the 

formation of a P-fiber in the un-aged disc. Aging at 523 K for 16 hours causes the 

formation of P-fiber, B-fiber and C2-fiber. By contrast, the texture of the processed disc 

aged at 573 K for 16 hours shows the presence only of the C2-fiber [210]. It is 

interesting to note that all samples exhibit a random texture before HPT processing 

[210]. It is claimed that the formation of the P-fiber is a result of the activation of <a> 

basal slip and the C2-fiber is formed due to the activation of only the <c+a> pyramidal 

slip system. Hence, the formation of these three fibers corresponds to the activation of 

various slips systems such as <a> basal and <c+a> pyramidal slip during HPT 

processing. The change in the activation of the slip systems is related to the grain 

refinement and to the formation of precipitates during annealing before HPT processing. 

Although results are presented for the distribution of the precipitates (Mg30DyZn and 

Al6Mg2Dy3 phases) in the as-cast (un-aged) sample, nevertheless there is no 
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presentation of the microstructural changes and precipitate evolution as a function of the 

annealing treatment.  

 

2.3.3. HPT processing deformation conditions 

2.3.3.1.Effect of deformation temperature 

 The texture evolution of an as-extruded AZ31 alloy was investigated after HPT 

processing at 296 (0.3Tm), 373 (0.4Tm) and 473 K (0.5Tm) for N = 1 and 5 turns using 

the XRD technique [211]. The {0002} pole figures and ODF at the 2 = 30° section 

show the formation of the B-fiber with some deviations from their ideal positions and a 

second fiber, tentatively identified as the C1-fiber, for discs processed at 296 and 373 K 

for N = 1 and 5 turns. It is interesting to note that this second fiber vanishes with 

increasing numbers of HPT turns when the discs are processed at 373 K, as 

demonstrated in Figure 27. The presence of the second fiber is considered as the 

transformation state from the as-extrusion texture to the basal due to the activation of 

tension twinning {10  2}<10    > [211]. Processing at 473 K leads to the formation of a 

typical B-fiber with a complete disappearance of the second fiber in both processed 

samples after N = 1 and 5 turns. In addition, it is observed that the deviations of the 

basal fiber from their ideal position decrease with increasing deformation temperature 

[211]. The formation of a stable basal texture at a high deformation temperature is 

attributed to a recovery process and the activation of non-basal slip systems such as <c 

+ a> pyramidal slip since their critical resolved shear stress (CRSS) decreases with 

increasing temperature [212].  
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2.3.3.2.Effect of hydrostatic pressure 

 The influence of applied hydrostatic pressure on the texture evolution was 

investigated across the radius in the CD-SD plane of pure Mg with two different initial 

textures of a random and extrusion texture after HPT processing at RT up to N = 4 turns 

[209]. Another investigation showed the evolution of the texture of as-extruded pure Mg 

as a function of the applied hydrostatic pressure after HPT processing to different shear 

strain levels [213]. The results demonstrate that, whatever the initial texture and the 

shear level, a basal fiber is formed and the applied hydrostatic pressures of 1, 2 and 4 

GPa produce only a minor effect on the texture intensity in which the texture weakens 

with increasing applied hydrostatic pressure [209, 213] (as shown in Figure 28).  

 In the case of Ti-based alloys, increasing hydrostatic pressure during HPT 

processing induces a phase transformation such as the α→ω phase transition [201, 214]. 

The orientation relationship between the α-phase and HPT-induced ω-phase is given as: 

                                    [201]. A phase transformation under HPT 

processing should significantly affect the texture evolution. However, until now there is 

no reports dealing with the evolution of the texture under such conditions. Furthermore, 

it is found that the formation of a basal fiber in the α- phase facilitates the α→ω phase 

transition under HPT processing [201, 214].    

 

2.3.3.3.Effect of accumulated shear strain (number of HPT turns) 

 From a general point of view, the evolution of the texture in HCP materials is 

expressed as a function of the number of HPT turns rather than the equivalent shear 

strain. Table 10 summarizes the evolution of the texture as measured in the centers of 

some HCP-processed alloys as a function of the numbers of HPT turns [67, 68, 202-

204, 215]. For any accurate comparison, it is important to note that the presently 
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discussed texture features relate to the centers of the processed discs. Obviously, the 

deformation texture is a B-fiber in most alloys formed in the early stages of deformation 

and this appears to saturate with increasing numbers of HPT turns. An HPT-processed 

pure Zn develops a very sharp B-fiber compared to Mg-based alloys [203] because of its 

low recrystallization temperature (~261 K) [216]. The intensity and the distribution of 

the basal texture may be altered with increasing shear strain as in the AM60 alloy 

caused by the precipitation of the Mg17Al12 phase during HPT processing [215]. The 

changes in the texture distributions have an apparent effect on the shear stress maxima 

of the stress-strain curves as indicated in Figure 29. In this case, the texture is presented 

by means of inverse pole figures in the normal direction of the disk surface 

(compression direction). The formation of the B-fiber during tensile testing after HPT 

produces a very low Schmid factor for basal slip and hence non-basal slip systems with 

significantly higher CRSS necessarily operate and this leads to an obvious increase in 

the yield stress. 

 Figure 30 presents the evolution of microhardness and texture as a function of 

equivalent strain for pure Ti [217], Mg-0.41Dy [68] and a Zn-0.5Cu (wt.%) [218] alloy 

in order to verify any correlation between the hardening models and texture evolution as 

described for FCC materials in section 2.1.2. It is noted that no information is available 

concerning the evolution of the texture as a function of the number of HPT turns in Ti-

based alloys. However, based on the X-ray diffraction patterns for HPT processed Ti-

6Al-7Nb alloy a basal fiber may form after N = 1 and 3 turns and a decrease of the 

intensity of the (0002) peak is evident after N = 5 turns indicating a change in the 

texture [219].  

Figure 30 shows that the c/a ratio strongly affects the hardening behavior of 

HCP materials. Thus, the Zn-0.5Cu alloy with c/a > 1.63 undergoes a strain softening 
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rather than strengthening due to recrystallization and grain growth during HPT 

processing (Figure 30d). The increase of grain size in Zn-based alloys during HPT 

processing is similar with an increase in the B-fiber intensity [203, 218]. By contrast, 

the evolution of the B-fiber as a function of the equivalent strain, or the numbers of HPT 

turns, is independent of the hardening behavior. The increase in the texture intensity in 

both the Mg-0.41Dy and Zn-0.5Cu alloys (Figures 30c and 30e) is essentially a 

consequence of the contribution of the dynamic recrystallized grains which have the 

same texture as the deformed grains. However, the direct relationship between the 

texture evolution and the hardening behavior of materials with high c/a value requires 

further investigations. 

 Very recently, it was demonstrated that texture strengthening contributes 

strongly in the rapid strengthening of HCP materials, especially in the early stage of 

SPD processing as in ECAP, HPT and multi-directional forging (MDF) [67, 68, 81, 

203, 215]. In addition to the contribution of grain size hardening and dislocation 

hardening to the yield strengthening, σy, texture strengthening was recently added as a 

correction factor (Mt/MR) as in the following relationship [81]:   

   
  

  
              

   

  
                                                       (3) 

where MT is the Taylor factor estimated for the deformed sample, MR is the Taylor 

factor for a random texture, σ0 is the friction stress, α1 is a constant, G is the shear 

modulus, b is the average Burgers vector, ρ is the dislocation density, kHP is the Hall–

Petch constant and d is the mean grain size. 

 Figure 31 compares the calculated yield strength from equation (3) with the 

measured value for the AM60 alloy processed by ECAP, MDF and HPT [215] and for 

the Mg-0.41Dy (wt.%) alloy processed by HPT [68]. A good correlation is obtained 

between the calculated and the measured yield strength values for the Mg-0.41Dy alloy 
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but there is a less good correlation for the AM60 alloy after HPT processing probably 

due to the occurrence of precipitation strengthening of the Mg17Al12 phase during HPT 

[215]. In addition, the determination of the Taylor factor Mt was simplified by 

considering only the <a> basal slip system although it is known that other slip systems 

may contribute to the deformation during testing [215]. This means that careful 

attention must be directed to simulating the Taylor factor and the extent used in 

equation (3) for various HCP materials and even correspondingly for FCC and BCC 

materials.  

 

2.3.3.4. Effect of the measurement position 

 Figure 32 presents the basal {0002} pole figures near the center, middle and the 

edge of discs of the Mg-0.41Dy (wt. %) alloy processed by HPT at RT to N = 1, 5 and 

15 turns [68]. It is observed that the texture is not homogenously distributed across the 

disc radius. Thus, the B-fiber deviates by about 15° from CD with increasing distance 

from the centers of the discs and it is observed that the texture of pure Mg is more 

homogenous across the disc radius with increasing numbers of HPT turns [67, 202]. 

Moreover, the texture is not homogenously distributed in the Mg-0.41Dy alloy even at 

high numbers of HPT turns where N = 15 turns. This difference is attributed to the 

effect of alloying elements on the deformation mechanisms as discussed in section 

2.3.2.1.  

 In earlier reports [209, 213, 220], the deviation of the basal pole is explained by 

the occurrence of dynamic recrystallization during HPT processing and static 

recrystallization after HPT processing as in natural aging. However, Figure 33 shows 

clearly that recrystallization is not the main reason for this deviation since the 

microstructure of an Mg-0.41Dy disc processed to N = 1/2 turn shows a very weak 
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fraction of DRX, denoted by the blue grains, and the observed deviation remains even 

after N = 5 turns where 58% of the grains are dynamically recrystallized [68]. 

