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Texture evolution of commercially pure copper processed by multiple compressions in a channel 

die was investigated and interpreted by the use of continuity equation for the crystallographic 

orientation distribution function (ODF), which is considered as a kind of conservation law in the 

crystal orientation (Euler angle) space. The specimen has been subjected to multiple 

compressions in a channel die up to six passes, and its bulk texture after even passes of the process 

were measured by x-ray diffraction. Based on these experiments, it was found that during the 

multiple compressions in a channel die, Beta fiber strengthens at the beginning of the process and 

then weakens. The Cube component is observed in the texture of processed specimens, while 

Goss component is missing. Calculation of the texture index shows that the overall texture 

strength decreases during multiple compressions in a channel die. Deformation of each pass 

during the process is assumed to be analogous to that of flat rolling. After each pass of the process, 

the sample is rotated around two mutually perpendicular directions. The ODF of the processed 

sample during each pass of compression was predicted analytically as a function of the initial 

ODF and crystallographic rotation speed in the Euler angle space. Based on the predicted 

analytical function of ODF, the locations of the stable texture components and the evolution of 

texture can be estimated. After each pass of the process, as mentioned above, the specimen is 

rotated, therefore, the texture of the specimen with respect to this new sample frame should be 

considered as the initial texture for the subsequent pass of the process. Using the analytical 

function of ODF during each pass, texture evolution and stable texture components can be 

estimated during this new pass. Following the aforementioned stages, texture evolution during 

multiple compressions in a channel die was predicted, and a good agreement with experimentally 

determined texture evolution was obtained. 
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1. Introduction 
 

Severe plastic deformation methods which can be 

used for the production of ultra-fine grained metals draw 

considerable attention [1, 2] due to extraordinary 

properties of materials processed by these methods, like, 
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simultaneously enhanced strength and high ductility, 

relatively high conductivity and/or high strain rate 

superplasticity [3]. 

A number of severe plastic deformation techniques, 

such as Equal Channel Angular Pressing (ECAP) [4, 5], 
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Accumulative Roll-Bonding (ARB) [6], Multi-

Directional Forging (MDF) [7], and Cyclic Extrusion 

and Compression (CEC) [8] have been developed and 

utilized for the production of ultra-fine grained metals. 

Among these techniques, multi-directional forging is 

conceptually very simple. During MDF, the specimen 

undergoes uniaxial compression along three orthogonal 

axes, but after each pressing, the lateral sides of the 

sample are barreled. Therefore, these bulged surfaces 

need to be grinded to preserve the original shape of the 

sample and continue the process along a different axis. 

The necessity of grinding after every pass can be reduced 

by the use of a channel die, usually used to simulate 

plane strain rolling [9].  

Microstructural evolution during MDF has been 

investigated in many research works and it has been 

shown that this technique is capable of producing ultra-

fine grained metals [10-16]. Texture evolution of Al-

3Mg-Sc(Zn) alloy during tri-axial forging was studied 

and it has been reported that a strong texture is produced 

at high temperatures while texture weakening occurs at 

lower ones [14]. Texture evolution of AISI 1016 steel 

subjected to six passes of warm MDF was investigated 

and occurrence of texture weakening was observed [15]. 

It has also been shown that texture weakening occurs at 

relatively low temperatures in magnesium alloys 

processed by MDF [10, 11, 13]. Texture weakening 

during MDF is thus common, regardless of the crystal 

structure of processed metals.   

It has been proposed that with the help of the 

principle of conservation, applied to crystallographic 

orientation distribution function (ODF), a relationship 

for the prediction of deformation texture is derived. In 

this relationship, the rotation field in the crystal 

orientation (Euler angle) space is considered as the main 

parameter which completely describes the texture 

evolution [17, 18]. The equation obtained by the use of 

the conservation law for the change of ODF during 

deformation was used for prediction of ideal orientations 

during flat rolling of FCC polycrystals and the formation 

of Alpha and Beta fibers were predicted, and it was 

shown that boundary conditions affect the composition 

of Beta fiber and the flow velocity of orientations 

towards and along Alpha and Beta fibers [19]. The 

development of rolling textures of BCC polycrystals in 

low and extra low-carbon steels has also been 

investigated using the conservation law, and it has been 

found that the operation of preferred deformation modes 

is orientation-dependent [20]. The principle of 

conservation has also been utilized for the stability of 

texture analysis of IF steel during asymmetric rolling and 

displacement of ND fiber in the Euler angle space 

reported [21].   

