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A rolled sheet of aluminum 1100 was processed by two ECAE dies with inner corner angles 

of 90° and 135°. The samples were processed using route A up to 4 and 10 passes in ECAE 

90° and 135°, respectively. The mechanical behaviors of initial and processed materials were 

evaluated by nano-indentation and compression tests carried out at three different orthogonal 

directions, at room temperature. Crystallographic texture evolution during two different ECAE 

processes has been also studied. A considerable reduction in mechanical anisotropy is 

displayed for processed materials compared to the initial material by nano-indentation tests. 

Though there is appreciable progress in mechanical isotropy for processed materials by 135° 

ECAE, compared to the 90° case. Studying crystallographic texture evolutions reveals that 

ECAE 135° is more capable than ECAE 90° in the development of cube components; however, 

the rate of texture evolution is slower in ECAE 135°. Dissimilar prominent texture components 

are also developed by two different ECAE processes. 
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1. Introduction 

 

Ultra-fine grain (UFG) or nanostructured materials 

could be achieved by imposing severe plastic 

deformation processes (SPD) on a polycrystalline metal 

sample, due to the reduction in the grain size [1]. Equal 

channel angular extrusion (ECAE) has been allocated 

the most attention among available different SPD 

methods [2] in which extremely high strains can be 
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introduced into metallic materials by repetitive passes 

through a special die without any variation in the cross-

section of the samples [1-4]. The most frequent 

application of ECAE is not only due to the possibility 

producing of billets (even in relatively large sizes [5]) 

without any porosity or contaminants, but also its 

potential to introduce developed materials that can be 

used in different applications [6, 7]. ECAE could present 

unusual but desirable mechanical properties for 
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processed metals (e.g., high strength and low 

temperature super plasticity [1]). Equality in the cross-

section allows the reinsertion of the samples repeatedly, 

which imposes a strain-path change, inevitably. The 

sequence and the nature of the strain path could be 

modified using different optional rotations of the sample 

about its long axis between the passes, known as ECAE 

routes. Furthermore, a wide range of plastic strain could 

be imposed in this process depending on the ECAE die 

angle. However, the unavoidable limitation in this 

process is the exhibition of anisotropy in the mechanical 

properties of the extruded samples, which may be 

dependent on the difference in the straining and pressing 

directions [8]. The importance of this mechanical 

anisotropy could be revealed by its influences on the 

subsequent shaping operations.  

The anisotropy in ECAE has been already evaluated 

experimentally [8-14]; however, except for Ref. [9] 

which studied anisotropy in ECAE 135°, other works 

have concentrated on the most common ECAE die angle 

of 90°. Compression tests, in addition to studying 

crystallographic texture evolutions, have been 

frequently used to investigate the occurrence procedure 

of plastic anisotropy in ECAE [9-12]. The micro-

hardness test has also been performed in addition to the 

compression test to study mechanical anisotropy in 

ECAE samples [8, 13-15]. 

The mechanical properties of aluminum 1100 have 

been measured recently using the nano-indentation test 

[16]. Even though this test has not been already used for 

ECAE, however considering the nanoscale grain size of 

its products, the nano-Indentation test could be 

employed as the preferred method for studying 

anisotropy in ECAE compared to the micro-hardness 

test. Nano- and micro-hardness tests are compared in 

reference [17] and the reason for the preference of nano-

hardness test is explained. The main point in the 

hardness test is the indentation size effect; therefore, due 

to lower indentation size effect, the nano-indentation test 

has a higher measurement accuracy than the micro-

hardness test, and therefore provides more accurate data. 

Undoubtedly, this accuracy is more important in the 

materials with nanoscale grain size, and therefore an 

appropriate test should be used, especially in accordance 

with its structural size. On the other hand, any 

comparison has not been performed previously  

between the two different ECAE processes; furthermore, 

the texture evolution has not been studied seriously in 

ECAE 135°. Hence, in the present work, mechanical 

anisotropy evaluation of aluminum 1100 in two 

dissimilar ECAE die angles 90° and 135° have been 

compared. A comparison has been done between  

the samples with nearly the same equivalent plastic 

strain imposed by two different ECAE processes. 