Furthermore, the corresponding {0002} pole figures indicate that the orientations of the 

deformed grains have already deviated from the ideal B-fiber position shortly after N = 

1/2 turn.  

 This deviation of the basal texture can be attributed to the shear deformation or 

torsional straining that is imposed by the rotation of the anvil during HPT processing. 

As demonstrated in Figure 34b, the basal fiber is formed in the as-extruded AZ60A 

alloy (Figure 34a) during compression without torsion straining whereas HPT 

processing at N = 1/2 turn causes a deviation of the basal pole away from its ideal 

position (Figure 34c) [205].  

 It is expected that the texture of HCP materials will be heterogeneously 

distributed along the axial direction and across the thickness of HPT-processed discs 

even when the discs are very thin (~0.8 mm) since there are variations in the 

microhardness in the through-thickness directions of the AZ31 (Mg-3Al-1Zn, wt.%) 

alloy after processing at RT (296 K) and 463 K up to 5 turns with an applied pressure of 

P = 6.0 GPa [221, 222]. The microhardness distributions shown in Figure 35 

demonstrate that the strain is localized towards the bottom of the discs. These 

observations are different from those reported for pure Al [177] and this is attributed to 

the difference in the grain refinement mechanisms in FCC and HCP materials [221, 

222]. In practice, grain refinement in FCC materials occurs by the gradual 

transformation of LAGBs into HAGBs upon subsequent increases in the strain whereas 

in HCP materials the nucleation of new fine grains is located along the existing grain 

boundaries of the initial coarser structure leading to the development of a bimodal grain 

structure known as a necklace-like structure [52, 223, 224]. With a further increase in 
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strain, the new fine grains gradually consume the larger grains and thereby produce an 

ultrafine microstructure [52]. Changing the grain refinement mechanisms involve 

producing changes in the microstructural morphologies and the strain hardening 

behavior during processing which and this produces a change in the texture evolution 

[175]. 

 In addition, Figure 36 shows a net heterogeneity of microstructure, texture and 

microhardness across the axial direction in a pure Mg disc of high thickness (3 mm) 

processed at RT up to N = 3/4 turn [175] and this is similar to a thick Al disc processed 

by HPT (Figure 14) [175]. A typical B-fiber is formed in the central region due to the 

occurrence of dynamic recrystallization where the value of the shear strain is a 

maximum (Figure 36e). The advent of DRX explains the low value of the 

microhardness in the central position compared to the top and bottom of the disc (Figure 

36f). The texture at the top of the disc arises from the presence of extensive twinning, 

especially extension twins which produce a rotation of about 90° from the initial texture 

[225]. The texture at the bottom of the disc is also different and in this position the disc 

appears to experience a larger shear strain since there is more grain refinement (Figure 

36d). The variation in the texture between the top and bottom of the disc is strongly 

related to the deformation mechanism in HCP materials. Thus, at low strains the 

deformation is controlled by mechanical twining and then changes to slip deformation 

with increasing strain. It is important, therefore, to now investigate the heterogeneity in 

thick HPT discs after high shear strains. 

 

2.3.4. Recrystallization texture of HPT-processed HCP materials 

 Until now, the evolution of the recrystallization texture after HPT processing of 

HCP materials is not widely reported [10, 11]. The texture of the HPT-processed Mg-
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0.41Dy (wt.%) alloy after N = 5 turns forms a B-fiber with a second fiber, probably a 

C2-fiber, located at 1 = 180°, Φ = 60° and 2 = 0–90° where this is generally retained 

after annealing treatments at 473 (0.5Tm) and 673 K (0.7Tm) for 1 hour although the 

second fiber disappears in the sample annealed at 473 K. The stabilization of the texture 

during isochronal annealing is confirmed by the good thermal stability of the 

microstructure and the microhardness values [11]. However, the disappearance of the 

second fiber in the sample annealed at 473 K is not satisfactorily explained but it 

appears to be associated with the recrystallization at shear bands that lead to the 

formation of recrystallized grains with a variety of orientations [11, 226]. 

 The evolution of texture of an Mg-1.43Nd (wt.%) alloy was investigated after 

HPT processing at N = 5 turns and isochronal annealing for 1 hour at 423 (0.45Tm), 523 

(0.56Tm), 623 (0.67Tm) and 723 K (0.78Tm) using EBSD measurements [10]. The 

results show that the deformation texture is a B-fiber shifted by 60° towards SD and this 

is retained during annealing up to 523 K as shown in Figure 37 [10]. By increasing the 

annealing temperature to 623 and 723 K, the recrystallization texture changes to a B-

fiber with symmetrical splitting towards SD as shown in Figure 37. Similar to the Mg-

0.41Dy alloy already cited, the mean grain size of the Mg-1.43Nd alloy remains stable 

on annealing up to 523 K but there is major grain growth after annealing at 723 K. A 

change in the precipitation sequence during the annealing treatment and the pinning 

effect of the precipitates are responsible for the texture and microhardness variations 

[10]. By performing a comparison between the texture evolution in the Mg-0.41Dy and 

Mg-1.43Nd alloys, it is observed that the recrystallization texture of Mg-0.41Dy 

appears more stable than Mg-1.43Nd at a higher annealing temperature of 673 K. This 

difference is attributed to the occurrence of extensive DRX during HPT processing in 

the Mg-0.41Dy alloy and less DRX in the Mg-1.43Nd alloy [10, 68]. The absence of 
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DRX during conventional deformation processing such as rolling is also found 

responsible for the modification or weakening of the recrystallization texture in Mg-

based alloys [227, 228]. The presence of Mg12Nd and Mg24Nd5 second phases in the 

Mg-1.43Nd alloy is the main cause for the restriction of DRX and hence this leads to a 

texture modification during a substitution treatment [10]. 

 The formation of nanoscale MgZn2 and Mg2Zn11 intermetallics during annealing 

at 473 K for 1 hour is reported also as the main factor causing texture changes in the 

hybrid counterpart based on a series of Zn/Mg/Zn discs synthesized using HPT 

processing at P = 6.0 GPa for N = 30 turns [48].  

 

3. Texture simulation during HPT processing for different materials 

Over the last two or three decades, complex polycrystalline models for 

numerical prediction of the deformation processes and texture evolution have undergone 

a significant progression. Thus, models for texture prediction are now used as effective 

tools to connect the texture development to the deformation mechanisms and this assists 

in understanding the evolution of microstructure and mechanical properties. The models 

frequently used to predict the texture evolution during SPD, where the deformation is 

mainly by simple shear, are the full constraints (FC) Taylor model [229] and the visco-

plastic self-consistent (VPSC) model [230, 231]. A complete description of these 

models, together with their formulation, is available in several reports [77, 229, 230, 

232].  

 Briefly, it is assumed in the FC model that the local strain in the grains is equal 

to the imposed macroscopic strain [71, 233] but this is not suitable for large strain 

deformation modeling [234, 235]. By contrast, the VPSC model allows each grain to 

deform differently, depending specifically on its directional properties and the strength 
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of the interaction with its surroundings [71, 233]. Numerous reports demonstrated that 

the VPSC model has successfully delineated the experimental texture during SPD 

processing especially when processing by ECAP [233, 236-241]. An example of texture 

modeling is presented in Figure 38 and Table 11 by considering different approaches 

and hypotheses on the deformation history: thus, there is simple shear (SS) [242] or 

finite element (FE) [236] models and different grain refinement mechanisms; grain co-

orientation (GCR) [243] and/or grain subdivision (GSD) [244].  

 The results demonstrate that the VPSC model with a grain co-rotation scheme 

and a simple shear deformation simulated by finite element (SCRD/FE) provides the 

best agreement with the experimental texture evolution during ECAP processing [233]. 

It is noted also that grain subdivision (GSD) is an important parameter in the models 

that tends to improve the agreements between the experimental and predicted textures 

during SPD processing [245-248] as is evident from inspection of Figure 39. 

 Nevertheless, it is important to recognize that the VPSC model with different 

applied combinations does not take into account the interaction of the grain with its 

neighbors as in grain-to-grain interactions and this leads inevitably to a predicted 

texture that is too strong [249]. A crystal plasticity finite element (CPFE) method was 

proposed as a possible solution for this VPSC limitation where the polycrystalline 

plasticity constitutive equations in the CPFE method are implemented into FE software 

[250, 251]. In this approach, the grains are characterized by finite elements and the 

deformation of the individual grains takes into account the macroscopic boundary 

conditions and also the grain-to-grain interactions [252]. The CPFE method provides a 

significant improvement for texture predictions in various deformation modes [249, 

253-261] but nevertheless VPSC with grain co-rotation remains a good model which is 
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capable of generally predicting well the overall texture. The VPSC model is also very 

widely used due to its simplicity compared to the CPFE method [249].  

 Very recently, a 3D polycrystal simulation using a 3D cellular automaton model 

was developed [97, 98] and used successfully to confirm the effect of texture evolution 

on grain coarsening in FCC materials during SPD processing [96]. Figure 40 presents 

an example of the evolution of microstructure with different initial textures after shear 

deformation [98]. The results indicate that there is a texture-induced coarsening effect in 

SPD which should be introduced in grain refinement analyses. 

 Limited investigations are available dealing with the texture prediction during 

HPT processing for FCC [116, 126, 136, 262] and BCC [188] metals and there are no 

similar investigations for HCP materials. For single crystal FCC metals, the texture 

evolution for Ni and Al after HPT processing was predicted using a crystal plasticity 

finite element (CPFEM) model and the results are in good agreement with the 

experiments [126, 262]. The simulations confirm the instability of the shear texture 

components and their dependency on the amount of shear strain during HPT processing. 

