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Abstract: Rigid-viscoplastic 3D finite element simulations (3D FEM) of the equal channel angular pressing (ECAP), the 

combination of ECAP + extrusion with different extrusion ratios, and direct extrusion of pure aluminum were performed and 

analyzed. The 3D FEM simulations were carried out to investigate the load−displacement behavior, the plastic deformation 

characteristics and the effective plastic strain homogeneity of Al-1080 deformed by different forming processes. The simulation 

results were validated by microstructure observations, microhardness distribution maps and the correlation between the effective 

plastic strain and the microhardness values. The 3D FEM simulations were performed successfully with a good agreement with the 

experimental results. The load−displacement curves and the peak load values of the 3D FEM simulations and the experimental 

results were close from each other. The microhardness distribution maps were in a good conformity with the effective plastic strain 

contours and verifying the 3D FEM simulations results. The ECAP workpiece has a higher degree of deformation homogeneity than 

the other deformation processes. The microhardness values were calculated based on the average effective plastic strain. The 

predicted microhardness values fitted the experimental results well. The microstructure observations in the longitudinal and 

transverse directions support the 3D FEM effective plastic strain and microhardness distributions result in different forming 

processes. 

Key words: equal channel angular pressing (ECAP); extrusion; finite element method (FEM); microhardness; deformation 

homogeneity; microstructure 

                                                                                                             

 

 

1 Introduction 
 

Severe plastic deformation (SPD) is one of the most 

popular techniques used in producing nanocrystalline 

(NC), ultra-fine grain (UFG) and sub-micron bulk 

workpieces. The large bulk sizes of processed samples 

make ECAP the most applied SPD technique. ECAP 

process principles were discussed briefly in previous 

works [1,2]. Al and its alloys are used widely in different 

applications such as automotive and aircraft industries 

due to their lightweight. Al and Al alloys workpieces 

processed by equal channel angular pressing (ECAP) 

with fine grain microstructures, which led to 

improvement in the mechanical and physical properties, 

have been an important focus of research in last two 

decades [3−5]. Recently, the combination of SPD and 

conventional deformation processes especially extrusion 

or between SPD processes was the motivation of 

different previous works [6−12]. 

Finite element method (FEM) is a numerical 

method that can be used effectively in the explanation of 

the deformation behavior during different deformation 

processes. FEM simulations were carried out 

successfully for the ECAP process [13−16]. The plastic 

deformation analysis [13], the selection and design of 

ECAP dies [14,15], and the tracing of the corner gap 

formation [13−16] were studied by FEM. However, most 

of the previous works of the FEM simulations of the 

ECAP were done by two dimensions (2D) FEM 

simulations [13−16]. Recently, the three-dimensional 

(3D) FEM simulations have been used efficiently in   

the analysis of effective plastic strain distribution    

and assessment of the deformation homogeneity during  
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ECAP process [17−21]. The 3D FEM simulation is 

considered to be more reliable in the FEM simulation of 

the circular ECAP workpieces than the 2D FEM    

plane strain, plane stress, and axi-symmetric  

simulations [17,18]. Unfortunately, few of the previous 

works focused on the simulation of the plastic 

deformation of the combination of ECAP and other 

deformation processes. The previous works include the 

investigation of the plastic deformation in the 

combination of ECAP and extrusion, forging and twist 

extrusion [22−25]. Although the combination of ECAP + 

extrusion was modeled by 2D and 3D FEM   

simulations [22,25]. But, the FEM simulation results of 

the combination of ECAP + extrusion were not verified 

by experimental results such as mechanical properties 

and microstructure observations [22,25]. 

The lack of the previous studies that verified the 

FEM simulations of ECAP and the combination of 

ECAP + extrusion experimentally was the motivation for 

the present work. The present research aims to achieve 

the following objectives. First, the load−displacement 

behavior, the plastic deformation characteristics and the 

effective plastic strain homogeneity of Al-1080 deformed 

by the ECAP, the combination of the ECAP + extrusion, 

and direct extrusion numerically by 3D FEM simulations 

were studied. Second, the FEM results were verified 

experimentally using the experimental load− 

displacement curves, microhardness distributions maps, 

microhardness homogeneity and microstructure 

observations. Third, the microhardness values were 

estimated through the correlation between the effective 

plastic strain and the microhardness values in each case. 

 

2 Finite element simulation 
 

In the present study, a 3D FEM model was 

considered and performed to obtain the load− 

displacement curves and the effective plastic strain 

distribution maps of Al−1080 deformed by the ECAP, 

the combination of ECAP + extrusion and direct 

extrusion. The rigid-viscoplastic 3D finite element 

simulations were carried out using the commercial 

software DEFORM-3D V.6.1 [26]. DEFORM-3D is a 

finite element method (FEM) program based on the 

process simulation system to analyze different metal 

forming processes. Unlike, most FEM software 

DEFORM-3D provided an easy graphical interface that 

provides easy data preparation and analysis. 

DEFORM-3D program consists mainly of three 

components. First, the pre-processor, where the forming 

process parts created, assembled, or even modified the 

data required in the simulation, and generating the 

database file. The second part is the simulation module 

where the calculations needed to analyze the forming 

process and writing of the results to the database file are 

performed. The simulation module reads the database file, 

performs the actual solution calculation, and appends the 

appropriate solution data to the database file. 

Furthermore, the simulation module enables the 

automatic mesh generation (AMG) system to generate a 

new FEM mesh. The third part is the post processor that 

allows reading the database from the simulation module 

and displays the results graphically and for extracting 

numerical data. 

