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Abstract. This paper presents a finite element simulation of equal channel 

angular pressing (ECAP) since it is one of the most common and successful 

severe plastic deformation techniques. This study reports the influence of 

the most significant factors influencing the ECAP technique. Through finite 

element simulation, the effect of the die geometry, workpiece geometry, and 

the pressing speed on the effective strain distributions, damage, and pressing 

loads, were investigated. The influence of the ECAP method on different 

material models is also presented. Additionally, the prospective expansion 

and future applications of ECAP are herein highlighted. From the results, 

the die geometry of a 90° channel imparts the highest strains during ECAP. 

Additionally, specimens of rectangular geometry are susceptible to cracking 

and damage as compared to circular samples. It was found that very high 

processing speeds (>7mm/sec) are undesirable during ECAP since they 

cause very high internal stresses to the structure of the workpieces. Besides, 

processing at room temperature can achieve homogeneous strain distribution 

with minimum sample damage.  

1 Introduction 

Equal channel angular pressing (ECAP) is one of the most common and successful severe 

plastic deformation (SPD) techniques. This is because it is possible to process larger samples 

as compared to other SPD methods such as high-pressure torsion (HPT), and it is possible to 

process a wide range of materials. As such, a lot of research effort has been dedicated to 

improving the technique for various materials and applications. There is currently a lot of 

literature discussing ECAP processing; and these studies take a two-fold approach: (i) to 

investigate the influence of ECAP on different material models, and (ii) to study the influence 

of different processing conditions on the ECAP method. In the former approach, studies have 
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focused on evaluating the stress/strain distribution and homogeneity of material properties 

such as microstructure and micro-hardness characteristics. 

 A huge resource of ECAP processing of conventional materials as well as advanced and 

super-alloys is available. For instance, aluminium 6061 alloy was investigated for 

microstructure and hardness distribution after a single pass of ECAP and heat treatment by 

Rominiyi et al. [1]. The microstructural features and dislocation density of ECAP processed 

AZ91 Mg alloy was studied by Xu et al. [2]. Lei and Zhang [3] investigated the ECAP 

processing of hot-extruded pure magnesium metal and presented stress/strain and grain 

refinement maps for an increasing number of passes. An alloy of Mg-10.6Gd-2Ag was 

processed by the multi-pass ECAP method to obtain a combination of refinement and 

precipitation strengthening [4].  

 A lot of studies have been reported on ECAP processing of aluminium and brass alloys 

as reviewed by Radhi, Aljassani, and Mohammed [5]. Considerable grain refinement of such 

alloys through ECAP has been reported; for instance, in a study by Elhefnawey [6] the 

microstructure refinement of 103 nm was achieved during ECAP processing of Al-Mg-Zn 

after six passes. Other materials processed through ECAP and recently reported in the 

literature include composites of SiCP/AZ91 [7] and WS2/AZ91 [8]. It can be inferred from 

the existing literature that most of the ECAP studies have focused on light materials such as 

aluminium and its alloys, magnesium and its alloys and brass and its alloys. However, a few 

studies are reporting on super-alloys and advanced materials such as pure titanium [9]–[12], 

titanium composites and alloys [13]–[15], Niobium and Tantalum [16], etc. 

 The biggest challenge affecting the severe plastic deformation community has been on 

achieving uniformity of properties and microstructural refinement [17], [18]. As such, the 

effort has been on studying the stress/strain distribution during deformation and enhancement 

of homogeneity in deformation processes. The uniformity of deformation during ECAP can 

be enhanced by the following two processes. 

i. Optimization of the process parameters concerning the property distribution, 

and  

ii. Post-ECAP heat treatment [19], [20].  

In terms of process parameters, ECAP is influenced by various parameters such as the die 

geometry, material models, and the number of passes, and so forth. The combination of these 

parameters during ECAP processing of materials should be chosen carefully to ensure 

homogeneity in deformation and distribution of properties such as micro-hardness. Studying 

stress/strain distribution for a variety of factors is critical in assessing the homogeneous 

deformation and properties. In this study, different parameters influencing strain/stress 

distribution during ECAP processing were studied by using finite element simulation 

modelling.     

   

2 Methods 

In this study, DEFORM 3D software was used to conduct finite element simulations. The die 

was modelled in computer-aided design (CAD) software and then imported into the 

DEFORM 3D software in an STL file format. A typical die geometry is shown in Fig. 1 in 

which θ represents the die angle. The die was modelled as a rigid body and the workpiece 

modelled as plastic. The dimensions of the inner channel of the dies were 25.4 mm by 25.4 

mm (square), and the length of the channels were 80 mm by 60 mm. The sample dimensions 

were 25.4 mm by 25.4 mm by 60 mm long. The number of meshes used for the workpiece 

was 32,000 chosen on convergence studies not reported in this book. The material model 

used for the samples was AA7075, which is copper and magnesium dominant aluminium 

alloy with a tensile strength of 572 MPa, yield strength of 503 MPa and a Vickers hardness 
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of 175. The material has a thermal conductivity of 130 W/m-K, a maximum melting 

temperature of 630°C, and a specific heat capacity of 0.96 J/g°C. 