It is worth noting also that, unlike polycrystalline samples, the texture simulation of 

single crystals is not complicated because it is not necessary to incorporate into the 

analysis the effects of grain boundaries and inherent grain-grain interactions.  

 For polycrystalline materials, the results for CP Al shown in Figure 41 indicate 

that at low shear strain the full constraint Taylor model gives a good agreement between 

the experimental and simulated texture compared to the VPSC model [116]. However, 

both models fail to produce the experimental texture at relatively large shear strains 

because the effect of grain fragmentation and the occurrence of DRX are not considered 

in the simulation procedures [116]. In addition, the Oblique Cube component (see 

section 2.2.2.1) is not predicted by the VPSC model for BCC NiAl processed by HPT at 
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a high temperature [188]. Despite these limitations, the VPSC model is helpful in 

elucidating and explaining the texture difference between the Fe-36Ni and Cu-2.5Ni-

0.6Si alloys processed by HPT to low shear strains by simulating the effect of the initial 

texture [157].  

 In summary, the results show that the different proposed models of FC, VPSC 

and CPFEM can correctly predict the texture evolution after SPD processing in general 

and after HPT processing in particular. However, refinements should be introduced into 

the models to improve the simulations and especially that of the appearance of the 

Oblique Cube component at high temperatures. This suggests the need to incorporate 

restoration and DRX into the current models. 

 

4. Texture comparison with some HPT processing variants  

 Several modified HPT processing methods were proposed over the last decade 

mostly due to the apparent limitations in HPT processing such as the inhomogeneity of 

the shear strain across the disc radius or the generally relatively small size of the HPT 

samples. The schemes of these HPT variant processing methods and their investigations 

of texture evolution are depicted schematically in Figure 42 a-c.  

 

4.1.Texture evolution after HPDT vs. HPT 

 The high pressure double torsion (HPDT) method was first introduced in 2014 

[263]. In HPDT processing both sides of the disk are rotated in opposite directions 

instead of only one side as in the standard HPT processing (see Figure 42a). The HPDT 

processing was first proposed as an alternative solution to decrease the inhomogeneity 

of the strain distributions as produced in the conventional HPT process [264]. However, 
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the results demonstrate that the gradient in grain structure as a function of radial 

direction is similar for both processing methods [264].  

Theoretically, HPDT can introduce twice as much plastic strain per revolution 

compared with conventional HPT and this leads to finer grain sizes such as ~350 nm 

versus ~650 nm measured at the edge of a Cu disc processed through N = 4 turns [263]. 

The difference between the texture evolution after HPT and HPDT processing was 

investigated at the mid-radius and at the edge of the top and bottom surfaces of CP Cu 

discs processed for N = 1, 2 and 4 turns at RT. The results show that HPDT processing 

leads to the formation of typical shear components similar to HPT processing (see 

Figure 43). First, the texture of both processing methods sharpens with increasing strain 

and then weakens with additional grain refinement [263]. However, the texture is more 

homogenous across the HPDT disks than in HPT and this is explained because a 

saturation of the grain size is reached more rapidly in HPDT than in HPT processing 

[263]. 

 The difference between the texture evolution after HPT and after HPDT 

processing was also investigated at the mid-radius and at the edge of metal-matrix 

composites of CP Cu and silicon carbide (SiC) processed under N = 2, 4, and 6 turns at 

RT [129]. In this report the texture of the metal-matrix composite is compared with that 

of the CP Cu alloy and a slight gradient in the shear texture is reported for the 

composite with increasing disc radius. More importantly, the texture of the composite is 

very much weakened by comparison with the bulk Cu alloy regardless of the numbers 

of turns. The weakening of the texture even after a low strain is attributed to the 

presence of the SiC particles. Thus, if the SiC particles in the metal matrix are 

sufficiently hard they will act as obstacles for the movement of dislocations and thereby 

reduce the activation of slip systems and this will slow the texture formation [129, 265]. 
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By contrast, each particle forms its own deformation zone and lattice rotations within 

these zones increase with increasing strain leading to a weak or even a near-random 

texture [129, 266].  

 

4.2.Texture evolution after RHPT vs. HPT 

 The reversal high pressure torsion (RHPT) procedure was first proposed in 2005 

[169] where samples are either strained in one direction as in conventional monotonic 

processing (m-HPT) or the straining direction is reversed periodically as in cyclic 

processing (c-HPT). Later, the technique of reversing the straining direction during HPT 

processing was used by several investigators [38, 118, 267-281] in order to highlight the 

effect of loading path on grain refinement and texture evolution in HPT.  

In one set of experiments [38, 118] a cycle of RHPT processing consisted of 

deforming a CP Al sample to 12° rotation, equivalent to N ≈ 1/16 turn, in a clockwise 

direction followed by counterclockwise rotation up to the same rotation (12°) to 

produce a total of 24° of rotation which is then equivalent to N = 1/8 turn during 

conventional or monotonic HPT processing. In addition, the Al sample was processed to 

four reversal cycles that were equivalent to 96° of their monotonic counterpart so that N 

≈ 1 HPT turn. The texture was measured in the central region and the edge of the 

processed discs. The results are shown in Figure 44 and they demonstrate that m-HPT 

leads to the formation of a typical shear texture for a high γSFE material through an 

equivalent strain range of 1–4 consisting of a partial A-fiber and a full B-fiber with the 

dominance of the C component, and then a weakening up to εeq = 8.  

 By contrast, the formation of the texture after RHPT processing was 

significantly different where only some components belonging to the A-fiber, such as 

the A/  ,   
  and   

  components, appear and disappear periodically with increasing 
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equivalent strain. The texture difference between m-HPT and c-HPT, and the instability 

of the RHPT texture, was a consequence of the nature of the reversal deformation path. 

Thus, the free isolated dislocations contained within the cells or sub-grains are able to 

accumulate and annihilate during the reversed motion which retards the generation of 

the HAGBs. Moreover, even the sub-boundaries and cell walls are not sufficiently 

stable against the reversal strain which directly affects the lattice rotation and thus the 

texture formation. Unusually, a Cube component, and therefore a recrystallization 

texture component, was detected at the edge of both RHPT samples after 1 and 4 RHPT 

cycles [38, 118]. The presence of a Cube texture is not expected since the 

microstructural evolution demonstrates that the edge of the RHPT samples continue to 

contain dislocations within the subgrains and in the vicinity of the subgrain boundaries 

[282].  

It is noted that the texture evolution revealed by this latter investigation corresponds 

only to {111} pole figures which in practice are not sufficient for an accurate 

identification of the texture components. Moreover, the achieved accumulated strain 

used in this investigation is relatively weak at εeq = 8 compared to the much higher 

strains usually reported where, typically, εeq  100. In addition, it must be noted that the 

resulting grain refinement and grain boundary distributions are very sensitive to the 

applied strain amplitude (strain increment) in RHPT processing [110, 267]. It is 

expected, therefore, that the texture evolution may be significantly affected by the 

applied strain amplitude but to date there have been no investigations to evaluate this 

possibility.  
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4.3.Texture evolution after HPTT vs. HPT 

Processing by High Pressure Tube Twisting (HPTT) was first proposed in 2009 

[283] as an efficient new SPD processing method and later it was further developed [35, 

36, 284]. HPTT is a variant of HPT processing wherein instead of a disk there is a thin-

walled tube which is exposed to very large shear strain levels in a single operation, as 

shown schematically in Figure 42c. As in conventional HPT processing, the shear strain 

is not constant within the tube walls. In practice, however, the shear gradient in HPTT 

processing is the opposite to the gradient produced during HPT processing. Thus, the 

inner wall of the tube sample undergoes a maximum strain level and this strain 

decreases monotonically towards the external wall [283] whereas in HPT processing the 

shear strain increases with increasing radius. The average shear strain can be calculated 

from the equation [34]:  

   
 

        
                                                              (2) 

where  is the rotation angle and a and b are the internal and external radii of the tube 

sample, respectively.  

Experiments show that HPTT processing can introduce larger strains than in 

conventional HPT processing. For example, the equivalent strain for N = 1 HPTT turn 

and for a geometry of b/a = 10/9 is about εeq = 34.43 whereas the equivalent strain is εeq 

= 20.14 at the edge of a disc sample with a radius of 10 mm after the same number of 

HPT turns. 

 Among the various methods of modified HPT processing, the microstructures 

and mechanical properties of various metals were investigated after HPTT processing, 

such as Al, Cu, Fe, brass and Mg-based alloys, and the results are documented 

comprehensively in a recent review [285].  
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 The evolution of the texture after HPTT processing was investigated in detail for 

CP Al and AA5086 alloys [34, 285]. The results show that the texture after HPTT is 

very similar to that reported for Al alloys processed by HPT processing where the 

texture is a typical shear texture of A-fiber and B-fiber with the dominance of the C 

component and it exhibits a gradient distributions within the cross-section of the tube 

sample as shown in Figure 45. The results also reveal a similar texture evolution as a 

function of increasing strain where the texture weakens and the C component continues 

to dominate [34, 285]. 

 

4.4.Texture evolution after HPCS vs. HPT 

 High pressure compressive shearing (HPCS) was introduced in 2019 [39] and it 

is essentially a modified version of high pressure shearing (HPS) as first proposed in 

2009 [37]. Processing by HPS entails applying a large shear strain by displacing sheet 

or rod samples by pushing a plunger from one side to the other under high pressure (see 

Figure 42d) [37]. Numerous investigations were performed to explore the effect of this 

process on grain refinement and superplasticity in various materials (Al, Ni, Mg and Ti) 

[37, 286-292] but there are no comprehensive reports on the texture evolution.   