The DEFORM-3D pre-processing step includes 

different steps as follows. First, upload and check the 

workpiece geometry. In the present work, the workpieces 

used in the simulation have a cylindrical shape with a 

diameter of 15 mm and a length of 80 mm. The 

workpiece geometry was drawn by 3D CAD program 

Solid Works V.2014. The workpiece geometry was saved 

in the STL format that can be uploaded, read, and 

checked by DEFORM-3D V.6.1. The second step is 

uploading the workpiece material characteristics. The 

workpiece was considered to be a rigid-plastic     

body [21,27]. The workpiece material characteristics 

required in DEFORM-3D V.6.1 were obtained from the 

flow stress equation as  
 

σ=kεn                                         (1) 
 

where σ, k, ε and n are the flow stress, strength 

coefficient, effective tensile strain, and strain hardening 

exponent, respectively. The workpiece material tensile 

characteristics were obtained from previous work [10]. 

The tensile characteristics of the workpiece material 

were loaded in a tabular form and saved in the material 

library in the DEFORM-3D. The simulation temperature 

was considered as room temperature, like the 

experimental work, 20 °C. The third step in the 

pre-processing is the workpiece meshing process. The 

workpiece was meshed into 20000 four-node elements, 

which is considered sufficient relative to the work 

volume or even higher than those used in previous works 

of 2D or 3D FEM simulations [16,19−21,28]. The 20000 

four-node elements used in the present work were higher 

than those of 1520, 4183, 16000, 10000, and 2800 used 

in the meshing of workpieces with equal or even larger 

volumes than that of the workpiece used in the present 

work [16,19−21,28]. The mesh was automatically 

re-meshed if the elements became too distorted during 

the forming process simulations. The fourth step in the 

pre-processing is the die and the punch drawing and 

loading into the program in the same way used in the 

case of the workpiece. Figure 1 shows the drawing of the 

different dies used in the present work. The dies and the 

punches were made of high strength steel in the present 

work. Therefore, the dies and the punch were modeled as 

rigid surfaces. 
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Finally, the contact boundary conditions and the 

coefficient of friction among the die, punch, and the 

workpiece were applied. The contact boundary 

conditions among the die, the punch, and the workpiece 

can automatically generate. The tolerance between the 

die and punch on one side and the workpiece on the other 

side can be obtained automatically by DEFORM-3D and 

then the contact nodes are generated. Then, the value of 

the coefficient friction between the die and punch on one 

side and the workpiece on the other side can be set 

depending on the forming process condition. The 

workpiece top surface is in a complete contact with the 

punch which moves with a constant speed of 1 mm/s. 

The friction coefficient with a nominal value of 0.12 was 

assumed in the present work. First, this value is the 

minimum stander value of the friction coefficient during 

cold forming of Al [29]. Second, the friction coefficient 

value of 0.12 is recommended during the cold forming 

using a steel die in DEFORM-3D V.6.1 [26]. Third, the 

friction coefficient of 0.12 is less than 0.2 that is 

considered as the maximum allowable limit of the 

friction coefficient value to complete the FEM 

simulations of ECAP with the formation of a reasonable 

steady state zone and a good degree of deformation 

homogeneity [30]. 

The effective plastic strain distributions maps were 

obtained in mid-length of the workpiece in the transverse 

direction as shown in Fig. 2(f). Moreover, the effective 

plastic strain distribution maps were also obtained in the 

middle plane of the workpiece parallel to the longitudinal 

axis as shown in Fig. 2(f). The standard deviation σε of 

the effective plastic strain in each case was used to assess 

the deformation inhomogeneity index in the transverse 

direction from the following equation: 
 

2
av( )i

N








 
                           (2) 

 
where εi and εav and Nε denote the effective plastic strain 

value at each point, the average effective plastic strain 

value and the total number of strain values, respectively. 

 

3 Experimental 
 

Commercially pure Al-1080 workpieces with 

chemical composition as indicated in Table 1 were used 

in the present work. The Al-1080 workpieces were 

machined into a cylindrical shape with a diameter of   

15 mm and a length of 80 mm. Split dies were 

constructed for ECAP and the combination of  ECAP + 

extrusion processes and a solid die for the direct 

extrusion process as shown in Fig. 1. ECAPed workpiece 

was processed up to one pass using a split die with an 

inner diameter of 15 mm, an inner die angle (Φ) of 90°, 

and an outer arc angle (Ψ) of 15° as shown in Fig. 1(a). 

The combination of ECAP + extrusion was carried 

out through an integrated die in one step. The ECAP 

process was followed by the direct extrusion process 

with extrusion ratios of 2 and 8 as shown in Figs. 1(b) 

and (c), respectively. The direct extrusion process was 

performed with an extrusion ratio of 2, as shown in   

Fig. 1(d). The deformation processes were performed 

using a hydraulic unit press with a maximum pressing 

capacity of 735 kN. The experimental punch load− 

displacement curves for the different deformation 

processes were obtained. The deformation processes 

 

Table 1 Chemical composition of commercially pure aluminum 

Al-1080 (mass fraction, %) 

Si Fe Cu Mn Mg Zn Ti Al Others 

<0.15 <0.15 <0.03 <0.02 <0.06 <0.02 <0.02 >98.8 <0.02 

 

 

Fig. 1 Drawing of ECAP (a), ECAPEX2 (b), ECAPEX8 (c) 

and EX2 dies (d) (unit: mm) 

 

 

Fig. 2 Macrographs of as-cast Al-1080 machined (a), deformed 

by ECAP (b), ECAPEX2 (c) and ECAPEX8 (d), EX2 

workpieces (e) and transverse (TD) and longitudinal (LD) 

direction (f) 
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were performed at a speed of 1 mm/s and at the room 

temperature of 20 °C. Zinc stearate powder was used as a 

lubricant in all of the deformation processes. The 

imposed effective plastic strain values in the case of 

ECAP, the combination of ECAP + extrusion with 

extrusion ratios of 2 and 8 and extrusion with an 

extrusion ratio of 2 were 1.08, 1.77, 3.17 and 0.69, 

respectively based on the equations indicated in previous 

works [2,31]. Figure 2 shows the shapes of the initial 

(Fig. 2(a)), ECAP (Fig. 2(b)), the combination of  

ECAP + extrusion (Figs. 2(c) and 2(d)) and extrusion 

(Fig. 2(e)) processed Al-1080 workpieces. 