Mechanical properties have been measured using 

compression, and nano-indentation tests were performed 

in different directions of the ECAE samples at room 

temperature. It should be noticed that the compression 

test and the nano-indentation experiments are two 

entirely different testing methods. In contrast, in the 

nano-indentation experiment where only some selected 

points and localized regions around them are comprised, 

the whole bulk of the specimen affects the test results in 

the compression test. The crystallographic texture 

evolution during two ECAE processes is also studied  

and analyzed. It is revealed that despite the relatively 

similar equivalent plastic strain, the anisotropy evolution 

in two different ECAE processes could be completely 

different. 

 

2. Experimental Procedure 
 

2.1. ECAE tests 

 

A rolled sheet of aluminum 1100 with 10 mm 

thickness is used in this study. In order to preserve the 

anisotropy and mechanical properties resulting from the 

rolling process, no heat treatment has been done on the 

initial samples. Prismatic ECAE samples with  

10×10 mm2 cross-section and 70 mm length were 

prepared along the rolling direction of the rolled sheet. 

The sampling location is shown in Fig. 1. 

The ECAE die geometry, as the main factor in the 

present work, is introduced in Fig. 2. In this figure d is 

channel size, and Φ and Ψ are the die inner corner angle 

and outer corner angle, respectively. 
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Fig. 1. Location of ECAE sample in the as-received rolled 
sheet material. 

 

Fig. 2. ECAE die geometry including the die angle Φ, and the 
corner angle Ψ. 

 

Two ECAE dies with inner corner angles of 90° and 

135°, without any outer corner angles (Ψ=0°) have been 

fabricated from heat treated 4340 steel. The dies have 

square cross section 10×10 mm2 in inlet and outlet 

channels (Fig. 3). 

In both cases, the first ECAE pass was performed 

somehow the rolled surfaces of the samples were faced 

towards the side walls of the channels. Fig. 4 shows the 

situation of the ECAE samples in the inlet channel of the 

dies at the first step of the ECAE test. 

The accumulated shear strain in an ECAE die is 

given by the following equation [2]: 
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where, Φ and Ψ are the die and outer corner angles, 

respectively (see Fig. 2). Subsequently, using Eq. (1), the 

von-Mises equivalent strain in ECAE could be found as: 
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Fig. 3. Two ECAE dies used in the present work, (a) 90° and 
(b) 135°. 

 

 
Fig. 4. Position of the initial sample in the inlet channel of the 

ECAE die at the first step. 

 

Considering the sharp outer corner (Ψ=0°), the 

theoretically executed plastic strain of ECAE 135° is less 

than half of the ECAE 90°, in each pass. Thus, an 

appropriate number of passes should be chosen in ECAE 

135° concerning ECAE 90° to achieve approximately 

the same accumulated strain on the experimented 

samples. The material was treated using route A by 4 and 

10 passes in 90° and 135° ECAE dies, respectively. 

These number of passes have been considered because a 

nearly theoretical accumulated strain of 4.62 and 4.78 

could be obtained in the samples of 90° and 135° ECAE 

dies, respectively. The ECAE tests have been performed 

at room temperature with a punch speed of ~0.1 mm/s. 

To reduce friction between the samples and the channel 

walls, molybdenum disulfide (MoS2) was used as a 

lubricant. 

 
2.2. Compression tests 

 

After ECAE tests, cylindrical parallelepipeds 

compression test samples were machined from the 
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central part of the extruded billets with 5 mm diameter 

and 8 mm heights where the central axis of the samples 

aligned to three orthogonal directions X, Y, and Z 

illustrated in Fig. 5; so, the machined samples are named 

the X, Y, and Z samples. 

