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Abstract. An Al-6082 alloy was subjected to equal channel angular pressing (ECAP) and 

subsequently to conventional forming methods such as shape rolling and rotary forging. The effect 

of different deformation techniques on the microstructure and the mechanical properties was 

studied. It was found that the shape rolling and rotary forging increased further the strength of 

ECAP-processed samples and induced a loss of ductility. 

Introduction 

Severe plastic deformation (SPD) is an effective tool for producing bulk ultrafine-grained (UFG) 

metals. One of the most frequently used SPD methods is equal channel angular pressing (ECAP) as 

this technique results in a homogeneous UFG microstructure in a relatively large workpiece. The 

traditional forming processes such as shape rolling and rotary forging are not effective in producing 

UFG microstructure [1,2] but are inevitable in manufacturing adequate semi-finished products. It is 

well known, that the mechanical and microstructural properties of materials subjected to SPD differ 

from those prepared by traditional procedures. Previous experimental studies showed that the 

unique mechanical characteristics of SPD-processed metals can be attributed to the fairly 

homogeneous and equiaxed UFG microstructure, and to the high fraction of high angle grain 

boundaries [3-6]. It was also revealed that the different SPD and traditional deformation methods 

applied upto the same imposed strain value resulted in various microstructures which indicates that 

the strain alone is not an appropriate parameter for the characterization of the microstrctural 

evolution. In this paper a special quantity, the so called monotony parameter is introduced for 

characterizing the effectiveness of metal forming processes in grain refinement. The influence of 

successive application of novel SPD methods and traditional forming procedures on the 

microstructure and mechanical properties is also studied. 

 

Experimental procedure 

 

Before the ECAP deformation, a commercial Al-6082 alloy was aged at 420 °C for 40 min. The 

annealed specimen was regarded as the as-received material. Cylindrical billets of 16 mm in 

diameter and 180 mm in length were pressed through the ECAP die using a die angle of 90° with 

route Bc and C (between adjacent passes the sample is rotated around the longitudinal axis of the 

billet by 90° and 180°, respectively). The plastic strain increment during each pass was 1.1 [5]. The 

samples processed by one, two, four and eight passes were subjected to additional deformation 
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using conventional forming processes as radial forging or shape rolling (see Fig. 1 and 2). During 

the radial forging the diameter of the ECAP-processed billets was reduced from 16 mm to 8 mm via 

several steps (∅16 mm-∅13 mm-∅10 mm-∅8 mm). The imposed strain accumulated during the 

three steps of forging process was 1.4. The ECAP-processed workpieces of 16 mm in diameter were 

rolled by different roll grooves in six steps as it is shown in Fig. 2. The imposed strain achieved by 

shape rolling was 1.71. The total plastic strain for the samples deformed by a combination of 

different processes can be approximated as the sum of the strains of the individual procedures. 
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Fig. 1 Scheme of radial forging Fig. 2 Different types of roll grooves 

 

All the forming processes were carried out at ambient temperature. The mechanical properties, such 

as yield strength, ultimate tensile strength and ductility were determined by tensile test. The 

microstructure of the deformed specimens was investigated by X-ray diffraction line profile analysis 

[7]. The X-ray diffraction profiles were measured on the cross-section of the workpieces. The line 

profiles were evaluated by the Multiple Whole Profile Profile (MWP) fitting procedure [7]. From 

the fitting parameters, the volume weighted mean crystallite size and the dislocation density were 

determined. The line profile analysis was carried out on the following samples: shape rolled, ECAP-

processed for 1 pass, ECAP-processed for 8 passes with route Bc, ECAP-processed for 8 passes 

with route Bc and subsequently shape rolled. 

Results and discussion 

Monotony parameter. Definition of the deformation monotony parameter was first introduced by 

Smirnov-Alyayev [8]. The material deforms monotonically if no component of the strain rate tensor 

changes its sign during the process, i.e. the ortogonal eigenvectors of the deformation (or rate-of-

strain) tensor have the same orientations relative to the characteristic directions of the material 

during the whole deformation process. Metal forming process is monotonous if the monotony 

parameter is equal to zero. The monotony parameter was determined for ECAP and for extrusion as 

the material flow during the latter procedure is roughly similar process to that in rolling and rotary 

forging. The components of the monotony parameter were calculated from the symmetric and 

antisymmetric parts of the velocity gradient tensor. In order to obtain the velocity gradient tensor, 

simple velocity fields were determined for each forming process. The monotony parameter was 

calculated along a selected trajectory of material flow. Fig. 3 shows a trajectory located at an 0x  

distance from the wall of the ECAP die. In the extrusion tool the monotony parameter was 

determined in the trajectory which is coincident with the outer wall of the tool channel. Point 1 in 

Fig. 4 is the initial point of this trajectory. 
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Fig. 3 A flowing trajectory in the intersecting 

channels of the ECAP die 

Fig. 4 Cross section of the extrusion tool 

 

The monotony parameter shows a considerable variation as a function of equivalent strain (see Fig. 