The workpieces after different deformation 

processes were cut in the transverse direction as shown 

in Fig. 2(f). The workpieces were carefully ground and 

polished to a mirror-like surface. Hardness measure- 

ments were carried out using a Mitutoyo microhardness 

tester equipped with a Vickers indenter under an applied 

load of 980 N and dwell time of 15 s. The microhardness 

measurements were taken in the form of a regular grid 

pattern with a spacing of 0.5 mm between each     

point [12]. Then, the microhardness measurements were 

plotted as color-coded contour maps indicating the 

variation in the microhardness across the surface of each 

workpiece. A total number of 701, 317, 81 and 317 

measurements were made in the case of the ECAP, the 

combination of ECAP + extrusion with extrusion ratios 

of 2 and 8 and extrusion workpieces, respectively. The 

average of the microhardness measurements in each case 

was denoted as the average microhardness. The standard 

deviation (σHv) of the microhardness measurements in 

each case was calculated to assess the deformation 

inhomogeneity index of the different workpieces from 

the following equation [12]: 
 

2
av

Ηv
Ηv

( )i

N



  

                        (3) 

 
where Hi, Hav and NHv are the microhardness value at 

each point of measurement, the average microhardness 

of the whole measurements and the total number of 

measurements, respectively. In the present work, the 

measured microhardness values were compared with 

microhardness values calculated based on the effective 

plastic strain through mathematical calculations. As the 

microhardness values were estimated using the effective 

plastic strain values.  Moreover, a complete comparison 

between the strain and microhardness distribution maps 

was performed. 

Microstructure observations after the deformation 

processes were performed in both longitudinal and 

transverse directions as shown in Fig. 2(f). The 

microstructure observations in the longitudinal direction 

were performed by optical microscope to trace the shear 

bands morphology and width in different deformation 

processes. Further microstructure observations were 

performed in the transverse direction by scanning 

electron microscopy (SEM) with electron backscatter 

diffraction (EBSD). The EBSD observations were 

concerned with the tracing of the grain size variation 

along the workpieces diameter. The microstructure 

observations in the both longitudinal and transverse 

directions were performed in different positions across 

each workpiece. The microstructure observations were 

undertaken at the bottom and the top of ECAP workpiece 

and at the center and the outer surface of the combination 

of ECAP + extrusion and extrusion workpieces, 

respectively. 

The microstructure workpieces were prepared by 

grinding using up to 4000 SiC emery papers, followed by 

polishing with alcohol and diamond paste suspensions to 

mirror-like surfaces. Then, the workpieces were etched 

using Keller’s reagent in the case of the optical 

microscope workpieces. The workpieces were polished 

by colloidal silica and ethanol for 1 h to obtain a very 

shiny polished surface in the case of the EBSD 

workpieces. Step sizes with values between 60 and    

40 nm were used in the EBSD mapping process. 

Moreover, the points with confidence index (CI) ˂0.1 

were removed for using more reliable data. In order to 

avoid any confusion, the workpieces were termed as 

ECAP, ECAPEX2, ECAPEX8, and EX2 in the case of 

the equal channel angular pressing, the combination of 

ECAP + extrusion with extrusion ratios of 2 and 8 and 

the direct extrusion with an extrusion ratio of 2, 

respectively. 

 

4 Results and discussion 
 

4.1 Load−displacement curves 

Figure 3(a) shows the FEM and experimental 

load−displacement curves. In the case of ECAP, the load 

was increased as the workpiece entered the deformation 

zone (the intersection between the entrance and exit 

channels), with a ramp, which was followed by a steady 

load with a slight decrease in the load value with the 

increase of the displacement. The load was increased up 

to 36.2 kN and remained approximately constant, then it 

slightly decreased with the further pressing down to  

31.5 kN. Similar load behavior was noted in the case of 

experimental ECAP load−displacement curve. The load 

increases up to 34.7 kN and remains constant with a 

slight decrease in the load value with the further pressing 

down to 30.9 kN. The FEM and experimental 

load−displacement curves were observed to be very close 

each other, which proves the efficiency of the FEM 

simulation in the prediction of load–displacement curve 

behavior with high accuracy. Similar ECAP 

load−displacement behavior was noted in the ECAP of 
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Al-1070 [32]. 

The ECAP experimental and FEM load− 

displacement curves in the present work have a ramp 

followed by a steady load shape. The load−displacement 

curves in the present work were free from the bend and 

shear stages with higher peak load than those noted in 

previous works [22,32,33]. The difference in the load− 

displacement curve behavior in the present and previous 

works can be explained by the difference in the outer die 

angle (Ψ) values. A critical value of Ψ of 40° was the 

factor that affects the shape and the peak load value of 

the load−displacement curve of ECAP [32]. As in the 

case of Ψ≤40° (for example Ψ=15° in the present work), 

a high peak load with a ramp followed by a steady state 

area load−displacement curve was noted. On the other 

hand, in the case of Ψ≥40 bend and shear stages followed 

by a steady state area load−displacement curve with a 

low peak load was noted [22,32,33]. 