Reviewing literature shows that there have been few 

attempts for investigating texture evolution during 

multiple compressions in a channel die [22]. As 

mentioned above, there are experimental evidences 

about the occurrence of texture weakening during some 

SPD processes, which are similar to multiple 

compressions in a channel die [10, 11, 13-15], but to the 

authors’ knowledge, the reason of this texture weakening 

has not been explained. In the current work, texture 

evolution during multiple compressions in a channel die 

of commercially pure copper is studied and a procedure 

for interpreting the cause of texture weakening during 

this type of SPD process, based on the conservation of 

ODF in the Euler angle space is proposed. This is novel, 

and to the authors’ knowledge, has not been reported so far. 
 

2. Experimental Procedure 
 

The as-received material was a billet of 

commercially pure copper from which samples with 

dimensions of 7.5 mm×14.8 mm×15 mm were cut by 

wire electro-discharge machining and used for 

subsequent processing. These specimens were fully 

annealed at 873K for 4 h to eliminate the effects of 

previous thermomechanical history. 

The annealed samples were compressed repetitively 

in a channel die at room temperature and with a ram 

speed of 25 mm/s. Fig. 1 shows the deformation scheme 

during multiple compressions in a channel die.  The sides 

of the specimen are designated as A, B, and C. The first 

pass of the process has been carried out on face A. 

During this pass, a 15 mm high specimen with 14.8 

mm×7.5 mm cross-section was placed in the die and 
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Fig. 1. Deformation scheme during multiple compressions in 

a channel die. 

 

compressed to half of its height. It is worth noting that 

the specimen located in the die so that the 14.8 mm side 

just slides into the 15 mm wide channel at the end of the 

pass. After the first pass, the specimen was rotated so 

that the 15 mm width of the processed specimen in the 

first pass of pressing becomes the height of the sample 

during the second pass and the 14.8 mm side slides into 

the width of the channel, the same as the previous pass. 

Again, the sample was compressed to half of its height. 

The aforementioned stages repeated, and the third pass 

of the process was carried out on face C. This sequence 

ensures that the specimen is deformed in three mutually 

perpendicular directions. It needs to be mentioned that 

after each pass of the process, the bulged portion of the 

sample was grinded to preserve initial dimensions. The 

above-mentioned stages were repeated up to six passes 

(𝜀 = 4.8). Textures of annealed and processed samples 

after 2, 4, and 6 passes were measured by X-ray 

diffraction. Three incomplete pole figures, i.e. (111), 

(200), and (220) were measured at the center of the 

specimens using the Schultz back-reflection method on 

a Rigaku Ultima IV goniometer with a copper tube and 

monochromator. After theoretical defocussing and 

background correction of the raw data, corrected pole 

figures were obtained. Then the ODF was calculated 

from these pole figures using the MATLAB MTEX 

toolbox [23]. Based on the mean RP errors between 

experimental and calculated pole figures, having 

halfwidth values between 4 and 32 degrees, and 

considering 100 iterations, the optimum value of 

halfwidth for all ODF calculations was determined to be 

equal to 7 degrees. 

Microhardness of the multiple compressed samples 

in a channel die was measured on the polished specimens 

by a Buhler microhardness testing machine using 

Vickers indenter and under an applied load of 500 gr. 

The mean value of 4 separate hardness values measured 

at random places of the specimen’s surface was 

considered as the microhardness of the annealed and 

severely deformed samples. 

The annealed specimen was polished then etched by 

a solution containing 10 g of FeCl3, 5 ml HCl and 100 

ml ethanol. The microstructure of the prepared sample 

by the aforementioned procedure was studied by an 

optical microscope. The severely deformed specimens 

were electropolished by the use of Struers D2 electrolyte 

(500 ml of distilled water, 250 ml phosphoric acid, 250 

ml propanol, and 5 g urea) for 20 seconds with 24 v. The 

microstructure of these specimens was studied by LEO 

1450 VP scanning electron microscope (SEM) using 

electron channeling contrast imaging (ECCI) method. 

Microhardness measurements and microstructural 

study were carried out on the surface perpendicular to 

compression direction at each specific pass of the 

process. Moreover, the compression direction was 

considered as ND, flow direction assumed as RD, and 

the constraint direction designated as TD for reporting 

the texture at each specific pass of multiple 

compressions in a channel die. 