 
 

Fig. 1. a) Typical die of the ECAP process and b) showing the die angle in an ECAP die 

 

The sample deformation was by pressing it through the angular channel, and the top 

(pressing) die velocity was 5 mm/sec. The deformation temperature was done at room 

temperature (25 °C). The coefficient of friction was 0.05, and the heat transfer coefficient 

was 45 N/sec/mm/°C. The deformation simulation was based on the Lagrangian incremental 

and direct iteration method. 

3 Results and Discussions 

3.1 Influence of the die geometry on the effective strains during ECAP pressing 
of AA7075 

In this case, rectangular channels of varying die angle (θ) were used in the simulation of the 

ECAP process of AA7075 workpieces. The die angle was increased from 90 to 135° and the 

results of the three die angles are as shown in Fig. 2. As shown, at a low die angle (90°), the 

maximum effective strains were obtained, while the lowest effective strains were obtained at 

the highest die angle (135°) in this study. The results agree with the analytical formulations 

where the highest strains are obtained at 90°, and at this angle, there is high dislocation 

density which brings about high strain rates. It was also observed that in each case, the highest 

effective strains occur at the corners of the rectangular workpiece. As shown in Fig. 2(a), the 

workpiece deformed at 90° experienced a region of very high strains (marked as H), which 

was not observed in the other cases. On the surface of the sample processed at 105° bands of 

equal effective strains perpendicular to the pressing die (marked as B in Fig. 2(b)) were 

observed. The peculiar observations for both cases can be related to the load history during 
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the ECAP process, as shown in Fig. 3. In terms of homogeneity, the effective strain 

distribution was observed to be nearly uniformly distributed on samples processed at 105°, 

followed by those pressed at 135°. The highest nonuniformity was observed on samples 

processed at 90°. Heat treatment is usually recommended after ECAP processing of alloys 

with a 90°-die angle to homogenise the microstructure. Fig. 4 shows the damage prediction 

during the ECAP processing for the three cases and as it can be seen that the highest damage 

occurs on the samples experiencing the highest dislocation density. 

 
Fig. 2. Showing effective strain distribution on samples processed at different die angles (a) 90°. (b) 

105° and (c) 135°. The scale bars for strain distribution are also shown.  
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Fig. 3. Applied load history during the ECAP process for the different die angles. 

 

 

Fig. 4. Showing the damage history of the samples during ECAP for the different die angles  

 

3.2 Influence of the workpiece geometry on the ECAP process 

Fig. 5 shows the effective strain distribution on circular and square workpiece geometries 

processed through ECAP dies of 120°. In terms of intensity, there were no significant 

differences between the two workpiece geometries. However, the results show that there were 

slightly high stresses on the corners of the square samples due to the effect of sharp edges on 

stress tensors. As shown in Fig. 6, there was a relatively higher loading during ECAP 

processing of square samples than the circular (round) workpiece. The result can be related 

to the resistance brought about by the sharp corners on the samples. To overcome the 
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resistance, therefore, higher loading is required. As expected, the damage is more in the 

square samples, as shown in Fig. 7. In one of our laboratory set-ups, a rectangular recycled 

aluminium piston alloy was processed through the ECAP process using rectangular dies of 

120°, and massive damage occurred on the samples (Fig. 8). The sample damage begins via 

small cracks on the corners of the workpieces due to higher strains experienced in those 

regions. The cracks are usually perpendicular to the pressing die and grow as the pressing 

through the die intersection continues. 

 

 

Fig. 5. Influence of die geometry on the effective strains during ECAP pressing of AA7075 a) 

cylindrical and b) rectangular samples.  

 

  

Fig. 6. Pressing load history during ECAP pressing of the square and round geometries of workpieces  
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Fig. 7. Showing the damage history during ECAP pressing of the square and round workpieces   

 
Fig. 8. Illustrating experimental mechanical damage on the rectangular workpieces during ECAP 

pressing of recycled aluminium piston alloy.  

3.3 Influence of pressing speed 

 

In this case, a die angle (θ) of 120° was used to process AA7075 alloy samples at four 

different pressing speeds. The speeds used were: 2, 7, 10, and 15 mm/sec. The results of 

effective strain distribution, pressing load history and damage on the workpieces at the 

different pressing speeds are shown in Figs. 9, 10 and 11 respectively. As shown, the strain 

variations with the pressing speed are significant. At pressing speed of 15 mm/sec, there were 

five strain bands across the surface of the deformed workpiece, 10 mm/sec, there were two 

strain bands on the workpiece surface, 7 mm/sec, there were four-strain bands on the surface, 

and 2 mm/sec, there were three strain bands on the deformed sample. As previously observed, 

the corners exhibited the highest strains due to high-stress concentrations regions. In terms 

of homogeneity, the workpiece processed at a pressing speed of 10 mm/sec were the most 

uniform, whereas the specimens processed at 15 mm/sec exhibited the most nonuniform 

characteristics. Literature shows that high pressing speeds are not desirable during ECAP 

processing, since they lead to the formation of very high internal stresses and dislocation 
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density generation, and does not allow enough time for relaxation of the structure which 

results in a large average grain size formations [21]. The internal stresses caused by high 

pressing speeds into the structure results in cracking and mechanical damage in the workpiece 

(Fig. 11). 