 As shown schematically in Figure 42e, HPCS processing is basically similar to 

HPS but with the addition of a confining pressure and further compressive straining to 

increase the shear strain [39]. At the present time, the evolution of texture after HPCS 

was investigated only in the BCC material of ARMCO steel [39]. Figure 46 shows that 

all BCC ideal shear components are formed after 1 pass and they persist after 3 passes 

with some changes in their intensities. It is claimed that the texture intensity is low and 

this indicates a small anisotropy. However, it is known that the shear texture is usually 

weak compared to other texture types. It is interesting to note that the grain size, 
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crystallographic disorientation and texture appear to be uniformly distributed 

throughout the thicknesses of the samples [39]. 

 

4.5.Combinations of HPT processing with other SPD processing techniques 

 A combination of different types of deformation processing is often used in 

order to optimize the microstructure and the mechanical properties of materials [122]. 

 Generally, the texture is very similar, composed of a weak A-fiber, a strong B-

fiber with the dominance of the C component, in pure Ni subjected to HPT processing 

at N = 5 turns and for a sample firstly processed by ECAP through 8 passes using 

processing route Bc and subsequently processed again by HPT at N = 5 turns [122]. The 

similarity in the texture is ascribed to the same shear deformation imposed in ECAP and 

HPT processing. By contrast, HPT processing of the Cu-layers of nanolayered Cu-Nb 

composites fabricated by ARB processing exhibit a very different texture evolution 

[131] by comparison with that reported for pure Cu [127, 128]. First, the texture is 

random at equivalent strains εeq ranging between 2.42 and 6.23, then a complete A-fiber 

forms when εeq is increased to 10.8 and 165.1. Finally, the   
  component dominates the 

texture at a very high shear strain of εeq = 1437–2592. It is interesting to note that the 

presence of a sharp A-fiber is also reported in an HPT-processed Cu-2.5Ni-0.6Si alloy 

[72]. The texture evolution of an Nb layer which is a BCC metal is found also to be 

different and more complex than the textures usually reported in BCC materials [131].  

 

5. Summary and conclusions 

 The evolution of the deformation textures of FCC, BCC, and HCP materials 

after HPT processing and the resultant recrystallization texture during different heat 
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treatments are reviewed in this report based on the published data available to date. The 

main findings may be summarized as follows: 

 For FCC materials, HPT processing leads to the formation of two texture fibers: 

an A-fiber containing A,   ,   
  and   

  components and a B-fiber with A,   , B,    and C 

components. The sharpness of the individual texture components depends strongly on 

the value of the stacking fault energy of the material. For example, the C component 

dominates the deformation texture of materials with high γSFE while the B/   

components are dominant in medium and low γSFE materials. Furthermore, the initial 

grain size and the presence of second phase particles play a major role in the 

development of the deformation texture. For the majority of FCC materials, it appears 

that the texture is unstable and heterogeneous across the disc radius during the earlier 

stages of deformation but becomes more homogenous with increasing shear strain. 

However, the texture is much weaker than in other SPD processes due to the extreme 

grain refinement and the activation of grain boundary sliding. The recrystallization 

texture after HPT processing is not yet well explored in FCC materials but it should be 

emphasized that the deformation shear texture is retained during the recrystallization 

and grain growth processes.  

 For BCC materials, HPT processing leads to the formation of F, J,   , E,   ,    

and    components. However, most of the results for BCC metals were obtained after 

processing by HPT at a high deformation temperature where dynamic recrystallization 

occurs and this leads also to the formation of the Oblique Cube. The deformation 

texture is retained after an annealing treatment in W pure metal but changes in an 

annealed Fe-9Cr alloy depending on the static recrystallization mechanism. However, 

more research is now needed to fully correlate the grain refinement mechanism, 

mechanical properties and texture evolution and also to obtain a more complete 
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understanding of the mechanisms responsible for the formation of the recrystallization 

texture.  

 For HCP materials, five fibers of B, P, Y, C1 and C2 are expected to form during 

HPT processing. Nevertheless, the published data demonstrate that the B-fiber, known 

also as a basal texture, is developed in the majority of HCP-processed materials 

whatever the initial condition of the material and their respective c/a ratios. 

Furthermore, the distribution of the basal pole and the deviation of the basal texture 

from its ideal position in Mg-based alloys depend strongly on the alloying elements and 

the presence of second phases. In practice, the presence of second phases also control 

the texture modification observed during an annealing treatment by the restriction of 

DRX during HPT processing.  

 The texture development during the alternative procedures of processing by 

HPDT, RHPT, HPTT and HPSC are reported to be generally similar to those formed 

during conventional HPT processing mostly due to the presence of the same shear 

deformation. 

Overall, this review confirms that HPT processing induces considerable changes 

in the texture and microstructure for different material systems. Crucial information 

about the mechanisms of plastic flow and strain-induced changes in the mechanical 

properties are directly linked and arise from these results. Therefore, a serious challenge 

is now to conduct thorough research investigations on the topics of dislocation 

microstructures, sub-grain sizes after fragmentation, second phase particle distributions 

and sizes and the consequent effect of alloying elements. It is important to note that the 

effects on the texture evolution of most of these metallurgical parameters has not yet 

been satisfactorily quantified.  
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 It is also of primary importance to develop model calculations of texture which, 

when judiciously combined with comprehensive experimental analyses, can provide 

valuable and decisive information concerning the deformation mechanisms and the 

correlations between the texture, flow stress and anisotropy. To date, there are only 

limited reports dealing with texture simulation. This means that special subroutines and 

procedures must be dedicated to HPT processing and then implemented in model 

calculations and in simulations such as the Self-Consistent or Finite Element codes. 

 As a final comment, it would be beneficial to more deeply explore the evolution 

of the recrystallization textures and thermal stability after HPT processing in FCC, BCC 

and HCP materials in order to obtain a more complete understanding of their occurrence 

and mechanisms.  
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Figure captions 

Figure 1: Illustrations showing the principles of ECAP, ARB and HPT processing. 

Figure 2: Effect of different texture component on the R-value as a function of 

orientation with respect to the rolling direction of the sheet: a) Copper {112}<111> and 

Brass {110}<112> (deformation components, b) Cube {001}<100> and Goss 

{110}<100> (recrystallization components) and c) A{111}<110>, A* {111}<112> and  

C {001}<110> (shear components) [88]. 

Figure 3: ODF sections at 2 = 0 and 45 ° and {111} pole figures showing the positions 

of the ideal shear texture components on the SD-RD, SD-CD and CD-RD planes for 

materials with FCC structure. 

Figure 4: ODF sections at 2 = 45° showing the texture difference between HPT-

processed (a) pure Al for εeq = 7.97 (measured by EBSD) [116], (b) pure Cu for εeq = 

254 (measured by XRD) [127], (c) CrMnFeCoNi alloy for εeq = 9.23 (measured by 

XRD) [135] and (d) ideal position of the shear texture components. 

Figure 5: (a) Schematic illustration of hardening models: without recovery, with 

recovery and softening for materials processed by HPT [146], experimental example (b) 

of hardening with recovery of pure Al processed by HPT [151], (c) hardening without 

recovery of Cu-2.5Ni-Si alloy processed by HPT and ECAP [150] and (d) CrMnFeCoNi 

high entropy alloy processed by HPT [149]. 

Figure 6: Recalculated {111} pole figure of Cu-2.5Ni-0.6Si and Fe-36Ni alloys after 

HPT proceeding at RT through N = 1/2, 1, 5 and 10 turns [157]. Pole figures were 

presented in equal area projection. 

Figure 7: Texture evolution of Pd-10Au alloy after HPT processing for N = ½ turn 

(εeq= 7.67) with different initial grain size: based on an earlier report [133]. 
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Figure 8: ODF sections at 2 = 45° for as-quenched, aged at 473 K and aged at 523 K 

Al-0.6Mg-0.4Si alloy processed by HPT for N = 1, 5 and 20 turns, respectively [119]. 

Reproduced with permission. 

Figure 9: Instability of the texture during earlier stage of processing showing by ODF 

sections at 2 = 45° of CP Al alloy after HPT processing at εeq of: (a) 0.45, (b) 0.90, (c) 

1.34, (d) 2.69, (e) 5.38, (f) 10.76, (g) 21.51, (h) 32.27 and (i) 53.78 [117]. Reproduced 

with permission. 

Figure 10: (a) Engineering stress-strain curves of annealed and HPT processed CP Al, 

(b) evolution of (c) shear texture components (c) radial and thickness strain and (d) 

texture index as a function of equivalent  strain [138]. 

Figure 11 : Evolution of the stored energy in the shear texture components as a function 

of number of HPT turns of the: (a) Cu-2.5Ni-0.6Si and (b) Fe-36Ni alloy [157]. 

Figure 12: (a) Distribution of HPT-disc areas, where the texture measurements were 

performed and (b) ODF sections at 2 = 45° near the center, half-radius and near the 

edge of the disc of Cu-2.5Ni-0.6Si alloy after processing by HPT through 1/2, 1, 5 and 

10 turns [72]. Reproduced with permission. 

Figure 13: (a, b) evolution of the microstructure and mean grain size of Cu-2.5Ni-0.6Si 

alloy after HPT at the center, middle and near edge after processing through 1/2, 1, 5 

and 10 turns [72] and (c) evolution of Vickers microhardness with distance from the 

center of the HPT processed discs [150]. 

Figure 14: (a) Schematic illustration of cross-sectional plane of one-half of an HPT-

disc showing the positions selected for Vickers microhardness and EBSD 

measurements. EBSD orientation maps and the corresponding {111} pole figures 

measured at the edge of the disc: (b) top, (c) middle and (d) bottom sections. (e) Strain 

distribution across the through-thickness and (f) distributions of Vickers microhardness 
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in the radial direction across the through-thickness in Al (A5086) alloy processed at RT 

for 270° rotation (N = 3/4 turn) [175]. Reproduced with permission. 