These sample dimensions were selected to give an 

aspect ratio of height/width equal to 1.6. It should be 

noticed in compression tests that high aspect ratios lead 

the samples to buckle while in very low aspect ratios the 

surfaces of the samples have a bearing on the loading 

platens [3]. All of the compression tests were carried out 

at room temperature using a head speed of 0.3 mm/min. 

Similar tests were also performed via initial samples 

prepared from the as-received billets for comparison 

purposes. To stay away from any interference of the 

machining on the results, each test was repeated three 

times. 

 
2.3. Nano-indentation tests 

 

Nano-indentation test samples were also prepared in 

the form of small tetragonal specimens with 4 mm thick 

and a 10×10 mm2 cross section area from the central 

parts of the extruded samples; where the normal axis of 

 

 
Fig. 5. Orientation of compression test samples with respect 

to the billets: (a) initial and (b) processed samples. 

the cross section is parallelized to the orthogonal X, Y, 

and Z directions, as shown in Fig. 6. 

Considering the significant influence of the surface 

finish on the nano-indentation test results, the surface of 

the samples was ground with abrasive papers 180-2500 

and polished using 1 µm alumina suspension to achieve 

mirror-like surfaces. 

The nano-indentation tests were carried out using a 

triboscope system (Hysitron Inc., USA) with a cube 

corner indenter. The ISO 14577 standard [18] has been 

used for calibration of the testing instrument. It has 

already been shown [19, 20] that the penetration depth 

of indenter affects the measured mechanical properties 

of materials. Based on this standard, the indentation 

depth should be sufficiently deep to minimize the surface 

effect; however, in most cases after a depth of 200 nm 

the measured properties are almost stable. An 

indentation load of about 260 µN was applied in the 

present study for which different maximum indentation 

depths were achieved for different cases. It should be 

noticed that several indentations were performed on the 

randomly selected locations on the surface of the 

samples which lead to taking at least five nearly load-

displacement curves from the tests. Meanwhile, the 

 

Fig. 6. Orientation of nano-indentation test samples with 
respect to the billets, (a) initial and (b) processed samples. 
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surface roughness quality of the tested samples was 

surveyed at the indentation areas using atomic force 

microscopy (AFM). The AFM images were also utilized 

for surface investigations, before and after the 

experiments (Fig. 7). 

Mechanical properties of the nano-indentation test 

samples could be calculated using Oliver–Pharr’s 

method [21] and relations derived from the theory of 

contact mechanics. 

 
2.4. Crystallographic texture 

 

To have a more complete comparison between the 

abilities of ECAE 90° and 135°, the texture evolution 

during these processes is studied. The crystallographic 

textures before and after pressing were measured at the 

University of Lorrain (Metz, FRANCE). It is noteworthy 

that just route A is considered in ECAE tests. The 

 

Fig. 7. AFM images of aluminum 1100 surface, (a) before 
and (b) after the nano-indentation test. 

number of passes has been considered as 5 and 10 for 

90° and 135° ECAE, respectively. To compare the 

results with the previous work [22], one more pass is 

carried out for the 90° case in this section. Texture 

measurements were carried out from the mid-horizontal 

plane of the sample (XY plane of Z sample in Fig. 6). 

Since the orientation distribution functions (ODFs) 

describe textures better than pole figures, this study is 

carried out using the ODF method for texture analysis of 

materials processed just through route A of both ECAE 

processes that also share identical starting materials. As 

the sections 𝜑ଶ= 0° and 𝜑ଶ= 45° of the ODF space 

contain the most important orientations, they are usually 

used to present ODFs of shear textures for FCC 

materials. Accordingly, these sections will be employed 

in the present work. Note that the ODFs were calculated 

without imposing any sample symmetry and so the range 

of the 𝜑ଵ Euler angle is from 0° to 360°. 

 
3. Results and Discussion 

 
3.1. Compression test 

 

The stress (σ) versus strain (ε) curves obtained from 

compression tests at three different directions for 

specimens processed in two different ECAE die angles 

of 90° and 135° are offered in Fig. 8. The curves of the 

initial (as-received) material are also presented for 

comparison. 