 

 

Fig. 3 FEM simulations and experimental load−displacement 

curves (a) and peak load of Al-1080 deformed by ECAP, 

ECAPEX2, ECAPEX8, and EX2 (b) 

 

The FEM load−displacement curves in the case of 

ECAPEX2 and ECAPEX8 can be distinguished into two 

zones as shown in Fig. 3(a). Zone І as the workpiece 

undergoes the ECAP process, where the load was at the 

same level as that noted in the individual ECAP process.  

After the workpiece enters the extrusion zone П the load 

increases suddenly. The load was increased from 

approximately 34.8 kN to 69 and 113 kN in the case of 

ECAPEX2 and ECAPEX8, respectively. This increase in 

the load in the extrusion step after the ECAP can be 

explained by the reduction in the cross-section area of 

the workpiece and the effect of the back pressure [22]. 

The experimental load−displacement curves in the case 

of ECAPEX2 and ECAPEX8 have similar trends with 

close values to those of the FEM. The load was increased 

from 34 kN up to 65 and 110 kN in the case of 

experimental ECAPEX2 and ECAPEX8 curves, 

respectively, as shown in Fig. 3(a). The load was 

increased by 64% and 69% by increasing the extrusion 

ratio from 2 to 8 in the case of the FEM and 

experimental curves, respectively. The increase of the 

load can be interpreted by the high degree of deformation 

needed for a further reduction in the workpiece cross- 

section area. The load value in extrusion step zone П in 

FEM and experimental load−displacement curves had 

oscillated with a larger range than that in the ECAP 

process. The appearance of large oscillations can be 

explicated by the inhomogeneous deformation during the 

extrusion process. 

The load−displacement curve behavior in the case 

of the extrusion process was similar to that of the ECAP 

process. The load increases up to 61.7 kN as the 

workpiece enters the deformation zone, then it slight 

decreases with the further pressing down to 55.4 kN. The 

higher load that noted in the extrusion can be explained 

by the reduction in the cross-section area during the 

extrusion process. The extrusion FEM and experimental 

load−displacement curves in the present work were 

congruent with those obtained by FEM and experimental 

validation of the cold extrusion of different aluminum 

alloys using different dies and lubrications [34−36]. 

Figure 3 (b) shows the FEM and the experimental 

peak load values of different forming processes. The 

peak loads of 36.3, 70.3, 117.2 and 61.2 kN were noted 

in the case of the FEM of ECAP, ECAPEX2, ECAPEX8, 

and EX2, respectively. The peak load values were 34.7, 

67.2, 110.7 and 55 kN in the case of the experimental 

results of ECAP, ECAPEX2, ECAPEX8, and EX2, 

respectively. The high peak load in the case of 

ECAPEX2 and ECAPEX8 can be interpreted by the 

higher degree of deformation in those processes. 

Moreover, the effect of the back pressure occurred during 

the both processes. The FEM and experimental peak load 

values for different forming processes were near from 

each other with error ranges from 1.6 to 6.5 kN. The 

present results indicate the efficiency of the 3D FEM in 

the prediction of the load−displacement curves and peak 

load values in different deformation processes with  

good agreement with the experimental results. 
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4.2 Effective plastic strain distribution 

Figure 4 shows the FEM effective plastic strain 

distribution maps of ECAP, ECAPEX2, ECAPEX8 and 

EX2 in the transverse direction. In the case of ECAP, the 

effective plastic strain values were higher at the top than 

that at the bottom of the workpiece. The effective plastic 

strain was increased from 0.8 at the bottom to 1.6 at the 

top as shown in Fig. 4(a). About 75% of the workpiece 

area has an effective plastic strain value near 1.08 which 

was observed to be equal to that calculated for one pass 

by IWAHASHI et al [2]. Similar strain distribution 

patterns were noted in the 3D FEM of ECAP [17−20]. 

The increase of the effective plastic strain from the 

bottom to the top can be explained by the formation of 

the corner gap [21]. As the bottom part of the workpiece 

is no longer in contact with the die. Consequently, lower 

degree of deformation occurred in the bottom of the 

workpiece [21]. 

 

 

Fig. 4 Effective plastic strain distribution contours through 

workpiece transverse direction (cross-section) of Al-1080 

deformed by ECAP (a), ECAPEX2 (b), ECAPEX8 (c) and  

EX2 (d) 

 

In the case of the ECAPEX2, the effective plastic 

strain was increased from the center toward the outer 

surface of the workpiece as shown in Fig. 4(b). The 

effective plastic strain was increased from 1.7 at the 

center up to 2.5 at the outer surface of the workpiece. 

Similar strain distribution patterns were also observed in 

the case of the ECAPEX8 and EX2 as shown in Figs. 4(c) 

and (d), respectively. The effective plastic strain 

differences between the center and the outer surfaces 

were 0.8, 0.88 and 0.93 in the case of ECAPEX2, 

ECAPEX8, and EX2, respectively. This variation in the 

effective plastic strain from the workpiece center to the 

outer surface can explain by the higher friction and so 

higher strain hardening at the workpiece outer surface. 

Similar effective plastic strain distribution patterns were 

observed in the FEM of the combination of ECAP + 

extrusion, extrusion, and equal channel forward 

extrusion (ECFE) [22,34−38]. Interestingly, it can be 

noted that the FEM average effective plastic strain values 

were close to those calculated from the theoretical 

equations [2,31] as shown in Fig. 5. The deviations 

between the FEM and calculated effective plastic strain 

values were 1%, 5.6%, 4% and 20% in the case of the 

ECAP, ECAPEX2, ECAPEX8, and EX2, respectively.  

So, it can be observed that the 3D FEM can be used 

efficiently in the prediction of the average effective 

plastic strain value in the present study. 

