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A commercial Al-Mg-Si alloy (AA 6061) was deformed by using the accumulative roll bonding 

(ARB) process for up to five cycles at ambient temperature. The evolution of texture in this 

process was studied by the X-ray diffraction (XRD) method. Experimental results indicate that 

the combination of the shear texture composed of Rotated cube {001}<110> component and the 

rolling textures that included Copper {112}<111> and Dillamore {4, 4, 11}<11, 11, 8> 

components developed after the first cycle. During the first cycle, the shear texture was developed 

as a result of shear deformation induced by high level of friction between the rolls and the sheet. 

By increasing the number of cycles, the shear texture strength diminished and changed to the 

rolling texture. After the fifth cycle, a remarkable increase in the rolling texture intensity was 

observed due to homogenous deformation induced by the presence of fine non-shearable 

particles. Additionally, the presence of magnesium in solid solution influenced the texture 

evolution during ARB.  
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1. Introduction 

 

It is well established that the severe plastic 

deformation (SPD) processes can be used to fabricate a 

sub-micron/nano-grain structure in various kinds of 

metals and alloys [1]. The SPD process induces a large 

deformation strain below the recrystallization 

temperature [2]. To date, various SPD processes, such 

as accumulative roll bonding (ARB), equal-channel 

angular pressing (ECAP), and high-pressure torsion 

(HPT) have been developed [3]. The ARB process, 

developed by Saito et al. [4], can impose severe plastic 

strain on materials and produce sub-micron grains 
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without changing the specimen dimensions [5]. In the 

accumulative roll-bonding process the rolled material 

is cut, the surfaces to be joined are roughened and 

cleaned, and the two parts are stacked and rolled again. 

By repeating this procedure, very high strains are 

accumulated in the material, making significant grain 

refinements possible [6]. 

It has been shown that the evolution of texture 

during the ARB process is different from that in 

conventionally rolled metals [7] because the process is 

more complex [8]. In the ARB, a large amount of 

redundant shear strain is introduced in the surface 

region due to the large friction between the rolls and 
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the materials rolled [9]. Additionally, half of the 

severely deformed regions near the surface is placed in 

the center in the next ARB cycle. As this procedure is 

repeated during the ARB process, the redundant shear 

strain distribution through thickness of the sheet 

becomes very complicated. The ARB process also 

leads to accumulated sheets so that the ARB-processed 

materials contain several interfacial layers parallel to 

the sheet surface [9]. Skrotzki et al. [10] evaluated 

textural evolution of an AA6016 aluminum alloy after 

applying different ARB cycles. The texture after 8 

ARB cycles is characterized by the β-fiber with the Cu 

component dominating. Su et al. [6] found that the bulk 

texture at the center of 6061 strips shows a gradual 

increase, up to 5 cycles, in the volume fraction of the 

Rotated Cube component. In addition, Naseri et al. [11] 

investigated the texture evolution of commercial purity 

aluminum (AA1050) after different ARB cycles. They 

found that the major texture components for ARB 

specimens are Brass {011}<211> and S {123}<634>. 

In the other research, special frames were used by 

McBride et al. [12] to reduce edge cracking and 

maintain thickness homogeneity during ARB. 

The purpose of this study is to investigate, a rather 

complex, texture evolution in the AA6061 alloy sheet 

during the ARB process. Microstructural features such 

as magnesium in the solid solution and non-shearable 

precipitates in the annealed state can influence textural 

transformation during ARB. 

 
2. Experimental Procedure 
 
2.1. Sample preparation 

 

The material used in this study was an annealed 

sheet of 6061 aluminum alloy. The chemical 

composition of this alloy is shown in Table 1. 

 
Table 1. Chemical composition of 6061 aluminum alloy 

(wt.%). 

Al Mg Si Fe Cu Mn Others 

97.30 1.16 0.63 0.49 0.25 0.10 0.07 

 

For the ARB processing, 1 mm thick aluminum alloy 

sheets were cut into dimensions of 200 mm × 40 mm. 