Figure 15: Evolution of the texture index value of Fe-36Ni alloy after HPT processing 

up 10 turns at RT and 523 K [54] . Reproduced with permission. 

Figure 16: ODF sections at 2 = 0 and 45° of HPT processed pure Ni at 77, 300, 523 

and 673 K, respectively [124]. Ideal positions of the shear texture components and 

Oblique Cube are also presented. Reproduced with permission. 

Figure 17: ODF sections at 2 = 0 and 45 ° and {110} pole figures showing the position 

of ideal shear texture components on the SD-RD, SD-CD, CD-RD planes for materials 

with BCC structure. 

Figure 18: ODF sections at φ2 = 0 and 45° of NiAl intermetallic processed by HPT to 

εeq ≈ 34.6 at: (a) RT and (b) 773 K [188]. 

Figure 19: ODF sections at φ2 = 0 and 45° for pure tantalum HPT processed (εeq = 136) 

for different temperatures [191]. Reproduced with permission. 

Figure 20: A schema illustrates the evolution of the microstructure and texture in W 

and WL10 alloys during HPT processing [186]. 

Figure 21: Variation of (a) shear strain, (b) microhardness, (c) Optical micrograph, 

across the thickness of the HPT Fe consolidated disc and (d) the corresponding {110} 

pole figure in the three distinct deformation zones: U, T and S-zones  [183]. Pole figures 

were presented in stereographic projection Reproduced with permission. 

Figure 22: φ2 = 45° ODF sections of Fe-9Cr alloy: (a) processed by HPT at 573 K for 

N = 10 turns, followed by annealing at 873 K for (b) 6 h and (c) 24 h. (d) represents the 

key figure of ideal shear components of BCC materials [184]. Reproduced with 

permission. 
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Figure 23: (a-c) grain size distribution of Fe-9Cr alloy after HPT processing at 573 K 

for N = 10 turns and subsequent annealing at 873 °C for 6 and 24 h. EBSD maps 

showing grains with J orientation (highlighted in red color) having the larger average 

size, (a’- c’) schematic illustrations of the changes in microstructure and texture in HPT-

processed Fe-9Cr alloy during annealing [184]. 

Figure 24: ODF sections at 2 = 0 and 30 ° and {0002} and {10  0} pole figures 

showing the position of ideal shear texture components on SD-RD, SD-CD, CD-RD 

planes for materials with HCP structure. 

Figure 25: {0002} pole figure of pure : (a) Ti [201], (b) Mg [202] and (c) Zn [203] after 

HPT processing at RT through N = 5 turns. Reproduced with permission for Zn. 

Figure 26: Texture difference presented by the {0002} recalculated pole figures 

between the as-cast and as-extruded CP Mg after HPT processing at N = 1/8 turn [67]. 

Reproduced with permission. 

Figure 27: {0002} recalculated pole figures of AZ31 alloy processed by HPT for N = 1 

and 5 turns at RT, 373 and 473 K, respectively [211].  

Figure 28: {0002} pole figure evolution in pure Mg as a function of the hydrostatic 

pressure and shear strain imposed during HPT processing: modified from [213].  

Figure 29: Strain-stress curves and the corresponding texture evolution of AM60 alloy 

as a function of number of HPT turns [215].  

Figure 30 : Evolution of microhardness and texture intensity as a function of equivalent 

strain for pure Ti (a) [217], Mg-0.41Dy (b, c) [68] and Zn-0.5Cu (d, e) [218] alloys.  

Figure 31: The measured yield strength as a function of the calculated values for AM60 

alloys processed by ECAP, MDF and HPT [215] and for Mg-0.41Dy alloy processed by 

HPT [68].  
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Figure 32: Basal {0002} pole figures near the center, middle and the edge of the discs 

of the Mg-0.41Dy (wt. %) alloy processed by HPT at RT to N = 1, 5 and 15 turns [68]. 

Reproduced with permission. 

Figure 33: Grain orientation spread maps of the HPT processed Mg-0.41Dy alloy and 

the {0002} corresponding pole figures showing the orientation of the deformed and 

recrystallized grains obtained by grain orientation spread (GOS) approach [68].  

Figure 34: {0002} pole figures of AZ60A alloy at edge position: (a) initial state (as-

extruded), (b) after compression under 6.0 GPa without torsion straining and (c) after 

HPT processing for N =1/2 under P = 6.0 GPa [205]. Reproduced with permission. 

Figure 35: Color-coded maps showing the microhardness distributions across the one-

half cross-sections of discs of AZ31 alloy after processing by HPT at 296 and 463 K for 

1/4, 1, and 5 turns, respectively [221, 222].  

Figure 36: (a) Schematic illustration of cross-sectional plane of one-half of an HPT-

disc showing the positions selected for Vickers microhardness and EBSD 

measurements. EBSD orientation maps and the corresponding {0002} pole figures 

measured at the edge of the disc: (b) top, (c) middle and (d) bottom sections. (e) Strain 

distribution across the through-thickness and (f) distributions of Vickers microhardness 

in the radial direction across the through-thickness in pure Mg processed at RT for 270° 

rotation (N = 3/4 turn) [175]. Reproduced with permission. 

Figure 37: Evolution of texture, grain size and microhardness as a function of 

annealing temperature of the HPT processes at N = 5 turns [10].  

Figure 38: Evolution of texture as a function of number of ECAP passes via route Bc. 

(a) experimental results and simulated resulted by: (b) FC/SS, (c) FC/FE, (d) SC/SS, (e) 

SCR/SS, (f) SCRD/SS and (g) SCRD/FE methods (see Table 11) [233]. Contours: 

1/1.4/2.8/4/5.6/8/11/16/22. Reproduced with permission. 
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Figure 39: (a) Experimental and (b) predicted {100} pole figures for micro-extruded 

ultra-fine grains copper [247, 248]. Contours: 1.2/2/2.5/3/3.5/4/8/12/20. Reproduced 

with permission. 

Figure 40: Typical morphologies for orientation evolution induced grain coarsening 

events obtained by 3D simulation [98]. 

Figure 41: Experimental and predicted texture evolution using VPSC and Taylor 

models after HPT processing of CP Al at εeq = 0.75 and 4 [116]. 

Figure 42: Scheme of: (a) high pressure double torsion (HPDT), (b) reversal high 

pressure torsion (RHPT), (c) high pressure tube twisting (HPTT), (d) high pressure 

shearing (HPS) and (e) high pressure compressive shearing (HPCS). 

Figure 43: Evolution of the texture of CP Cu discs processed by HPT and HPDT as a 

function of the disk location and the numbers of turns [263]. Reproduced with 

permission. 

Figure 44: {111} pole figures of the pure Al after monotonous (HPT) processing (a-d), 

RHPT processing (e-h) and the ideal position of the shear component in the {111} pole 

figure (i) [118]. Reproduced with permission. 

Figure 45: ODF sections at 2 = 0 and 45 ° at (a) the internal and (b) external surfaces 

of the tube of CP Al alloy after HPTT processing for an average shear of 2 [34]. 

Reproduced with permission. 

Figure 46: ODF sections at 2 = 0 and 45 ° of ARMCO steel (BCC) after HPCS 

processing at RT through: (a) pass and (b) 3 passes [39]. Reproduced with permission. 
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Table 1. Position of ideal shear texture components for FCC materials projected in the 

SD-RD, SD-CD and CD-RD planes. 

Notation SD-RD plane SD-CD plane CD-RD plane 

 Miller indice 

{hkl}<uvw> 

Euler angles (°) 

(1, Φ, 2) 

Miller indice 

{hkl}<uvw> 

Euler angles (°) 

(1, Φ, 2) 

Miller indice 

{hkl}<uvw> 

Euler angles (°) 

(1, Φ, 2) 

A {1  1}<110> (60, 54.7, 45) {112}<1  0> (0, 35.2, 45) {110}<1  2> (54.7, 90, 45) 

   {  1  }<    0> (120, 54.7, 45) {211}<0  1> (50.7, 65.9, 63.4) {101}<    1> (35.26, 45, 90) 

  
  {11  }<112> (90, 54.7, 45) {101}<    1> (35.26, 45, 90) {121}<  01> (129.23, 65.9, 26.5) 

  
  {11  }<2  1> (30, 54.7, 45) {011}<    1> (144.7, 45, 0) {211}<0  1> (50.7, 65.9, 63.4) 

B {1  2}<110> (50.7, 65.9, 63.4) {111}<1  0> (0, 54.7, 45) {110}<1  1> (35.26, 90, 45) 

   {  1  }<    0> (0, 35.26, 45) {111}<0  1> (60, 54.7, 45) {101}<    1> (54.7, 45, 90) 

C {001}<110> (45, 0, 0) {110}<1  0> (0, 90, 45) {011}<0  1> (90, 45, 0) 

 

 

 

 

 

  



Table 2. Major texture observations in FCC materials as a function of HPT processing conditions. 

Alloy Experimental conditions Major texture observations Ref. 