 

 

Fig. 5 Average FEM simulation and calculated effective plastic 

strains with standard deviation of Al-1080 deformed by ECAP, 

ECAPEX2, ECAPEX8 and EX2 (Error bar indicates 

inhomogeneity index) 

 

The effective plastic strain distribution in the 

transverse direction was further confirmed through the 

tracing of the effective plastic strain distribution along 

the longitudinal direction as shown in Fig. 6. The 

effective plastic strain distribution patterns in the 

longitudinal direction were in a good agreement with 

those of the transverse one. The effective plastic strain 

was increased from the bottom to the top in the case of 

ECAP and from the center to the outer surface in the case 

of ECAPEX2, and EX2 as shown in Fig. 6. A reasonable 

steady state deformation region was formed in the 

different deformation processes, as shown in Figs. 4 and 

6. The steady state deformation region can be defined by 

an approximately constant effective plastic strain region 

in each case. The steady state deformation region 

occupied about 75%, 35%, 47% and 26% of the area in 

the case of ECAP, ECAPEX2, ECAPEX8, and EX2 

workpieces respectively, as shown in Figs. 4 and 6. 

Interestingly, the ratio of the steady state region length to 

the workpiece width (diameter) in the ECAP was 2.5:1, 

which was observed to be sufficient as previously  
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noted [22,30,32,39]. This gives a good indication of the 

efficiency of the FEM simulation results in the present 

work. 

 

 

Fig. 6 Effective plastic strain distribution contours in 

longitudinal direction (pressing direction) of Al-1080 deformed 

by ECAP (a), ECAPEX2 (b) and EX2 (c) 

 

The effective plastic strain distributions in the 

longitudinal direction of the ECAPEX2, ECAPEX8 and 

EX2 have approximately axisymmetric distributions 

patterns as previously noted [22,25]. The deviation of the 

effective plastic strain distribution patterns from the ideal 

axisymmetric one can be explicated by the high 

coefficient of friction of 0.12. This coefficient of friction 

was obviously higher than 0.05−0.07 used in the cold 

extrusion process modeled as axisymmetric [34,40]. It 

must take consideration that the coefficient of friction 

applied in the present was more practical than that used 

in cold extrusion modeled as axisymmetric [34,40]. The 

coefficient of friction applied in the present work was 

near to that recommended in the cold forming of 

aluminum [28]. So, the present results are more accurate 

and representative for the real effective plastic strain 

distributions in the case of the ECAP, the combination of 

the ECAP + extrusion and extrusion processes. 

The effective plastic strain distributions in the 

transverse and longitudinal directions were confirmed 

through the tracing of the effective plastic strain variation 

at three points along the workpiece diameter as shown in 

Fig. 7. The effective plastic strain variation was traced at 

points 1 and 3 at the outer surface and point 2 at the 

center of the workpieces as shown in Fig. 6. Point 3 at 

the bottom of the ECAP workpiece has higher strain than 

points 1 and 2 after entering the shear zone (the 

intersection of the ECAP channels) as shown in Fig. 7(a). 

The higher strain at point 3 can be explained as it is the 

first point to be pressed and deformed before points 1 

and 2. Through further pressing and with the formation 

of the corner gap at the workpiece bottom [21], the strain 

distribution was changed. The effective plastic strain was 

increased gradually from point 3 at the bottom up to 

point 1 at the top similar to that noted in Figs. 4(a) and 

6(a). The difference between the effective plastic strain 

values at points 1 and 3 was 0.67 which was close to that 

noted in the transverse direction as shown in Fig. 4(a).  

In the case of ECAPEX2 and EX2, the tracing of the 
 

 

Fig. 7 Effective plastic strain variation tracing through points 1, 

2 and 3 (indicated in Fig. 7) of Al-1080 deformed by ECAP (a), 

ECAPEX2 (b) and EX2 (c) 
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effective plastic strain variation indicates higher strain at 

the outer surface than that at the center. In the case of the 

ECAPEX2, the effective plastic strain behavior in the 

ECAP step was similar to that noted in the initial stage of 

the ECAP process as shown in Figs. 7(a) and (b). After 

the workpiece entered into the extrusion region the 

effective plastic strain distribution pattern changed. The 

effective plastic strain values were approximately equal 

at the outer surface at points 1 and 3, with higher strain 

than that at point 2. The effective plastic strain difference 

between the outer surface at points 1 and 3 and at the 

center point 2 was 0.73. This value was close to the 

effective plastic strain difference between the outer 

surface and center noted in the transverse direction of 0.8 

as shown in Fig. 4(b). 

Although the EX2 workpiece has similar effective 

plastic strain distribution pattern as that noted in the case 

of the ECAPEX2. But it was observed that the strain was 

increased from the center to the outer surface with a 

higher rate than that noted in the case of the ECAPEX2 

as shown in Fig. 7(c). The difference between the 

effective plastic strain values at outer surface points 1 

and 3 and at the center point 2 was 0.87, which was 

higher than that in the case of ECAPEX2. Similar 

observation of the strain difference between the 

workpiece outer surface and center through the three 

points tracing was noted during FEM simulation of the 

combination of extrusion + ECAP and extrusion of 

magnesium alloy [25]. The effective plastic strain 

variations at three points shown in Figs. 7(b)−(c) support 

the results that the effective plastic strain distribution 

patterns in the case of the ECAPEX2 and EX2 are 

approximately axisymmetric distribution patterns as 

shown in Figs. 4(b) and (c), and Figs. 6(b) and (c). 

Interestingly, it was noted that the extrusion step that 

follows the ECAP step in the ECAPEX2 and ECAPEX8 

can be considered the predominated operation that has 

higher effects on the effective plastic strain distribution 

pattern shape in the case of the combination of ECAP + 

extrusion process. 