The surfaces of the sheets were degreased with acetone 

and were wire-brushed, to get good bonding prior to roll 

bonding. The two sheets were stacked together with 

copper wires such that the brushed surfaces brought into 

contact and fixed tightly to each other. The roll bonding 

was conducted at ambient temperature under a dry 

condition without any lubricant; the reduction in the 

thickness per cycle was 50 pct, using a rolling mill. The 

roll diameter was 125 mm and the roll peripheral speed 

was about 2 m/min. The procedures mentioned here 

were repeated 5 times, which corresponded to a total 

equivalent strain of 4.0. Fig. 1 illustrates the procedure. 

The microstructure of the material before ARB was 

observed on the RD-TD plane using a Philips CM12 

transmission electron microscope (TEM) operating at 

120 kV. Thin foil samples were prepared by twin-jet 

electropolishing in a A2 Struers solution containing 72 

ml ethanol, 20 ml 2–butoxyethanol, and 8 ml perchloric 

acid (71% concentration) at -3°C. The voltage used for 

electropolishing was 35 V.  

 
2.2. Texture measurement 

Texture measurements were done on the RD-TD 

section. The specimens have an area of 25 × 15 mm2 with 

a flat surface and the subsurface region (one fourth 

thickness of the sheets) was exposed to the X-ray beam. 

The samples were prepared by standard metallographic 

procedures (grinding and mechanical polishing). 

Texture was recorded using pole figures of (111), (200)  

Fig. 1. Schematic illustration of the ARB process. 
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Fig. 2. (a) TEM micrograph of the AA6061 sheet before the 
ARB process (in annealed state) and EDS analysis of (b) gray 

particles and (c) black particles. 
 

and (220) planes by X-ray diffraction. The Textools 

software was used to calculate orientation distribution 

function (ODF) from the experimental pole figures. In 

each case, three pole figures were used to determine the 

ODF. For a better understanding of the texture evolution, 

the main FCC fibers were calculated from the calculated 

ODFs. 

 

3. Results  

 
3.1. Initial microstructure 

Fig. 2 shows the microstructure as well as the EDS 

analyses of the annealed AA6061 aluminum alloy sheet 

prior to the ARB process. Three kinds of particles can be 

identified in the TEM micrograph: some were white, 

some gray and some black. White, gray and black 

particles, which were analyzed by energy dispersive 

spectroscopy (EDS), are identified respectively as Si-

rich, Mg2Si and Al6Mn precipitates. The size of the Si 

rich particles is smaller than that of the Mg2Si and 

Al6Mn precipitates. The average size of each particle is 

shown in Table 2. 

 
Table 2. The average size of three kinds of particles in the 

AA6061 Sheet 

Average size of particles (nm) 

Gray particle Black particle White particle 

155 140 95 

 
3.2. Texture evolution during ARB 

The {111} pole figures of the ARB processed 

samples are presented in Fig. 3. All the pole figures are 

symmetric along RD and TD. Fig. 3(a) illustrates the 

pole figure of the annealed AA6061 sheet. The main 

texture component of the annealed sheet is the Cube 

{001}<100>. After one cycle of ARB, the rolling texture 

components including Copper {112}<111> and 

Dillamore {4, 4, 11}<11, 11, 8> are observed (Fig. 3(b)). 

Fig. 3(c) presents the pole figure of the ARB processed 

sample after three cycles. The major components are the 

same as for one-cycle ARB-processed sample, with the 

difference that their maximum intensity has slightly 

increased. After the fifth cycle (Fig. 3(d)), the Rotated 

cube component {001}<110> disappears and the 

intensity of Copper, S {123}<634>, Brass {011}<211> 

and Dillamore components increased.  

ODFs were calculated from the pole figures and are 

presented in Fig. 4. Fig. 4(a) illustrates the complete 

ODF for the annealed sample whose prominent 

component is Cube. Fig. 4(b) presents the ODF after 

the first cycle. The textural components can be 

characterized as the S component, Copper component 

and Rotated cube component (a typical shear texture 

component) as well as Dillamore component. In this 

sample, the Dillamore/Rotated cube component at the 

φ1, φ, φ2 =90°,15°,45° with an intensity of 3.5×R 

(random) is dominant while other components have 

intensities below 3×R. The three-cycle ARB-processed 
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Fig. 3. {111} pole figures: (a) of the annealed sample, (b) after one ARB cycle, (c) after three ARB cycles, and (d) after five ARB 

cycles. Cube ( ) , Copper ( ), Dillamore ( ), Rotated cube ( ), Brass ( ), S ( ). 