Commercial Purity (CP) 

Al 

P= 2.5 GPa, V = 1 rpm, RT 

N = 1/8, 1/2, 1 and 5 turns 

EBSD at the mid-radius of the discs 

εeq= 0.75–5.31: typical shear texture (weak A-fiber, strong B-fiber with C 

domination) 

εeq= 7.97–99: texture weakening 

 

[116] 

CP Al P= 6 GPa, V = 0.5 rpm, RT 

N = 1/24,1/12, 1/8, 1/4, 1/2, 1, 2 and 5 turns 

EBSD at the mid-radius and edge of the discs 

εeq= 0.45: no shear texture 

εeq= 0.9–21.51: gradual formation of typical shear texture 

εeq= 32.27–53.38: texture weakening 

[117] 

Pure Al (99.99%) P= 5 GPa, V = 0.2 rpm, RT 

N = 1/8 and 1 turn 

EBSD at the mid-radius and edge of the discs 

εeq= 1–4: gradual formation of typical shear texture 

εeq= 8: texture weakening 

[118] 

Al-Mg-Si P= 6 GPa, V = 1 rpm, RT 

N = 1, 5, 10 and 20 turns 

EBSD at the mid-radius of the discs 

As quenched condition: 

εeq= 11.3: presence of C and   
   

εeq= 56.65–226.6: texture weakening 

Aged at 473K condition: 

εeq= 11.3–54.65: presence of C and   
   

εeq= 56.65–226.6: Texture strength and domination of   
   

Aged at 523K condition: 

εeq= 11.3–56.65: presence of C and A-fiber 

εeq= 226.6: texture weakening 

[119] 

AA6082 P= 2 GPa, V = 0.5 rpm, RT 

N = 1, 3 and 5 turns 

XRD at the center, mid-radius and edge of the discs 

εeq= 1.81–108.77: stable texture with the presence of C,   
  and      [137] 

AA6082 P= 6 GPa, V = 1 rpm, RT 

N = 5 turns 

EBSD at the center and edge of the disc 

 

As cast condition: 

εeq= 3.6: typical shear texture (weak A-fiber, strong B-fiber with C 

domination) 

εeq= 81.4: weak to near random texture 

Aged T6 condition (803 K for 1h + 453 K for 6h): 

εeq= 3.6: domination of C 

εeq= 81.4: weak to near  random texture 

[120] 
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Al-Fe-Zr-Er P= 6 GPa, V = 1 rpm, RT 

N = 1/4, 1/2, 1, 5 and 20 turns 

EBSD at the edge of the discs 

εeq= 3.23: presence of C and      

εeq= 6.47–258.9: formation of {112}<111> and texture weakening 

[121] 

Pure Ni P= 6 GPa, V = 1 rpm, RT 

N = 5 turns (εeq= 4.53–113) 

EBSD measurement but without an indication of the 

position from the disc 

HPT 

typical shear texture (weak A-fiber, strong B-fiber with C domination) 

ECAP+HPT 

Similar texture but with some deviation from their ideal position 

[122] 

Pure Ni P= 4 GPa, V = 2.5 rpm, RT 

N = 1/10, 1/4, 1/2, 1 and 5 turns 

EBSD at the mid-radius of the discs 

εeq= 4.53–11.33: gradual formation of typical shear texture (weak A-fiber, 

strong B-fiber with C domination) 

εeq= 22.66–226.6: stable texture 

[123] 

Pure Ni P= 5GPa, V = 0.2 and 0.6 rpm, 

T = 77, 300, 523 and 673K  

N = 10 turns 

EBSD at the center of the discs 

 

At 77–300 K 

Typical shear texture (weak A-fiber, strong B-fiber with C domination) 

At 523–673 K 

C disappears and Oblique Cube appears 

[124] 

Single crystal Ni P= 2.3 GPa, V = 0.025 min
-1

, RT 

Φ = 22.5°, 45°, 60° and 125° revolution angles 

EBSD at the edge of the discs 

εeq < 1: the initial   
  component is stable 

εeq= 2–5:   
  transforms to C component 

εeq > 5: C transforms to    
  component 

[125, 

126] 

Pure Cu P = 6 GPa, RT, N = 10 turns 

XRD at the mid-radius and edge of the disc 

εeq= 127: weak A-fiber, strong B-fiber with the domination of B/   

εeq= 254: similar texture 

[127] 

Pure Cu P= 6 GPa, V = 1 rpm, RT 

N = 1/4, 1/2  and 5 turns  

EBSD at the center, mid-radius and edge of the discs 

εeq= 0.22–2.8: presence of C,   
  and   

  

εeq= 5.66–11.3: domination of Cube 

εeq= 22.6–113: presence of A and B fibers and weak C 

[128] 

Pure Cu and Cu matrix 

composite 

P= 3 GPa, V = 0.2 rpm, RT 

N = 2, 4 and 6 turns  

XRD at the mid-radius and edge of the discs 

Composite 

εeq= 14.5–23.3: gradual formation of A and B fibers with the domination of 

B/    

εeq= 46.7–72.5: texture weakening 

Pure Cu 

εeq= 29: presence of full of A and B fibers 

[129] 

Cu-Cr P = 5GPa, V = 1 rpm, RT 

N = 5 turns 

Annealed at 823 K for 2300h 

presence of A and B fibers with domination of   
  and B/   

[130] 
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EBSD at r = 3 mm from the center of the disc Annealed at 1273 K for 384h 

presence of A and B fibers with domination of   
  and B/   

Cu-Ni-Si P= 6 GPa, V = 1 rpm, RT 

N = 1/2, 1, 5 and 10 turns  

EBSD at the center, mid-radius and edge of the discs 

εeq= 0.45–5.66: gradual formation of A and B fibers  

εeq= 11.3–56.65: stable texture 

εeq= 101–203: A-fiber with the domination of   
  

[72]  

Cu/Nb composite P = 4.5GPa, V = 1.2rpm, RT 

N = 50°, 210°, 5 turns and 20 turns 

XRD measurement a cross the radii of the discs 

Cu layer 

εeq= 2.42–6.23: near-random texture 

εeq= 10.8–165.1: complete A-fiber 

εeq= 1437–2592: domination of   
  

[131] 

Fe-Ni P= 6 GPa, V = 1 rpm, RT and 523 K 

N = 1/2, 1, 5 and 10 turns  

EBSD at the mid-radius of the discs 

At RT 

εeq= 5.66–56.6: presence of all shear components with the domination of B 

εeq= 113.3: stable texture 

At 523 K 

εeq= 5.66:–113.3: weakening of the texture but the presence of C 

[54] 

Fe-based shape memory P = 8 GPa, RT, N = 2 turns 

synchrotron XRD at the mid-radius of the disc 

εeq= 9.06: presence of C [132] 

Pd-Au P= 4.5 GPa, V = π/2 per 18 s
-1

, RT  

N = 1/2  turn  

synchrotron XRD at the mid-radius of the discs 

Initial nano-grain 

εeq= 7.67: presence of   
  and Cube 

Initial coarse-grain 

εeq= 7.67: typical shear texture (weak A-fiber, strong B-fiber with C 

domination) 

[133] 

Pd-Au P= 6 GPa, V = 6°s
-1

, RT  

N = 7, 36 and 104° rotation angle  

XRD at the edge of the discs 

εeq= 0–0.4: near-random texture 

εeq= 0.57–1.61: formation of   
 , B/   and C 

εeq= 2.42–9.69: domination of B/   

[134] 

CrMnFeCoNi high-

entropy alloy  

V = 0.2 rpm, RT 

N = 1 and 5 turns 

XRD at the mid-radius and the edge of the discs 

εeq= 9.23–75: presence of   
 ,   

  and strong B/   [135] 

CoCuFeMnNi high 

entropy alloy 

P = 5 GPa, RT, N = 5 turns 

synchrotron XRD across the whole radius of the discs 

εeq= 0–22.6: gradual formation of shear texture  

εeq= 45.3–67.9: typical shear texture with the domination of A and   
  

εeq= 90.6: texture weakening 

[136] 

  



Table 3. General texture observations correlated with deformation mechanisms and 

hardening models as a function of γSFE values for FCC materials. 

 Texture observations Deformation mechanisms Hardening model 

High γSFE Formation weak A-fiber, 

strong B-fiber with the 

domination of C component 

which randomized with 

increasing shear strain 

dislocation slip and grain 

refinement and/or grain 

boundary sliding at high 

shear strain 

strain hardening with 

recovery 

Medium γSFE Formation of strong B-fiber 

with the domination of B/   

components which keeps 

stable with increasing shear 

strain 

dislocation slip and some 

twinning 

strain hardening without 

recovery 

Low γSFE Formation of weak   
 ,   

  and 

B/   components which keeps 

stable with increasing shear 

strain 

twinning with partial 

dislocation slip and grain 

boundary sliding at high 

shear strain 

strain hardening without 

recovery 

 

Table 4. Evolution of fraction of different grain boundary misorientations in the shear 

components for Cu-2.5Ni-0.6Si and Fe-36Ni alloys after HPT processing for N = 10 

turns [157].  

   
    

  A    B    C 

Cu-2.5Ni-0.6Si        

2–5° (%) 71.0 69.0 71.2 73.9 71.2 74.0 72.7 

5–15°(%) 24.8 26.4 25.2 23 24.7 23.4 24.4 

>15°(%) 4.2 4.6 3.7 3.2 4.1 2.6 2.9 

Fe-36Ni        

2–5°(%) 69.9 75.3 72.1 74.8 63.8 63.8 68.6 

5–15°(%) 15.1 11.6 13.2 12.2 18.5 18.1 17.0 

>15°(%) 15.0 13.1 14.7 13.0 17.7 18.0 14.4 

  



Table 5. Microstructural (grain size and HAGBs), microhardness and texture observations after HPT processing as a function of initial heat treatments. 