The materials were processed through 4P and 10P in 

90° and 135° ECAE die angles, respectively, where P 

denotes the number of ECAE passes in Fig. 8.  

One can see that the processed materials in both 

ECAE die angles, present higher flow stress, in all 

directions, compared with the as-received material. The 

processed materials were also found in the same region 

of detected maximum stress. The as-received material 

presents different yield and flow stresses, depending on 

the compression direction. Though these differences are 

decreased in the 90° ECAE case; they were, however, 

significantly minimized in the 135° ECAE die. As can 

be seen, a meaningful harmony is presented in ECAE 

135° which can be interpreted as the less mechanical  
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Fig. 8. Stress strain curves of Al-1100 at different directions 
for initial (as received) and processed specimens at (a) 90°, 

and (b) 135° ECAE die angles. 

 

anisotropy for processed materials by 135° ECAE, 

compared to the 90° case. To clarify the difference in the 

hardening behavior of the initial and processed materials 

at different X, Y, and Z directions, other comparisons 

among the respected stress-strain curves are offered in 

Fig. 9. 

At X and Y directions, the stress-strain curve in the 

ECAE 135° shows a very gradual yielding; whereas  

the samples processed through ECAE 90° present a  

more restricted yielding area. After yielding, the 90°  

case displays lower flow stress. A good agreement 

between curves of the two different ECAE cases  

could be seen in Z direction; though a faintly higher flow 

stress is displayed for ECAE 90°, unlike the other 

directions. 

Regardless of the yielding part, all of the curves 

present an approximately linear segment which means 

that the initial and processed materials are strain 

hardened at an almost constant rate. Subsequently, the 

slope of the curves at this part has been considered as the 

sign of the hardening rate, 𝜃 = ∆𝜎/∆𝜀. The measured 

slopes are noted in Fig. 9 and presented in Table 1. 

Fig. 9. Comparison of stress-strain curves of initial and 
processed samples in (a) X, (b) Y, and (c) Z.

 
Table 1. Strain hardening rate of the initial and processed materials in different directions 

 

X Direction Y Direction Z Direction 

𝜃 = ∆𝜎/∆𝜀 
MPa 

𝜃 = ∆𝜎/∆𝜀 
MPa 

𝜃 = ∆𝜎/∆𝜀 
MPa 

Initial 238 253 264 

ECAE 90° 135 63 231 

ECAE 135° 121 136 173 
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For more clarification in the strain hardening rate 

variations, the measured slopes, presented in Table 1, are 

analyzed in Fig. 10. 

Despite the dissimilarities in stress-strain curves 

presented in Fig. 9 for initial material in different 

directions, Fig. 10(a) reveals that there is not a large 

anisotropy in strain hardening rate for the initial 

material. It is also illustrated that, although this 

anisotropy is not increased significantly by the ECAE 

135° process, it is, however, considerably improved in 

ECAE 90° material. 

It is observed in Fig. 10(b) that the material 

processed by ECAE exhibits a lower hardening rate in 

each direction, compared to the initial material. This 

reduction in strain hardening is also found in X and, 

especially, in Y directions. In the Y direction, contrary 

to the X and Z directions, the rate of hardening in  

ECAE 90° is subordinated concerning ECAE 135°. 

 
3.2. Nano indentation test 
 

The load-displacement curves for initial and 

processed materials in different directions have been 

obtained from nano-indentation tests. Fig. 11 shows a 

load-displacement curve in respect to the initial sample 

in X direction. 

According to the test results, Young’s modulus and 

nano-hardness of the samples were found and presented 

in Table 2. The results of Table 2 are also compared in 

Figs. 12 and 13.  

Figs. 12(a) and 13(a) show an obvious mechanical 

anisotropy in the initial material, where a difference of 

about 14% and 28% could be found between different 

directions for Young’s modulus and nano-hardness, 

respectively. However, it is observed that these 

dissimilarities are about 5% and 9% for ECAE 90°; 

while 3% and 10% have been measured for ECAE 135°. 