 
3. Continuity Equation in the Crystal Orientation 
(Euler Angle) Space 
 

The continuity equation of the ODF in the crystal 

orientation space can be used to estimate texture 

evolution during the deformation process [19]. The 

method of derivation of this equation and its closed form 

solution is described in brief; for the sake of 

completeness.  It is worth to be noted that although the 
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principle of conservation has been used for predicting 

the variation of ODF; to the authors’ knowledge, the 

closed form solution of the partial differential equation 

which is obtained as a result of the application of the 

conservation principle, has not been reported up to this 

time. 

The normalization condition of orientation 

distribution function, f(g) is  

 
1

8𝜋ଶ
න න න 𝑓(𝑔)𝑑𝑔 = 1

థమథథభ

 (1) 

 

where (𝜙ଵ, 𝜙, 𝜙ଶ) are the three Euler angles (Bunge 

definition) and dg can be expressed as follows 

 
d𝑔 = sin 𝜙 𝑑𝜙ଵ𝑑𝜙𝑑𝜙ଶ (2) 

 

The Euler angles can be regarded as coordinates in 

three-dimensional curved Riemannian space of 

orientation. Thus, considering (𝜙ଵ, 𝜙, 𝜙ଶ) as contra 

variant coordinates, the metric tensor is obtained as: 

 

[𝐺] = 

1 0 cos 𝜙

0 1 0
cos 𝜙 0 1

൩ (3) 

 

The determinant of [𝐺], i.e. |𝐺| equals to sinଶ 𝜙. 

Therefore, based on Riemannian geometry, the volume 

element of the orientation space can be written as [24]: 

 

𝑑𝑣 = ඥ|𝐺|𝑑𝜙ଵ𝑑𝜙𝑑𝜙ଶ = sin 𝜙 𝑑𝜙ଵ𝑑𝜙𝑑𝜙ଶ (4) 

 

Considering f(g) as the volume fraction of grains 

whose lattice orientations are located in the element dg, 

for a given g, the increase of the quantity of grains in 

volume v with respect to time can be written as: 

 
∂

𝜕𝑡
ම𝑓(𝑔)



𝑑𝑔 (5) 

 

The quantity of grains moving across nds and leaves 

the element ds can be expressed by the following 

equation: 

 

ර𝑓(𝑔). 𝑅. 𝑛𝑑𝑠
௦

 (6) 

 

where 𝑅 = ൫�̇�ଵ, �̇�, �̇�ଶ൯, ds, and n are rotation velocity, 

element of surface in Euler angle space and outward unit 

vector, normal to the surface element, respectively. 

Considering Eq. (1), the change of the quantity of 

grains in volume v with respect to time, i.e. Eq. (2), plus 

the quantity of grains moving across nds should be equal 

to zero, or: 
 

𝜕

𝜕𝑡
ම 𝑓(𝑔)𝑑𝑔 = − ර𝑓(𝑔). 𝑅𝑛𝑑𝑠

௦

 (7) 

 

Taking the determinant of metric tensor into 

consideration and using divergence theorem, the 

following equation obtains: 

 
𝜕

𝜕𝑡
ම 𝑓(𝑔) sin 𝜙 𝑑𝜙ଵ𝑑𝜙𝑑𝜙ଶ 

     = − ම
1

sin 𝜙
{∇. [𝑓(𝑔) sin 𝜙 . 𝑅]} 

          sin 𝜙 𝑑𝜙ଵ𝑑𝜙𝑑𝜙ଶ 

(8) 

 

It is worth noting that divergence of f.R in the 

orientation space is defined as: 

 

div(𝑓. 𝑅) =
1

sin 𝜙
(∇. (𝑓(𝑔) sin 𝜙 . 𝑅) 

                   =
1

sin 𝜙
ቈ
𝜕(sin 𝜙 𝑓(𝑔)�̇�ଵ

𝜕𝜙ଵ

+
𝜕(sin 𝜙 𝑓(𝑔)�̇�

𝜕𝜙

+
𝜕(sin 𝜙 𝑓(𝑔)�̇�ଶ

𝜕𝜙ଶ

 

(9) 

 

Eq. (8) leads to the following equation: 