 

  

  Before HPT processing After HPT processing 

Heat treatment Microstructural observations  Texture observations d 

(nm) 

HAGBs 

(%) 

Hv Microstructural observation 

Al 

[120] 
As-cast needle-shaped stable 

precipitates (Mg2Si) of 500 nm 

in length 

low strain 

(εeq = 3.63) 

typical shear texture of 

high γSFE 

786 43 107 - 

high strain 

(εeq = 81.4) 

near-random texture 256 84 156 fragmented into many small 

precipitates having sizes 

ranging ~5 and 25 nm 

T6 

(623K for 1 h + 

453K for 6 h) 

nanoscale particles with 10 nm 

of length 

 

low strain 

(εeq = 3.63) 

domination of C 

component 

348 56 150 - 

high strain 

(εeq = 81.4) 

near-random  texture 251 76 158 sheared and partially 

dissolved 

Cu-Cr 

[130] 

Heating at 823K 

for 2300 h 

large particle of 500 nm at 

boundaries and small particles 

of 70 nm uniformly distributed 

into the Cr matrix 

High strain 

(εeq = 213) 

typical shear texture of 

medium γSFE 

450 92 159 partial dissolution of Cr 

precipitates 

Heating at 

1273K for 384 h 

small amount of large particle 

of 2 μm uniformly distributed 

into the Cr matrix 

high strain 

(εeq = 213) 

typical shear texture of 

medium γSFE 

350 88 170 dissolution of residual Cr 

precipitates and weak 

decomposition of the 

supersaturated solid solution 



Table 6. Evolution of mean grain size and HAGBs of Fe-36Ni alloy after HPT 

processing at RT and 523K [54]. 

Fe-36Ni N = 1/2 N = 1 N = 5 N = 10 

HPT at RT     

grain size (μm) 2.03 0.93 0.32 0.3 

HAGBs (%) 23 29 56.8 58 

HPT at 523K     

grain size (μm) 2.15 0.81 0.24 0.24 

HAGBs (%) 24 28 66.1 66.5 

 

  



Table 7. Evolution of microstructural parameters (grain size and HAGBs fraction), microhardness and texture of 2N and 4N Ni processed by 

HPT to εeq = 100 and isochronal annealed [181]. 

Condition Temperature (K) d(μm) HAGBs (%) Hv Texture observations 

2N 4N 2N 4N 2N 4N 2N 4N 2N 4N 

deformed 293 293 0.17 0.19 80 83 365 319  

 

typical shear texture for high γSFE 

 

 

typical shear texture for high γSFE 

 
recovered 623 423 0.17 0.29 79 83 315 300 

recrystallized 673 433 0.4 2.6 93 94 245 185  

weak and near-random 

 
grain growth 873 673 5.9 3.5 90 95 123 95 
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Table 8. Position of ideal shear texture components for BCC materials projected in SD-RD, SD-CD and CD-RD planes. 

Notation SD-RD plane SD-CD plane CD-RD plane 

 Miller indice 

{hkl}<uvw> 

Euler angles (°) 

(1, Φ, 2) 

Miller indice 

{hkl}<uvw> 

Euler angles (°) 

(1, Φ, 2) 

Miller indice 

{hkl}<uvw> 

Euler angles (°) 

(1, Φ, 2) 

   {    2}<111> (90, 35.2, 45) {011}<1  1> (54.7, 45, 0) {111}<1  1> (30, 54.7, 45) 

   {11  }<111> (39.2, 65.9, 26.5) {101}<  11> (125.2, 45, 90) {111}<    2> (90, 54.7, 45) 

J {    0}<112> (54.7, 90, 45) {111}<    2> (90, 54.7, 45) {111}<1  0> (129.23, 65.9, 26.5) 

   {0  1}<  11> (35.2, 45, 0) {111}<1  1> (30, 54.7, 45) {111}<0  1> (50.7, 65.9, 63.4) 

E {110}<1  1> (35.2, 90, 45) {112}<    1> (90, 35.2, 45) {121}<  01> (120, 54.7, 45) 

   {   0}<  1  > (54.7, 45, 0) {111}<0  1> (39.2, 65.9, 26.5) {211}<0  1> (60, 54.7, 45) 

F {110}<001> (0, 45, 0) {011}<100> (0, 45, 0) {001}<1  0> (45, 0, 0) 

 

  



Table 9. Position of ideal shear texture components for HCP materials and alloys 

projected in the SD-RD, SD-CD and CD-RD planes. 

Notation SD-RD plane SD-CD plane CD-RD plane 

 Euler angles (°) 

(1, Φ, 2) 

Euler angles (°) 

(1, Φ, 2) 

Euler angles (°) 

(1, Φ, 2) 

B-fiber (0-60, 0, 0) (0, 90, 0-60) (360, 90, 0-60) 

P-fiber (180, 0-90, 30) (0, 0-90, 30) (90-180, 90, 0) 

Y-fiber (180, 60, 0-60) (0, 30, 0-60) (300, 90, 0-60) 

C1-fiber (90, 60, 0-60) (60, 90, 0-60) (0, 30, 0-60) 

C2-fiber (270, 60, 0-60) (120, 90, 0-60) (180, 30, 0-60) 

 

  



Table 10. Evolution of the texture in the center of some HCP-processed alloys as a function of numbers of HPT turns 

Alloy Experimental conditions Initial texture Major texture observations Ref. 

Pure Zn P= 1 GPa, V = 1 rpm, RT 

N = 1, 3 and 5 turns 

XRD at the center of the discs 

Extrusion texture 

<10  0>//ED 

Formation of typical B-fiber after N =1 turn.  

The texture strength with increasing number of HPT turns. 

[203] 

Pure Mg P= 6 GPa, V = 1 rpm, RT 

N = 1/8, 1/4, 1/2, 1, 2,4, 8 and 16 turns 

Neutron diffraction at center of the discs 

Near-random and  

extrusion texture 

Initial near-random texture 

Formation of typical B-fiber after N =1 turn.  

The texture saturated with increasing number of HPT turns. 

Initial extrusion texture 

Formation of typical B-fiber after N =1/8 turn.  

The texture saturated with increasing number of HPT turns. 

[67] 

Pure Mg P= 6 GPa, V = 1 rpm, RT 

N = 1 and 5 turns 

EBSD at center of the discs 

Near-random texture Formation of typical B-fiber after N =1 turn.  

The texture saturated with increasing number of HPT turns. 

[202] 

Mg-1.44Ce P= 6 GPa, V = 1 rpm, RT 

N = 1/2, 1, 5 and 10 turns 

Near-random texture Formation of asymmetric B-fiber after N = ½ turn.  

The texture saturated with increasing number of HPT turns. 

[204] 
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XRD at center of the discs 

Mg-1.43Nd P= 6 GPa, V = 1 rpm, RT 

N = 1/2, 1, 5 and 10 turns 

XRD at center of the discs 

Near-random texture Formation of asymmetric B-fiber after N = ½ turn.  

The texture is weaker with increasing number of HPT turns. 

[204] 

Mg-0.41Dy P= 6 GPa, V = 1 rpm, RT 

N = 1/2, 1, 5 and 10 turns 

XRD at center of the discs 

Near-random texture Formation of typical B-fiber after N =1 turn.  

The texture saturated with increasing number of HPT turns. 

 

[68] 

AM60 P= 6 GPa, V = 1 rpm, RT 

N = 1/2, 1, 3 and 10 turns 

EBSD at center of the discs 

Extrusion texture 

<10  0>//ED 

Formation of typical B-fiber after N =1 turn and despaired  

after N = 10 turns. 

 

[215] 

  



Table 11. Different combinations and methods for texture simulation used by Li et al. 

[233]. Reproduced with permission. 

Designation Polycrystal 

model 

Grain co-

rotation (GCR) 

Grain subdivision 

(GSD) 

Deformation 

model 

FC/SS FC Taylor - - SS 

FC/FE FC Taylor - - FE 

SC/SS VPSC Off Off SS 

SCD/SS VPSC Off On SS 

SCR/SS VPSC On Off SS 

SCRD/SS VPSC On On SS 

SCRD/FE VPSC On On FE 
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Figure 1: Illustrations showing the principles of ECAP, ARB and HPT processing. 
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Figure 2: Effect of different texture component on the R-value as a function of 

orientation with respect to the rolling direction of the sheet: a) Copper {112}<111> and 

Brass {110}<112> (deformation components, b) Cube {001}<100> and Goss 

{110}<100> (recrystallization components) and c) A{111}<110>, A* {111}<112> and  

C {001}<110> (shear components) [88]. 
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Figure 3: ODF sections at 2 = 0 and 45 ° and {111} pole figures showing the positions 

of the ideal shear texture components on the SD-RD, SD-CD and CD-RD planes for 

materials with FCC structure. 
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Figure 4: ODF sections at 2 = 45° showing the texture difference between HPT-

processed (a) pure Al for εeq = 7.97 (measured by EBSD) [116], (b) pure Cu for εeq = 

254 (measured by XRD) [127], (c) CrMnFeCoNi alloy for εeq = 9.23 (measured by 

XRD) [135] and (d) ideal position of the shear texture components. 

 

 

 

 



119 
 

 

Figure 5: a) Schematic illustration of hardening models: without recovery, with 

recovery and softening for materials processed by HPT [146], experimental example (b) 

of hardening with recovery of pure Al processed by HPT [151], (c) hardening without 

recovery of Cu-2.5Ni-Si alloy processed by HPT and ECAP [150] and (d) CrMnFeCoNi 

high entropy alloy processed by HPT [149]. 
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Figure 6: Recalculated {111} pole figure of Cu-2.5Ni-0.6Si and Fe-36Ni alloys after 

HPT proceeding at RT through N = 1/2, 1, 5 and 10 turns [157]. Pole figures were 

presented in equal area projection. 
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Figure 7: Texture evolution of Pd-10Au alloy after HPT processing for N = ½ turn 

(εeq= 7.67) with different initial grain size: based on an earlier report [133]. 