 

AA6061 sheet (Fig. 4(c)) shows the textural features are 

similar to that of the first cycle, however the intensity of 

the rolling components is higher and the Rotated cube 

component is lower. 

After the fifth cycle (Fig. 4(d)), the intensity of 

Dillamore, Copper, S and Brass components increased 

while the intensity of Rotated cube and 

Dillamore/Rotated cube components reduced. In this 

state, Dillamore is the major component with the 

intensity of 5×R.   

The textural evolution can also be elucidated using 

the fibers. The orientation density (f (g)) of fibers was 

plotted and presented in Fig. 5. The α-fiber is illustrated 

in Fig. 5(a). It can be seen that there is a nearly 

homogenous fiber at the initial stage. For ARB processed 

samples, textural evolution is concentrated mainly 

around the Brass component and most textural 

evolutions have occurred around this component. The 

intensity of the Brass component increases by increasing 

the number of ARB cycles. Fig. 5(b) presents β-fiber 

evolution for different ARB cycles. It shows that for the 

annealed and one cycle ARB-processed samples, the 

overall intensity of the β-fiber is nearly homogeneous 

and has a low value. After the third cycle onwards, the 

overall intensity along Copper to S and S to Brass 

positions increases gradually. The intensity of the S 

component remains at the same level during the course 

of the ARB process. After the final cycle, there was an 

increase in the level of the β-fiber for all orientations and 

the prominent component in this fiber is Copper type 

with intensity of 4×R.  

The τ-fiber evolution presented in Fig. 5(c) shows 

that the textural evolution in the first and third cycle is 

centered mainly around the Dillamore/Rotated cube 

component and the intensity of this component increases 

from 3.5×R after one cycle to 4.5×R after 3 cycles. After 

the fifth cycle, the intensity of the Rotated cube 

component is reduced, and the Dillamore/Rotated cube 

component disappeared. Meanwhile, in the 5 ARB 

cycles, the maximum intensity of the τ-fiber is at φ= 27°, 

which coincides with the Dillamore orientation. 

 
4. Discussion 

In the present investigation, it is observed that the 

Cube component is developed in the annealed state (0 

cycle sample). During ARB, a texture typical for 

rolling of face-centered cubic (FCC) metals with high-

stacking fault energy develops (Figs. 3, 4). This texture  
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Fig. 4. ODFs (a) of the annealed sample, (b) after one ARB 
cycle, (c) after three ARB cycles, (d) after five ARB cycles. 

 

is characterized by the β-fiber with the Copper 

component dominating [13, 14]. Previous authors have 

shown in their investigation of the textural evolution in 

aluminum alloys that the intensity of Copper and Goss 

component increased continuously by increasing the 

number of ARB cycles, while the intensity of S and 

Brass components remained unchanged (or reduced) [15, 

16]. But, in this study, according to texture evolutions 

along α and β-fibers (Figs. 5(a) and (b)), the intensity of 

S and Brass components increase when increasing the 

number of ARB cycles particularly after the fifth cycle. 