The inhomogeneity indices of the effective plastic 

strain calculated from Eq. (2) are shown as error bars in 

Fig. 5. The deformation homogeneity was higher in the 

case of the ECAP than that in the other deformation 

processes. The inhomogeneity indices were increased 

from 0.17 in the case of the ECAP up to 0.2, 0.23 and 

0.28 in the case of ECAPEX2, ECAPEX8, and EX2, 

respectively. So, it can be observed that the ECAP has a 

higher degree of deformation homogeneity than the other 

deformation processes. This can be interpreted by the 

free flow in the case of the ECAP compared with the 

reduction in the cross-section area in ECAPEX2, 

ECAPEX8, and EX2. Furthermore, the higher friction in 

ECAP + extrusion and extrusion leads to a higher degree 

of strain hardening at the workpiece outer surface than 

that at its center, which increases the effective plastic 

strain difference between the outer surface and center 

and so decreases deformation homogeneity. Similar 

observations were noted through the FEM simulations of 

Al [22,34−37]. The effective plastic strain 

inhomogeneity indices in the case of ECAPEX2 and 

ECAPEX8 were lower than that in the case of EX2. This 

can be explained by the higher degree of deformation in 

the case of  ECAPEX2 and ECAPEX8. The FEM 

results were verified by the microhardness measurements 

and microstructure observations. 

 

4.3 Microhardness results 

Figure 8 shows the microhardness distribution 

color-coded maps of Al-1080 processed by ECAP, 

ECAPEX2, ECAPEX8 and EX2 in the transverse 

direction. In the case of the as-cast Al-1080 workpiece, 

the microhardness distribution was observed to be 

homogeneous with average microhardness and micro- 

hardness inhomogeneity index of HV 27.3±0.05 and HV 

1.1, respectively [10]. The microhardness distribution 

becomes less homogeneous after the ECAP process as 

shown in Fig. 8(a). The microhardness increased 

gradually from bottom to top with a lower microhardness 

area at the bottom of the workpiece [3,21,41]. The  

lower microhardness area at the bottom of the workpiece 

can be explained by the formation of corner gap [3,21]. 

The difference between the microhardness values at the 

top and the bottom was HV 5.4 as shown in Fig. 8(a). 

The average microhardness and microhardness 

inhomogeneity index in the case of ECAP were      

HV 39.7±0.3 and HV 1.7, respectively, as shown in   

Fig. 9. A close agreement between the effective plastic 

strain and microhardness distribution was noted as 

shown in Figs. 4(a) and 8(a). The high microhardness 

area at the top of the workpiece is corresponding to the 

high effective plastic strain area and the low 

microhardness area at the bottom is corresponding to the 

low effective plastic strain area. 

Microhardness distribution patterns of ECAPEX2, 

ECAPEX8, and EX2 have similar features as shown in 

Figs. 8(b)−(d). The microhardness gradually increased 

from the workpiece center to outer surface. The 

microhardness values were increased from HV 42.1,  

HV 46.5 and HV 30.8 at the center up to HV 48.9,   

HV 56.5 and HV 42 at the outer surface in the case of the 

ECAPEX2, ECAPEX8, and EX2, respectively. The 

microhardness differences between the center and the 

outer surface were HV 6.8, HV 10 and HV 11.8 in the 

case of ECAPEX2, ECAPEX8, and EEX2, respectively. 

Similar microhardness distribution patterns with close 

microhardness difference between the workpieces center 



Mohamed Ibrahim Abd EL AAL/Trans. Nonferrous Met. Soc. China 27(2017) 1338−1352 

 

1346 
 

 

 

Fig. 8 Color-coded hardness contour map showing microhardness distribution in workpiece cross-section of Al-1080 deformed by 

ECAP (a), ECAPEX2 (b), ECAPEX8 (c) and EX2 (d) 

 

and the outer surface were noted in the case of the cold 

extrusion of Al-1100 using different extrusion die angles 

and lubrications [35]. The higher values of the 

microhardness at the outer surface in the case of 

ECAPEX2, ECAPEX8, and EX2 can be explicated by 

the higher friction and so strain hardening at the outer 

surface. The effective plastic strain and microhardness 

distributions in the case of ECAPEX2, ECAPEX8, and 

EX2 were in good agreement with each other, as shown 

in Figs. 4(c), (d) and Figs. 8(c), (d). The microhardness 

distribution maps of the different deformation processes 

confirm the efficiency of the FEM in achieving accurate 

effective plastic strain distribution maps. Moreover, the 

effective plastic strain and microhardness difference 

between the center and outer surface have the same 

trend. 

The average microhardness values were HV 

(45.8±0.3), HV (52.4±0.4) and HV (36.9±0.7) in the case 

of ECAPEX2, ECAPEX8, and EX2, respectively as 

shown in Fig. 9. The average microhardness values of 

the ECAPEX2 and ECAPEX8 were higher than that of 

the ECAP due to the higher imposed effective plastic 

strain and so the further grain refinement will be 

indicated in the microstructure section. The 

microhardness inhomogeneity indexes in the case of  

 

Fig. 9 Average experimental microhardness with standard 

deviations and average calculated microhardness (from FEM 

and calculated average effective plastic strains) of Al-1080 

deformed by ECAP, ECAPEX2, ECAPEX8 and EX2 (Error bar 

indicates inhomogeneity index) 

 

ECAPEX2, ECAPEX8, and EX2 were HV 2.2, HV 2.6 

and HV 3.3, respectively as shown in Fig. 9. The 

inhomogeneity indexes extracted from the effective 

plastic strain and microhardness results have the same 

trend as indicated in Figs. 5 and 9. The microhardness 

inhomogeneity indexes results confirm effective plastic 

strain inhomogeneity indexes results of which the ECAP 
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workpiece has a higher degree of deformation 

homogeneity than the other deformation processes. The 

ECAPEX2 and ECAPEX8 processes have a higher 

degree of deformation homogeneity than that of EX2. 