Therefore, a considerable reduction in the mechanical 

property’s variations have been revealed in processed  

 

Fig. 10. Comparison of strain hardening rate of initial and 
processed materials in different directions. 

 

Fig. 11. Load-displacement curve of the initial sample in X 
direction. 

 
Table 2. Young’s modulus and nano-hardness of the initial and processed materials in different directions. 

 

X Direction Y Direction Z Direction 

Young’s modulus 
(GPa) 

Nano-hardness 
(GPa) 

Young’s modulus 
(GPa) 

Nano-hardness 
(GPa) 

Young’s modulus 
(GPa) 

Nano-hardness 
(GPa) 

Initial 74.55 0.755 83.29 0.81 71.75 1.045 

ECAE 90° 83.01 1.052 83.67 0.95 79.48 0.99 

ECAE 135° 81.49 1.097 79.48 1.123 79.15 1.01 
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Fig. 12. Comparison of Young’s modulus of the initial and 
processed materials in different directions. 

 

Fig. 13. Comparison of nano-hardness of the initial and 
processed materials in different directions. 

materials, compared to the initial material; though, there 

are no appreciable differences between processed 

materials, in two different ECAE die angles. 

Fig. 12(b) shows that Young’s modulus of pressed 

materials in X direction has increased compared to the 

as-received material, though Young’s modulus in ECAE 

90° is just higher than ECAE 135°. Young’s modulus of 

initial material in the Y direction has not increased fairly 

in ECAE 90° but decreased considerably in ECAE 135°. 

In the Z direction, processed materials show an extensive 

augmentation in Young’s modulus, though ECAE 135° 

presents a noticeably lower Young’s modulus compared 

to the 90° case. 

It is revealed that ECAE 90° monopolized the 

maximum Young’s modulus, and ECAE 135° shows 

lower Young’s modulus than 90° in each direction. The 

nano-hardness of as-received material has increased 

using both ECAE processes in X and Y directions, as 

shown in Fig. 13(b). Although hardness of the sample of 

ECAE 135° is not much higher than ECAE 90° in the X 

direction, but a considerable increase in hardness could 

be seen in ECAE 135° concerning ECAE 90°, in the Y 

direction. Nano-hardness of the extruded samples has 

decreased, compared to the initial sample in the Z 

direction; where inconsiderable variance in nano-

hardness between the two ECAE processes is presented. 

 
3.3. Crystallographic texture evolution 
 

The texture of the starting material is shown in  

Fig. 14 in the 0° and 45° sections of the ODF which 

indicates the presence of a very strong cube texture in 

the material. ATEX software [23] was used to plot the 

crystallographic textures. 

The measured ODF for all the 90° ECAE deformed 

samples along with a key figure of respected ideal 

orientations are shown in Fig. 15.  

As the deformation mechanism in ECAE is near 

simple shear in the intersection plane of the inlet and exit 

channels, the same ideal texture components, previously 

known for simple shear, could be considered for ECAE 

process just with a rotation of 45° with respect to the 

ECAE reference system for 90° ECAE [24]. The same 
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Fig. 14. Starting texture in 𝜑

2
= 0 and 𝜑

2
= 45 sections of the ODF. 

 

 
Fig. 15. Measured ODFs with ideal orientations for all the 90° ECAE deformed samples in 𝜑

2
= 0 and 𝜑

2
= 45 sections. 

 

procedure has been considered in order to find the ideal 

texture components for 135° ECAE; but with a rotation 

of 67.5°. 

Fig. 16 shows the ideal orientation with measured 

textures in 𝜑ଶ=0 and 𝜑ଶ=45 sections of the ODF for 

135° the ECAE process. Note that to shorten the ODF 

figures, just the even ECAE passes in addition to the first 

pass are presented in Fig. 16. 
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Fig. 16. Ideal orientation key and measured ODFs for the 135° ECAE deformed samples in 𝜑

2
= 0 and 𝜑

2
= 45 sections. 