 
𝜕𝑓

𝜕𝑡
= −

1

sin 𝜙
∇. [𝑓(𝑔) sin 𝜙 . 𝑅] (10) 

 

Eq. (10) is the continuity equation for f(g) in the 

orientation space. Eq. (10) can be rewritten in the 

following form: 
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𝜕𝑓

𝜕𝑡
= −

1

sin 𝜙
[𝑓] sin 𝜙 

           ቈ
𝜕�̇�ଵ

𝜕𝜙ଵ

+
𝜕�̇�

𝜕𝜙
+

𝜕�̇�ଶ

𝜕𝜙ଶ

 

           − ൬�̇�ଵ

𝜕𝑓

𝜕𝜙ଵ

+ �̇�
𝜕𝑓

𝜕𝜙
+ �̇�ଶ

𝜕𝑓

𝜕𝜙ଶ
൰ 

           −𝑓�̇� cot 𝜙 

(11) 

 

Simplifying Eq. (11) leads to: 

 
𝜕 ln 𝑓

𝜕𝑡
+ �̇�ଵ

𝜕 ln 𝑓

𝜕𝜙ଵ

+ �̇�
𝜕 ln 𝑓

𝜕𝜙
+ �̇�ଶ

𝜕 ln 𝑓

𝜕𝜙ଶ

 

            = − ቈ
𝜕�̇�ଵ

𝜕𝜙ଵ

+
𝜕�̇�

𝜕𝜙
+

𝜕�̇�ଶ

𝜕𝜙ଶ

 − �̇� cot 𝜙 

(12) 

 

Applying the method of characteristics for solving 

Eq. (12), the following equations obtain: 

 

𝑑𝑡 =
𝑑𝜙ଵ

�̇�ଵ

=
𝑑𝜙

�̇�
=

𝑑𝜙ଶ

�̇�ଶ

 

      =
𝑑 ln 𝑓

− 
𝜕�̇�ଵ

𝜕𝜙ଵ
+

𝜕�̇�
𝜕𝜙

+
𝜕�̇�ଶ

𝜕𝜙ଶ
൨ − �̇� cot 𝜙

 
(13) 

 

Solving equations (13) simultaneously, the following 

relations are obtained: 
 

ln 𝑓 = න ቈ− ቈ
𝜕�̇�ଵ

𝜕𝜙ଵ

+
𝜕�̇�

𝜕𝜙
+

𝜕�̇�ଶ

𝜕𝜙ଶ

 − �̇� cot 𝜙 𝑑𝑡 (14) 

𝜙ଵ = න �̇�ଵd𝑡 + (𝜙ଵ) (15) 

𝜙 = න 𝜙d𝑡 + (𝜙) (16) 

𝜙ଶ = න �̇�ଶd𝑡 + (𝜙ଶ) (17) 

 

Considering the value of f at the start of time 

integration as 𝑓((𝜙ଵ), (𝜙), (𝜙ଶ)), the closed form 

solution of Eq. (12) can be stated as: 

 
𝑓(𝜙ଵ, 𝜙, 𝜙ଶ) = 𝑓((𝜙ଵ), (𝜙), (𝜙ଶ)) 

exp ቊන ቈ− ቈ
𝜕�̇�ଵ

𝜕𝜙ଵ

+
𝜕�̇�

𝜕𝜙
+

𝜕�̇�ଶ

𝜕𝜙ଶ
 − �̇� cot 𝜙 𝑑𝑡ቋ 

(18) 

 

where 𝜙ଵ, 𝜙, and 𝜙ଶ are obtained by equations (15)-(17). 

The rotation velocity, R and its divergence for each 

deformation process are independent of initial texture 

and strain. Therefore, it can be said that the 

aforementioned parameters are solely related to the 

deformation processes and for each specific deformation 

process, the same function for R and its divergence can 

be used, regardless of the strain and initial texture [17, 20]. 