This observation supports the congruence between the 

FEM and experimental results. 

Further, correlation between the effective plastic 

strain and the microhardness were performed in the 

present study. The Vickers microhardness values were 

calculated based on the average effective plastic strain 

values using the following equation [42]: 
 

HV=cK(εe+ε0)
n                                  (4) 

 

where HV, c, K, εe, ε0 and n are Vickers microhardness, 

constraint factor [43], strength coefficient, representative 

strain, effective equivalent strain and strain hardening 

exponent, respectively. The material parameters K and n 

were obtained from the stress−strain relation of Al-1080 

[10]. The calculations of the representative strain were 

explained in the previous work [43]. The representative 

strain value obtained in the present work was 0.15, which 

was observed to be close or even equal to those noted in 

the previous works [43, 44]. The equivalent effective 

strain values used in the present work are calculated  

and FEM average effective plastic strain values in the 

case of the ECAP, ECAPEX2, ECAPEX8, and EX2 are 

indicated in Fig. 5. The constraint factor c was calculated 

through the following equation [42]: 
 
c=HVi/σe                                           (5) 
 
where HVi and σe [42] are Vickers microhardness of 

initial condition and the representative stress of the 

material was obtained from the following equation [42]: 
 

e e
nK                                     (6) 

 
The constraint c factor value used in the present 

work was 3, which was near from those noted in 

previous works [42,43]. The experimental and calculated 

average microhardness values were close from each 

other as shown in Fig. 9. The differences between the 

experimental and calculated average microhardness 

(based on FEM and calculated strain values) were in the 

ranges of 2.4−4.9, 4.3−4.2, 5.1−4.4, and 7.4−6.7 in the 

case of EX2, ECAP, ECAPEX2, and ECAPEX8, 

respectively. The present and previous observations [42] 

indicated that the difference between the measured and 

predicted microhardness values has not a defined trend 

with the imposed strain. It is noted that the difference 

between the experimental and calculated average 

microhardness in the present work was smaller than 

those noted in the previous work [42]. These results 

prove that the FEM and calculated effective plastic strain 

values were accurately obtained in the present work. The 

deviation of the experimental microhardness values from 

those obtained from Eq. (4) was much smaller than that 

noted by TABOR [45]. So, the FEM and calculated 

effective plastic strains can be used effectively in the 

prediction of the microhardness of the deformed material 

using Eq. (4) with a reasonable level of accuracy. 

 

4.4 Microstructure observations 

Figure 10 shows the optical microscope micrograph 

of the shear bands (shear streams) in the longitudinal 

direction (pressing direction) in the case of ECAP. It was 

noted that the average width of shear bands was 

decreased from 53.3 µm at the bottom as shown in   

Fig. 10(a) down to 39.9 µm at the top as shown in    

Fig. 10(b). The decrease in the width of shear band from 

the bottom to top will relate to the increase of the 

effective plastic strain from the bottom to top as shown 

in Fig. 6(a). A similar decrease in the width of shear band 

from the bottom to the top of the ECAP workpiece was 

noted through the FEM and the microstructure 

observations of the ECAP of Cu [17]. 

 

 

Fig. 10 OM micrograph of shear band in longitudinal direction 

(pressing direction) corresponding Al-1080 deformed by ECAP 

at top (a) and bottom (b) 

 

The microstructure observations noted by the 

optical microscope shown in Fig. 10 were further 

confirmed through the tracing of the grain size variation 

from the workpiece bottom to top by using the EBSD in 



Mohamed Ibrahim Abd EL AAL/Trans. Nonferrous Met. Soc. China 27(2017) 1338−1352 

 

1348 

the transverse direction. Figure 11 shows the EBSD 

color-coded orientation maps of the Al-1080 workpiece 

processed by ECAP. The grain colors correspond to the 

orientations in the unit triangle, as shown in Fig. 11. The 

microstructure at the bottom and the top of the workpiece 

consists of elongated grains. The average grain was 

decreased from 25.5 at the bottom to 20 µm at the top, as 

shown in Figs. 11(a) and (b). The microstructure 

observations were in a good agreement with the decrease 

of the shear band width from the bottom to the top. 

Moreover, these observations confirm the increase of the 

microhardness from the bottom to top as shown in    

Fig. 8(a). The decrease of the grain size and the increase 

of the microhardness from the bottom to the top of the 

workpiece can be interpreted by the increase of the 

effective plastic strain from bottom to top as shown in 

Fig. 4(a), which can be related to the formation of the 

corner gap. The present results are in agreement with 

those noted in the case of Cu and Al 1050 processed by 

ECAP up to one pass [27,46]. 

 

 

Fig. 11 Color-coded orientation map images of Al-1080 

deformed by ECAP at bottom (a) and top (b) of sample 

 

The microstructure observations in the longitudinal 

direction of the ECAPEX2 and ECAPEX8 workpieces 

indicated a change in the shear band width from the 

center to the outer surface of the workpiece as shown in 

Figs. 12 and 13, respectively. The average width of shear 

bands was decreased from 40.7 and 34 µm at center 

down to 33.9 and 24 µm at the outer surface in the case 

of the ECAPEX2 and ECAPEX8, respectively. Similar 

behavior of the decrease of the shear band width from 

the workpiece center to the surface was also noted in the 

case of the EX2 workpiece as shown in Fig. 14. The 

average width of shear bands decreases from 69.9 µm at 

the center down to 53 µm at the outer surface in the case 

of EX2. The decrease of the shear band width from the 

workpiece center to the outer surface can be related to 

the increase of the effective plastic strain from the center 

 

 

Fig. 12 OM micrograph of Al-1080 deformed by ECAPEX2 in 

longitudinal direction (pressing direction) at outer surface (a) 

and center (b) 
 

 

Fig. 13 OM micrograph of Al-1080 deformed by ECAPEX8 in 

longitudinal direction (pressing direction) at outer surface (a) 

and center (b) 
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Fig. 14 OM micrograph of Al-1080 deformed by EX2 in 

longitudinal direction (pressing direction) at outer surface (a) 

and center (b) 

 

to the outer surface as shown in Fig. 6. As a lower 

effective plastic strain area at the center corresponded to 

wider shear band than that at the outer surface 

corresponding to a higher effective plastic strain area. 