5). As it can be seen, the absolute value of monotony parameter at the same strain is much higher 

for ECAP than for extrusion. This means that extrusion is more monotonous process than ECAP. 

Fig. 5 shows that the monotony parameter makes a difference between the various forming 

processes even at the same equivalent strain value and therefore it may be a candidate for the 

characterization of effectiveness of forming methods in refinement of microstructure. The non-

monotonous deformation processes usually result in more effective grain-refinement. 

 

 
Fig. 5 Monotony parameter versus equivalent plastic strain 

 

 

Evolution of the mechanical properties. Figure 6 shows the mechanical properties such as the 

yield strength (Rp0.2), ultimate tensile strength (Rm), elongation to failure (A), reduction of cross 

section (Z), and the absorbed specific energy till fracture (Wc) as a function of the logarithmic 

plastic strain.  

ECAP-processing through route Bc resulted in higher strength increment than that obtained by route 

C. The additional deformation of the ECAP-processed samples caused further increasing in the 

yield strength and ultimate tensile strength. It is also concluded that the conventional forming 

processes after ECAP eliminated the differences between the strength parameters of the samples 

processed by various ECAP routes. 

Ductility of the workpieces continuously decreased with increasing number of ECAP passes as well 

as by applying the additional forming processes. Shape rolling increased the absorbed specific 

energy till fracture up to the fourth pass of ECAP, while for the sample processed by 8 ECAP passes 

the rolling reduced slightly the absorbed energy.  
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Fig. 6 Mechanical parameters versus logarithmic strain for the shape rolling 

 

 

Rotary forging after ECAP resulted in similar changes in the mechanical parameters like shape 

rolling, although the magnitude of variations is lower probably due to the smaller equivalent strain.  
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Fig. 7 Mechanical parameters versus logarithmic strain for rotary forging 

 

Microstructural characteristics. Fig. 8 shows the variation of the mean crystallite size (<x>vol) and 

dislocation density (ρ) as a function of the logarithmic strain. The crystallite size shows strong 

decrease (from 500 to 137 nm) during the first ECAP pass Shape rolling also reduces the crystallite 

size significantly (down to 169 nm). Subsequent deformation after 1 ECAP pass did not result in 

further grain refinement. The dislocation density is about 40 times higher after 1 pass of ECAP 

(3.8x10
14

 m
-2
) compared to as-received state (0.1x10

14
 m

-2
). 8 ECAP passes did not give remarkably 

increment in the dislocation density (3.9x10
14

 m
-2
) compared to the state of 1 ECAP pass. At the 

same time shape rolling resulted in nearly three times lower dislocation density than ECAP 

(1.2x10
14

 m
-2
). Moreover, the rolling after 8 ECAP passes caused reduction of the dislocation 

density to 1.5x10
14

 m
-2
. This decreasing can be explained by the recovery of the dislocation 

structure during rolling as the samples were warmed up to about 100 °C during this deformation 

process. It is interesting to mention that in spite of the saturation of the dislocation density and the 

crystallite size after 1 ECAP pass, the strength is further increasing with subsequent deformation. 

Moreover, the decrease of the dislocation density during rolling after ECAP is accompanied by the 

slight increase of the strength parameters (see Fig. 76). This means that beside the crystallite size 

and the dislocation density, other microstructural features should affect the strength of severely 
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deformed Al-6082 alloys. This feature may be the structure of grain boundaries, texture, and the 

interaction between dislocations and Mg2Si and Mg12Si7Al5 precipitates.  

 

 

Fig. 8 Volume weighted mean crystallite size and dislocation density versus logarithmic strain 

Summary 

Equal channel angular pressing combined with traditional forming techniques such as shape 

rolling and rotary forging were carried out on an Al-6082 alloy at ambient temperature. It is revealed 

that the monotony parameter shows significant difference between the traditional and the SPD 

forming processes. The results showed that shape rolling and rotary forging have significant 

influence on both the mechanical and microstructural parameters. They eliminate the differences of 

the mechanical properties resulting from the different routes of ECAP. Combination of ECAP and 

shape rolling caused a decrease in the dislocation density and a slight increase of the strength 

simultaneously which indicates that the effects of other microstructural characteristics, such as grain 

boundaries or texture on the mechanical behavior can not be neglected.  
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