 

 

Figure 8: ODF sections at 2 = 45° for as-quenched, aged at 473 K and aged at 523 K 

Al-0.6Mg-0.4Si alloy processed by HPT for N = 1, 5 and 20 turns, respectively [119]. 

Reproduced with permission. 



122 
 

 

Figure 9: Instability of the texture during earlier stage of processing showing by ODF 

sections at 2 = 45° of CP Al alloy after HPT processing at εeq of: (a) 0.45, (b) 0.90, (c) 

1.34, (d) 2.69, (e) 5.38, (f) 10.76, (g) 21.51, (h) 32.27 and (i) 53.78 [117]. Reproduced 

with permission. 
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Figure 10:. (a) Engineering stress-strain curves of annealed and HPT processed CP Al, 

(b) evolution of (c) shear texture components (c) radial and thickness strain and (d) 

texture index as a function of equivalent  strain [138]. 

 

 

 



124 
 

 

Figure 11 : Evolution of the stored energy in the shear texture components as a function 

of number of HPT turns of the: (a) Cu-2.5Ni-0.6Si and (b) Fe-36Ni alloy [157]. 
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Figure 12: (a) Distribution of HPT-disc areas, where the texture measurements were 

performed and (b) ODF sections at 2 = 45° near the center, half-radius and near the 

edge of the disc of Cu-2.5Ni-0.6Si alloy after processing by HPT through 1/2, 1, 5 and 

10 turns [72]. Reproduced with permission. 
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Figure 13: (a, b) evolution of the microstructure and mean grain size of Cu-2.5Ni-0.6Si 

alloy after HPT at the center, middle and near edge after processing through 1/2, 1, 5 

and 10 turns [72] and (c) evolution of Vickers microhardness with distance from the 

center of the HPT processed discs [150]. 
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Figure 14: (a) Schematic illustration of cross-sectional plane of one-half of an HPT-

disc showing the positions selected for Vickers microhardness and EBSD 

measurements. EBSD orientation maps and the corresponding {111} pole figures 

measured at the edge of the disc: (b) top, (c) middle and (d) bottom sections. (e) Strain 

distribution across the through-thickness and (f) distributions of Vickers microhardness 

in the radial direction across the through-thickness in Al (A5086) alloy processed at RT 

for 270° rotation (N = 3/4 turn) [175]. Reproduced with permission. 
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Figure 15: Evolution of the texture index value of Fe-36Ni alloy after HPT processing 

up 10 turns at RT and 523 K [54] . Reproduced with permission. 

 

Figure 16: ODF sections at 2 = 0 and 45° of HPT processed pure Ni at 77, 300, 523 

and 673 K, respectively [124]. Ideal positions of the shear texture components and 

Oblique Cube are also presented. Reproduced with permission. 
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Figure 17: ODF sections at 2 = 0 and 45 ° and {110} pole figures showing the position 

of ideal shear texture components on the SD-RD, SD-CD, CD-RD planes for materials 

with BCC structure. 
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Figure 18: ODF sections at φ2 = 0 and 45° of NiAl intermetallic processed by HPT to 

εeq ≈ 34.6 at: (a) RT and (b) 773 K [188]. 

 

 

Figure 19: ODF sections at φ2 = 0 and 45° for pure tantalum HPT processed (εeq = 136) 

for different temperatures [191]. Reproduced with permission. 
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Figure 20: A schema illustrates the evolution of the microstructure and texture in W 

and WL10 alloys during HPT processing [186]. 
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Figure 21: Variation of (a) shear strain, (b) microhardness, (c) Optical micrograph, 

across the thickness of the HPT Fe consolidated disc and (d) the corresponding {110} 

pole figure in the three distinct deformation zones: U, T and S-zones  [183]. Pole figures 

were presented in stereographic projection Reproduced with permission. 
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Figure 22: φ2 = 45° ODF sections of Fe-9Cr alloy: (a) processed by HPT at 573 K for 

N = 10 turns, followed by annealing at 873 K for (b) 6 h and (c) 24 h. (d) represents the 

key figure of ideal shear components of BCC materials [184]. Reproduced with 

permission. 
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Figure 23: (a-c) grain size distribution of Fe-9Cr alloy after HPT processing at 573 K 

for N = 10 turns and subsequent annealing at 873 °C for 6 and 24 h. EBSD maps 

showing grains with J orientation (highlighted in red color) having the larger average 

size, (a’- c’) schematic illustrations of the changes in microstructure and texture in HPT-

processed Fe-9Cr alloy during annealing [184]. 
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Figure 24: ODF sections at 2 = 0 and 30 ° and {0002} and {10  0} pole figures 

showing the position of ideal shear texture components on SD-RD, SD-CD, CD-RD 

planes for materials with HCP structure. 

 



136 
 

 

Figure 25: {0002} pole figure of pure : (a) Ti [201], (b) Mg [202] and (c) Zn [203] after 

HPT processing at RT through N = 5 turns. Reproduced with permission for Zn. 

 

 

 

Figure 26: Texture difference presented by the {0002} recalculated pole figures 

between the as-cast and as-extruded CP Mg after HPT processing at N = 1/8 turn [67]. 

Reproduced with permission. 
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Figure 27: {0002} recalculated pole figures of AZ31 alloy processed by HPT for N = 1 

and 5 turns at RT, 373 and 473 K, respectively [211].  

 

 

Figure 28: {0002} pole figure evolution in pure Mg as a function of the hydrostatic 

pressure and shear strain imposed during HPT processing: modified from [213].  
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Figure 29: Strain-stress curves and the corresponding texture evolution of AM60 alloy 

as a function of number of HPT turns [215].  
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Figure 30 : Evolution of microhardness and texture intensity as a function of equivalent 

strain for pure Ti (a) [217], Mg-0.41Dy (b, c) [68] and Zn-0.5Cu (d, e) [218] alloys.  



140 
 

 

Figure 31: The measured yield strength as a function of the calculated values for AM60 

alloys processed by ECAP, MDF and HPT [215] and for Mg-0.41Dy alloy processed by 

HPT [68].  
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Figure 32: Basal {0002} pole figures near the center, middle and the edge of the discs 

of the Mg-0.41Dy (wt. %) alloy processed by HPT at RT to N = 1, 5 and 15 turns [68]. 

Reproduced with permission. 
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Figure 33: Grain orientation spread maps of the HPT processed Mg-0.41Dy alloy and 

the {0002} corresponding pole figures showing the orientation of the deformed and 

recrystallized grains obtained by grain orientation spread (GOS) approach [68].  

 

 

 

Figure 34: {0002} pole figures of AZ60A alloy at edge position: (a) initial state (as-

extruded), (b) after compression under 6.0 GPa without torsion straining and (c) after 

HPT processing for N =1/2 under P = 6.0 GPa [205]. Reproduced with permission. 
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Figure 35: Color-coded maps showing the microhardness distributions across the one-

half cross-sections of discs of AZ31 alloy after processing by HPT at 296 and 463 K for 

1/4, 1, and 5 turns, respectively [221, 222].  
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Figure 36: (a) Schematic illustration of cross-sectional plane of one-half of an HPT-

disc showing the positions selected for Vickers microhardness and EBSD 

measurements. EBSD orientation maps and the corresponding {0002} pole figures 

measured at the edge of the disc: (b) top, (c) middle and (d) bottom sections. (e) Strain 

distribution across the through-thickness and (f) distributions of Vickers microhardness 

in the radial direction across the through-thickness in pure Mg processed at RT for 270° 

rotation (N = 3/4 turn) [175]. Reproduced with permission. 
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Figure 37: Evolution of texture, grain size and microhardness as a function of 

annealing temperature of the HPT processes at N = 5 turns [10].  
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Figure 38: Evolution of texture as a function of number of ECAP passes via route Bc. 

(a) experimental results and simulated resulted by: (b) FC/SS, (c) FC/FE, (d) SC/SS, (e) 

SCR/SS, (f) SCRD/SS and (g) SCRD/FE methods (see Table 11) [233]. Contours: 

1/1.4/2.8/4/5.6/8/11/16/22. Reproduced with permission. 
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Figure 39: (a) Experimental and (b) predicted {100} pole figures for micro-extruded 

ultra-fine grains copper [247, 248]. Contours: 1.2/2/2.5/3/3.5/4/8/12/20. Reproduced 

with permission. 

 

 

Figure 40: Typical morphologies for orientation evolution induced grain coarsening 

events obtained by 3D simulation [98]. 
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Figure 41: Experimental and predicted texture evolution using VPSC and Taylor 

models after HPT processing of CP Al at εeq = 0.75 and 4 [116]. 

 

Figure 42: Scheme of: (a) high pressure double torsion (HPDT), (b) reversal high 

pressure torsion (RHPT), (c) high pressure tube twisting (HPTT), (d) high pressure 

shearing (HPS) and (e) high pressure compressive shearing (HPCS). 
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Figure 43: Evolution of the texture of CP Cu discs processed by HPT and HPDT as a 

function of the disk location and the numbers of turns [263]. Reproduced with 

permission. 
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Figure 44: {111} pole figures of the pure Al after monotonous (HPT) processing (a-d), 

RHPT processing (e-h) and the ideal position of the shear component in the {111} pole 

figure (i) [118]. Reproduced with permission. 

 

 

Figure 45: ODF sections at 2 = 0 and 45 ° at (a) the internal and (b) external surfaces 

of the tube of CP Al alloy after HPTT processing for an average shear of 2 [34]. 

Reproduced with permission. 
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Figure 46: ODF sections at 2 = 0 and 45 ° of ARMCO steel (BCC) after HPCS 

processing at RT through: (a) pass and (b) 3 passes [39]. Reproduced with permission. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