 

 
Fig. 9. Effective strain distributions during ECAP processing of AA7075 at varying the pressing 

speed of a) 15, b) 10, c) 7, and c) 2 mm/sec. 
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Fig. 10. Pressing load history of AA7075 at different ECAP processing speeds 

 
Fig. 11. Damage history during ECAP processing of AA7075 at various top die speeds  

3.4 Effect of die temperature on the processing 

 

In this section, the effect of die temperature on the ECAP processing of AA7075 was 

illustrated. There were four temperatures used in the analysis: 25°C, 100°C, 200°C, 300° and 

500°C. As shown in Fig.12, the inhomogeneity in deformation decreased with the temperature 

of processing, and the best homogenization can be observed at room temperature (25°C). 

Experimental results showed that severe plastic deformation at room temperature leads to 

higher refinement as compared to high-temperature processing. Additionally, high-

temperature processing leads to precipitation strengthening besides grain refinement and this 

formation of precipitates may cause inhomogeneous microstructure and grain refinement. 

Study shows that ECAP processing at high temperatures encourages dynamic 

recrystallisation resulting in a mixture of elongated and fine grain sizes, and therefore causing 

non-uniformity in the microstructure [22]. The results on loading and damage on the structure 

of the specimen, are as shown in Figs. 13 and 14, respectively. There were no much 

significant differences at different die temperatures. 
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Fig.12. Effective strain distributions of ECAP processing of AA7075 at different die temperatures (a) 

25°C, (b) 100°C, (c) 200°C (d) 300°C and (e) 500°C 

 
Fig.13. Pressing load history of ECAP processing of AA7075 at a varying die temperature 
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Fig.14. Damage history during ECAP processing of AA7075 alloy at different die temperatures 

 

3.5 Influence of processing on different material models 

This section reports on the influence of ECAP on different materials models, five materials 

used were: copper, brass, steel 1045, stainless steel 304 and AA7075. These material models 

are used widely in most engineering applications, hence selected for this study. The effective 

strain distributions for different materials models are as shown in Fig.15. The results show 

that the materials model influences the deformation behaviour during ECAP processing. As 

shown, the highest effective strains were obtained in the brass material model, whereas, the 

lowest occurred in the AA7075 alloy. The higher strain is indicative of the high dislocation 

motions within the structure of the material, whereas the lower strain in AA7075 is due to 

the formation of precipitates during ECAP, which hinder further deformation. The strain 

observations are consistent with load and damage histories, as shown in Figs. 16 and 17. 
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Fig.15. Effective strain distributions during ECAP processing of different materials models a) steel 

AISI 1045, b) stainless steel 304, c) Copper, d) brass and e) AA7075 alloy 

 

Fig.16. Pressing load history during ECAP processing of various material models 
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Fig.17. Damage history during ECAP processing of various materials models 

3.6 Industrial implications and future directions 

Equal angular channel pressing has emerged as one of the attractive severe plastic 

deformations technologies due to its capability to process relatively larger samples [23]. The 

technology has the potential to refine bulk materials to ultrafine-grained materials at low 

homologous temperatures for advanced applications in the modern industry. As alluded 

earlier, ECAP is used mostly for processing Al and its alloys, magnesium, copper and 

titanium and their alloys. Titanium materials are attractive for orthopaedic implants, and 

processing through ECAP enhances their strength as well as ductility for better performance 

[24], [25]. The flexibility of ECAP process makes it possible to process different shapes of 

specimens as compared to other SPD processes such as HPT. The ECAP technique can be 

made continuous, automated, and can be used jointly with other manufacturing processes 

such as rolling. As such, it will be possible to incorporate the aspects of Industry 4.0 (smart 

industry concept) such as robotics, augmented reality, artificial intelligence and the internet 

of things (IoTs). 

4 Conclusions  

This study reports factors influencing strain distribution, load and damage history during 

ECAP processing through a finite element modelling procedure. Additionally, the 

applications and future prospective of ECAP in the smart industry were highlighted. The 

following important conclusions can be drawn. 

❖ The die geometry influences the ECAP processing of AA7075 alloys, and 90° 

imparts the highest strains during ECAP. 

❖ The configuration of the workpiece determines the strain distribution and 

damage behaviour of the ECAP processing. Specimens of rectangular geometry 

are susceptible to cracking and damage as compared to circular samples. 

❖ The pressing speed directly influences the grain refinement; very high speed is 

undesirable during ECAP since they cause very high internal stresses to the 

structure of the workpieces. 
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❖ Processing at room temperature can achieve homogeneous strain distribution 

with minimum sample damage.  

❖ Alloys that form precipitates on ECAP refinement were shown to exhibit the 

lowest strains and therefore difficult to process through the ECAP technique.   
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