In materials which have low stacking fault energy, such 

as Brass, the mechanical twinning on {111}<112> 

accompanies slip during rolling and this leads to the 

formation of α-fiber. In these materials, by increasing the 

strain, the intensity of α-fiber and Brass component 

increased [5, 17]. It has been reported that presence of 

magnesium in aluminum solid solution resulted in a 

noticeable decrease of the stacking fault energy [18, 19], 

and the Brass texture component is developed during 

rolling deformation with no mechanical twinning and the 

shear bands were also not recorded [20]. Hence, the 

simultaneous increase of Brass and Copper components 

intensity during ARB (Fig. 5(b)) can be related to the 

presence of magnesium in 6061 aluminum alloy. During 

the initial cycles (the first and third cycles), the Rotated 

cube (shear) component has been seen in ODFs with 

high intensity. The presence of this component leads to 

the formation of texture placed between Dillamore and 

Rotated cube components (Fig. 5(c)). Such a shear type 

texture forms as a result of redundant shear deformation 

near the surface during the rolling process. As it was 

stated earlier, the ARB process has often been carried 

under dry-surface condition without any lubrication 

(such as this study). In such cases, a large amount of 

redundant shear strain is introduced into the surface 

layers of the rolled sheet owing to a high friction 

between the sheet surface and the rolls. The formation of 

the shear texture component in the initial cycles results 

from introducing shear strain during ARB process. 

In the ARB process, one of the sheet surface layers 

enters the sheet center in the next cycle and then goes up 

to the quarter thickness in the following cycle. It is 

different from conventional rolling in which the sheared 
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Fig. 5. Developed Fibers during ARB processing of 6061 
aluminum alloy: (a) α- fiber; (b) β-fiber and (c) τ-fiber. 

 

regions localize only at subsurface layers and are not 

distributed throughout the thickness of the sheets.  

As mentioned in section 2.2, texture measurements 

were conducted in the subsurface region (one fourth 

thickness of the sheets). Thus, the combination of rolling 

and shear texture components was formed after the first 

cycle. The destruction of near shear components takes 

place by increasing number of cycles. Therefore, the 

shear texture components developed during the first 

cycle rotation towards the ideal rolling texture 

components. 

After the fifth cycle the intensity of shear component 

(Rotated cube) is reduced, and the main texture 

component was Dillamore (Fig. 5(c)). Additionally, as it 

can be seen in Fig. 5(b), the intensity of S component 

increased after the fifth cycle. This indicates that due to 

the additional strain arising from conventional cold 

rolling (especially after the third cycle). 

As stated earlier, the non-deformable particles are 

associated with a zone of lattice rotation, and in these 

regions the formation of the normal deformation texture 

is disrupted [21]. Previous authors have found that the 

materials containing small non-shearable particles show 

a sharpening of texture at high strain. The formation of 

Copper orientation was fully described using the fully 

constrains model (Taylor model) [9]. This is expected to 

result from reduction in the mean free path of 

dislocations movement related to the presence of 

particles. In the ARB-processed AA6061 sheet, the 

ultrafine grain size and the fine non-shearable particles 

led to a rather homogeneous Taylor-like deformation 

(polyslip), which consequently enhanced probability of 

the stable orientation. The results suggested that either 

the sub-micron grain formation, the fine precipitates, or 

both, had a significant role in strengthening the 

Dillamore texture, after 5 ARB cycles. 

The low strength of texture, up to five cycles, can be 

explained by the formation of deformation zones near 

second-phase particles [9, 20]. Because the AA6061 alloy 

sheet before the ARB contains a large number of second-

phase particles (Fig. 2), a large number of deformation 

zones were introduced in the Al matrix during the ARB 

process, which weakened the rolling texture. 
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4. Conclusions 
 

In this study, the ARB process was repeated up to 

five cycles at ambient temperatures on AA6061 sheets. 

The texture of the samples was evaluated after each 

cycle. The conclusions can be summarized as follows: 

1. The developed texture during this process showed 

the rolling symmetry for all cycles.  

2. After the first cycle, the combination of shear and 

rolling texture components involving Copper, Rotated 

cube and Dillamore/Rotated cube components was 

formed. Formation of the shear component is related to 

shear deformation near the surface during rolling.  

3. After three cycles, the overall texture intensity 

increased slightly, except for the Rotated cube 

component, because the shear texture developed in the 

previous ARB cycle was destroyed and transformed into 

the rolling texture.  

4. A decrease in the intensity of the shear texture was 

observed after five cycles. In addition, the intensity of 

the rolling texture, especially the Dillamore orientation, 

increased. A sharp increase in the Dillamore orientation 

was caused due to the rotation of shear texture 

component to the rolling texture components and 

homogenous deformation induced by fine non-shearable 

particles present in the microstructure.  
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