 
4. Results and Discussion 

 

Fig. 2 shows the texture of fully annealed specimens 

as the 𝜙ଶ-constant ODF sections. From this figure, it is 

clear that the main texture components of this sample are 

Cube (𝜙ଵ = 0∘, 𝜙 = 0∘, 𝜙ଶ = 0∘), Brass (𝜙ଵ =

35∘, 𝜙 = 45∘, 𝜙ଶ = 0∘) and Goss (𝜙ଵ = 0∘, 𝜙 =

45∘, 𝜙ଶ = 0∘) orientations. A prominent rotation of 

Cube texture around transverse direction (TD) is 

observable at (𝜙ଵ = 90∘, 𝜙 = 0 − 45∘, 𝜙ଶ = 0∘). The 

Cube, Cube TD and Goss orientations are texture 

components usually observed in recrystallized FCC 

metals, while Brass orientation is a deformation 

component in FCC metals and is probably a partial 

remnant of deformation texture which has been formed 

due to previous deformation on the as-received material 

[25]. Based on the values of ODF, it can be said that the 

overall texture of annealed specimen is weak. 

Texture of the multiple compressed samples have 

been shown in Fig. 3(a)-(c) as the 𝜙ଶ constant ODF 

sections after two, four and six passes. Based on Fig. 3(a), 

it can be said that in the samples subjected to two passes 

of multiple compressions in a channel die, Cube, Goss 

and Bs2 orientations are observable and Cube 

orientations experience no change in intensity in 

comparison with that of annealed specimen while the 

intensity of Goss and Bs2 decreases and increases, 

respectively. Moreover, Bs2 component spreads along 

RGoss (𝜙ଵ = 45∘, 𝜙 = 0/90∘, 𝜙ଶ = 0∘) and between 

Goss and Bs2 along Beta fiber. Fig. 3(b) shows that after 

four passes of the process, the region corresponding to 

Goss orientation shrinks and the Beta fiber divides into 

two parts and the orientation at (𝜙ଵ = 45∘, 𝜙 = 0∘, 𝜙ଶ =

0∘) displaces to Bs2 and then moves to reach 

(𝜙ଵ = 45∘, 𝜙 = 90∘, 𝜙ଶ = 0∘) orientation. The position 

of the Cube component is the same as those of the 

annealed and two pass processed samples. The Beta fiber 

in the sample processed by four passes of the process is 
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Fig. 2. The texture of fully annealed specimens as the 𝜙ଶ-constant ODF sections. 

 

 
Fig. 3. Texture of the multiple compressed samples after a) two, b) four, and c) six passes. 
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wider than that of specimen subjected to two passes of 

multiple compressions in a channel die. Texture of 

specimen subjected to six passes of multiple 

compressions in channel die has been shown in Fig. 3(c). 

It is clear from this figure that Goss orientation has 

disappeared completely; the width of the fiber running 

from Bs2 to RGoss increased in comparison with that of 

specimen subjected to four passes of the process and 

overall texture of the six-pass processed sample 

weakened. 

Fig. 4 shows the microhardness changes together 

with the evolution of the microstructure of the samples 

subjected to even passes of multiple compressions in a 

channel die. Based on this figure, it can be said that there 

is a considerable increase of microhardness after two 

passes of the process while in subsequent passes the 

microhardness remains almost constant. From the 

micrographs, it is clear that the grain size of the samples 

changes from approximately 11 µm to about 0.36 µm 

after two passes of the process and reductions of average 

grain size continues during the subsequent passes and it 

can be said that the multiple compressions in a channel 

die are capable of producing ultra-fine grain materials. 

The average grain size of processed specimens after four 

and six passes are 0.34 µm and 0.25 µm, respectively.  

From Fig. 4, it is clear that grain size reduction of the 

studied material mostly occurs after the second pass of 

the process and at the subsequent passes, the rate of grain 

size reduction decreases appreciably.  This phenomenon 

is consistent with that of other SPD processes [1, 2]. 

Therefore, the microstructure of the processed specimens 

after 2, 4, and 6 passes are similar, which is consistent 
 

 
Fig. 4. The microhardness and texture index changes together with the evolution of microstructure of the processed samples. 
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with microhardness measurements. 