Moreover, the high strain hardening due to high friction 

at the outer surface contributes to the formation of 

thinner shear bands at the outer surface than that at the 

center. 

Further observations of the grain size variation from 

the center to the outer surface in the case of ECAPEX2,  

ECAPEX8 and EX2 were performed by EBSD as shown 

in Figs. 15−17, respectively. In the case of ECAPEX2 

and ECAPEX8, the microstructure at the center consists 

of a mixture of big and small irregular grains with 

average grain sizes of 26.5 and 20.5 µm as shown in  

Figs. 15(a) and 16(a), respectively. At the outer surface, 

the microstructure consisted of a combination of 

elongated, equiaxed and irregular grains with average 

grain sizes of 4.9  and  2.5 µm as shown in Figs. 15(b) 

and 16(b), respectively. The EX2 workpiece has similar 

microstructure features of the decrease of the average 

grain size from the center toward the outer surface as 

noted in the case of ECAPEX2 and ECAPEX8 as shown 

in Fig. 17. The average grain size after EX2 was varied  

 

 

Fig. 15 Color-coded orientation map images of Al-1080 

deformed by ECAPEX2 at center (a) and outer surface (b) 

 

 

Fig. 16 Color-coded orientation map images of Al-1080 

deformed by ECAPEX8 at center (a) and outer surface (b) 

 

 

Fig. 17 Color-coded orientation map images of Al-1080 

deformed by EX2 at center (a) and outer surface (b) 
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from 65 to 33.4 µm at the center and the outer surface, 

respectively. The decrease of the average grain size from 

the center to the outer surface in the case of ECAPEX2, 

ECAPEX8 and EX2 can be explained by the increase of 

the effective plastic strain from center to outer surface as 

shown in Figs. 4(b)−(d). This is also in good agreement 

with the microhardness distribution as shown in     

Figs. 8(b)−(d). The grain size in the case of EX 

workpiece was larger than those in the case of 

ECAPEX2 and ECAPEX8 due to the high degree of 

deformation in the case of ECAPEX2 and ECAPEX8, 

which leads to further grain refinement. Similar, the 

decrease in the shear band width and the grain size from 

the center to the outer surface was noted in the case of 

6xxx-series aluminum alloys extruded under different 

temperatures and extrusion ratios [47]. 

 

5 Conclusions 
 

1) FEM effectively predicts the load−displacement 

behavior for ECAP, the combination of ECAP + 

extrusion and direct extrusion processes. The 

load−displacement curves of the FEM and experimental 

results are in good agreement. The load−displacement 

curves shape, stages, and behavior were explicated in the 

case of different deformation processes. The FEM 

provided accurate and close peak load values to those 

observed by experimental work. 

2) The 3D FEM simulation can be successfully used 

to investigate the distribution of effective plastic strain 

across the transverse and longitudinal directions of Al 

workpieces deformed by different processes. The 

effective plastic strain distribution depends on the 

deformation process. The effective plastic strain was 

increased from the bottom to the top in the case of the 

ECAP, and from the center to the outer surface in the 

case of the combination of ECAP + extrusion and direct 

extrusion. The FEM average effective plastic strain 

values were accurately obtained and were close to the 

calculated values with error ranges from 1% to 20%. 

3) The microhardness distribution maps are in a 

good conformity with the effective plastic strain 

distribution maps, which verifies the 3D FEM 

simulations results. The effective plastic strain and 

microhardness deformation inhomogeneity indexes have 

the same trend. The FEM and experimental results 

indicate that the ECAP workpiece has a higher degree of 

deformation homogeneity than the other deformed 

workpieces. 

4) The microhardness values were efficiently 

predicted using the average FEM and calculated effective 

plastic strain values and the results fit the experimental 

measurements well. The estimated values were close to 

the experimental microhardness values with error range 

from HV 2.4 to HV 7.4. 

5) The microstructure observations in the 

longitudinal and transverse directions support the 

effective plastic strain and microhardness distribution 

maps and verify the FEM results. 
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纯铝等径角挤压及等径角挤压和直接挤压结合的 

塑性变形 3D 有限元模拟和实验验证 
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摘  要：对纯铝进行等径角挤压、等径角挤压结合不同挤压比直接挤压及直接挤压，并采用刚−粘塑性 3D 有限元

模拟进行分析。利用 3D 有限元模拟研究不同成形过程变形 Al-1080 的载荷−位移行为、塑性变形特征和有效塑性

应变均匀性。用显微组织观察、显微硬度分布图、有效塑性应变和显微硬度值验证模拟结果。结果表明：模拟结

果与实验结果一致；模拟载荷−位移曲线和最大载荷与实验结果接近；显微硬度分布图符合有效塑性应变等高线，

证实了 3D 有限元模拟结果。等径角挤压工件的变形均匀性程度比其他变形过程的高。根据平均有效塑性应变计

算了显微硬度值。预测显微硬度值与实验结果吻合。横向和纵向显微组织观察验证了不同成形过程中 3D 有限元

模拟有效塑性应变和显微硬度分布结果。 

关键词：等径角挤压；挤压；有限元法；显微硬度；变形均匀性；显微组织 
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