A texture component is called stable when the 

rotation speed vanishes, i.e. ൫�̇�ଵ, �̇�, �̇�ଶ൯ = (0,0,0) and 

the neighboring orientations tend to move towards this 

texture component. This tendency can be expressed as 

[17, 21]: 

 
𝜕�̇�ଵ

𝜕𝜙ଵ

+
𝜕�̇�

𝜕𝜙
+

𝜕�̇�ଶ

𝜕𝜙ଶ

⟨0 (19) 

 

Considering Eq. (18), it is evident that for a stable 

texture component, the value of ODF increases during 

deformation. Therefore, the above-mentioned definition 

of a stable texture component is rational. The rotation 

fields for some ideal orientations usually observe in 

rolling texture of FCC metals have been calculated; 

assuming Taylor like visco-plastic model and tabulated 

in Table 1. 
Based on the definition of stable texture components 

mentioned above and Table 1, it can be said that all of 

the tabulated ideal orientations are stable; except copper 

texture components which is metastable, because �̇� does 

not vanish for this component; therefore, its location 

changes in Euler angle space during deformation. It is 

noteworthy that based on the values of ൫�̇�ଵ, �̇�, �̇�ଶ൯, the 

copper component of texture slowly displaces in Euler 

angle space. Moreover, during deformation, the ODF 

increases since 
డథ̇భ

డథభ
+

డథ̇

డథ
+

డథ̇మ

డథమ
+ �̇� cot 𝜙 is almost less 

than zero for this texture component, during its course in 

Euler angle space as a result of deformation. 

Plane strain mode of deformation in multiple 

compressions in a channel die is similar to that of rolling 

process. Therefore, it seems that changing the strain 

direction in this process affects the texture evolution like 

that occurs in cross rolling. As mentioned before in 

multiple compressions in a channel die after each pass, 

the specimen is rotated by 90° around two mutually 

perpendicular directions. Supposing plane strain 

compression analogous to rolling, these perpendicular 

directions, are considered as rolling and normal 

directions, respectively (RD and ND). Formation of 

Alpha and Beta fibers during rolling deformation of pure 

FCC metals with medium to high SFE has been proven 

experimentally [25]. The Alpha fiber initiates at Goss 

orientation and extends to the Brass. The Beta fiber is 

considered as an orientation tube, running from Copper 

orientation through S orientation to the Brass where it 

meets the Alpha fiber. Development of Alpha and Beta 

fibers during plane strain compression can be interpreted 

successfully by the use of stability analysis and 

considering Table 1. Since during deformation, all 

orientations in Euler angle space move towards stable 

orientations. Therefore, it is anticipated that ODF of 

stable components of orientations increase or at least 

remain constant while ODF of other orientations 

decrease. Taking Eq. (18) into consideration, it can be said  

Table 1. Rotation field for some ideal orientations appear in rolling texture of FCC metals [26] 
 

             Component 
 

Parameter 
Cube Goss Copper Brass Taylor 

�̇�
ଵ

 0 0 0 0 0 

�̇� 0 0 -0.47 0 0 

�̇�
ଶ
 0 0 0 0 0 

𝜕�̇�
ଵ

𝜕𝜙
ଵ

 -1 1 1 -1.01 1 

𝜕�̇�

𝜕𝜙
 1 -1 -3.3 -0.67 -3.47 

𝜕�̇�
ଶ

𝜕𝜙
ଶ

 0 -6 -3.65 -2.43 -4.46 


𝜕�̇�

ଵ

𝜕𝜙
ଵ

 0 -6 -5.97 -4.11 -6.93 

�̇� cot 𝜙 0 0 -0.67 0 0 

div �̇� 0 -6 -6.64 -4.11 -6.93 
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that the value of ∫ ቂ
డథ̇భ

డథభ
+

డథ̇

డథ
+

డథ̇మ

డథమ
+ �̇� cot 𝜙ቃ 𝑑𝑡 is less 

than zero for Alpha and Beta fibers and thus, the ODF of 

these fibers increases, while for other orientations, the 

value of the aforementioned quantity is greater than zero 

and the ODF decreases in orientations which do not 

coincide with Alpha and Beta fibers. 

It is clear from Fig. 1 that rotation of the specimen 

after each pass of multiple compressions in a channel die 

causes to change from normal direction into rolling 

direction and transverse direction into normal direction, 

respectively. Therefore, the position of main 

components of plane strain compression at the start of 

multiple compressions in a channel die’s even passes can 

be determined, considering ND to RD and TD to ND 

interchanges and the main texture components of one 

pass of the process as follows: Cu1 or 

{112}⟨110⟩ locating at (0∘, 35∘ , 45∘) in the orientations 

space changes into {111}⟨112⟩ or (30∘, 54∘, 45∘) in the 

orientation space. Cu2 or {112}⟨111⟩ which is located 

at (90∘, 35∘, 45∘) in orientation space transforms into 

{011}⟨211⟩ or (35∘ , 45∘, 0∘) in the orientation space 

which is Bs2 component. S1 or {123}⟨9125⟩ located at 

(32∘, 35∘ , 25∘) in the orientation space displaces into 

{111523}⟨123⟩ or (25∘, 39∘, 36∘) in the orientation 

space. S2 or {123}⟨475⟩which is at (61∘, 35∘, 65∘) in 

the orientation space changes into {9811}⟨123⟩ or 

(25∘, 47∘ , 48∘) at the orientation space. Bs1 or 

{011}⟨111⟩ located at (55∘, 45∘, 0∘)in the orientation 

space transforms into {111}⟨112⟩or Cu1 orientation and 

Bs2 or {011}⟨211⟩displaces into {111}⟨110⟩ or 

(60∘, 55∘ , 45∘) in the orientation space. The Cube or 

{001}⟨100⟩ texture component, which is at (0∘, 0∘, 0∘) 

transforms into crystallographically equivalent 

orientation. As mentioned before, Cube, Goss, and Bs2 

components are the main observable texture components 

in multiple compressed specimens in a channel die after 

even passes. Taking a look at Table 1, it is clear that 

Copper and Brass components are stable/metastable 

texture components in rolling of FCC metals with 

medium to high SFE. Therefore, the existence of Cu1 

and Bs2 in the even pass processed specimens is 

anticipated. It is worth to be noted that the Cu2 

component of odd pass processed specimens transforms 

into Bs2, and Bs1 component of the odd pass processed 

samples changes into Cu1 component at the start of even 

passes. Thus, it can be said that ODF values of Cu1 and 

Bs2 components increase at the end of even passes of 

multiple compressions in a channel die. The other 

stable/metastable texture components of the odd 

processed specimens change into orientations which are 

note stable/metastable (Table 1 and Eq. (18)) at the start 

of even passes, thus, these components rotate towards 

more stable orientations during even passes of the process 

and are not visible in the texture of specimens subjected 

to even passes of multiple compressions in a channel die. 

Cube component of the texture experiences no change 

during plane strain compression. This phenomenon can 

be estimated using Table 1. According to this table and 

taking Eq. (18) into consideration, the value of ODF for 

Cube component and its position in the orientation space 

should remain constant during plane strain compression. 

Based on the aforementioned discussion, Cube 

component of texture at the end of odd passes of multiple 

compressions in a channel die transforms into Cube 

component at the start of even passes of the process, thus, 

the ODF value of the Cube component should remain 

constant in the texture of specimen subjected to even 

passes of the process. Variation of ODF values along 

Alpha and Beta fibers has been illustrated in Fig. 5(a) 

and 5(b). From this figure, it is clear that the ODF values 

of Cu1 and Bs2 components of texture increase, Goss 

component of texture disappears (ODF value is less than 

that of random texture) and ODF value of Cube 

component remain almost constant after even passes of 

multiple compressions in a channel die; which correlates 

well with predictions made by the use of Table 1 and Eq. 

(18).  From the above-mentioned discussion, it is clear 

that the ODF values decrease except at Cu1 and Bs2 

positions in which the value of ODF increases and ODF 

of cube orientation remains constant. Defining the texture 

index, a single parameter that characterizes texture 

sharpness, as ∮[𝑓(𝑔)]ଶ𝑑𝑔 [27], it can be said that after 

even passes of multiple compressions in a channel die, 

texture index decreases or texture weakens. The values 

of texture index at even passes of multiple compressions 

in a channel die have been superimposed on Fig. 4. 
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Fig. 5. Variation of ODF values along a) Alpha, and b) Beta 

fibers.  

 
5. Conclusion 

 

Texture evolution of the fully annealed commercially 

pure copper was studied after two, four, and six passes of 

multiple compressions in a channel die and it was found 

that this process caused texture weakening in this material. 

An analytical equation for ODF values of the processed 

sample during each pass of compression was obtained. In 

this equation the ODF is calculated as a function of the 

initial ODF of the sample and crystallographic rotation 

speed in Euler angle space. Based on this equation, the 

location of stable components and evolution of texture 

were estimated for the specimens subjected to even passes 

of multiple compressions in channel die. Comparing the 

estimation of texture evolution by the use of the analytical 

equation with those measured experimentally showed that 

there is a reasonable agreement between estimations and 

experimental results. 
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