 

One can see in Fig. 15 that a very systematic texture 

evolution in the ODF plots is presented by the 90° ECAE 

processed material. Appreciable changes occur in the 

texture, even after one pass takes place; and the initially 

very strong cube texture components disappears as well. 

The textures of processed sample gradually weakened 

after the second pass. In pass 3 the remnants of the cube 

related texture components are strengthened 

considerably and distributed as the fibers called cube-

fibers [22]. The intensities of components along these 

fibers are decreased by the deformation process; 

however, they still prevail at the final pass. It is obvious 

that A1
* is the prominent component in the texture; while 

A2
* and C components are vanishingly weak, for all the 

passes. The A,A and B,B components are not seen 

after the first pass but developed progressively by 

increasing the pass number. 

Considering the position of A1
* as the perdurable 
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component of the texture and comparing it to the ideal 

orientation (see the dot line in Fig. 15), the texture could 

not reach its ideal position at the first pass; however, it 

did so at the second pass. One can see a little deviation 

by increasing the 𝜑ଵ in pass 3; however, pass 4 presents 

a noticeable decreasing in the 𝜑ଵ; while it remains 

approximately constant at the final pass. Concerning the 

135° ECAE, Fig. 16 illustrates that the changes in the 

texture are absolutely apparent after the ECAE 

deformation. It should be noticed that the texture 

evolution in 135° ECAE is slower than 90° ECAE due 

to the lower plastic shear in one pass of 135° ECAE 

(0.828 for simple shear) compared to the 90° ECAE 

(which is a shear of 2.0). The initially very strong cube 

texture components have not only disappeared but also 

developed and prevailed from the first to the final pass. 

At the first pass, the cube components tend to produce 

cube fibers by appearance the weak A2
* component, 

pending the slight rotation of the texture towards the 

ideal orientation. After the first pass, a relatively weak 

texture develops and slightly weakens up to the sixth 

pass; and strengthens subsequently up to the final pass.  

In spite of the A1
* and A2

* components which are 

vanishingly weak during the deformation, Fig. 16 

indicates that the C component has appeared from the 

second pass and remains as the prominent component in 

the texture. There is a noticeable and approximately 

fixed deviation for this component from its ideal 

position, in all the passes (notice the dot line in Fig. 16). 

The B andB components are seen just in the final pass, 

while the A andA have never been developed. 

 
4. Conclusion 

 

Prismatic samples prepared from a rolled sheet of 

aluminum 1100 were processed at room temperature by 

ECAE in two different die angles of 90° and 135°. The 

samples were processed up to 4 and 10 passes by ECAE 

90° and 135° respectively; where an approximately same 

equivalent plastic strain could be imposed on the 

samples by these two different ECAE processes. 

Hence, the compression and nano-indentation tests 

were conducted at room temperature using samples cut 

in different orientations concerning the pressing 

direction. All of the measurements were taken on three 

orthogonal planes before and after being processed by 

ECAE. 

The crystallographic texture of the initial and 

processed materials just in route A were measured using 

X-ray diffraction. Texture measurements are carried out 

for all passes of ECAE 90°, however, just the even 

ECAE passes in addition to the first pass are measured 

in ECAE 135°. For the 90° case, the fifth pass was also 

carried out, just to compare the results of texture 

evolution with the previous work. The ODF method with 

𝜑ଶ= 0° and 𝜑ଶ= 45° sections of the ODF space are used 

for texture analysis. 

The following conclusions were gained: 

1. The same range of measured maximum stress but 

higher than as-received material is offered for two 

different ECAEs processed. Furthermore, 

dissimilarities in the stress-strain curves of the 

initial material, depending on the compression test 

direction, are considerably reduced in the 90° ECAE 

case, but significantly diminished in the 135° ECAE 

die. An expressive harmony in stress-strain curves 

in ECAE 135° indicated less mechanical anisotropy 

for processed materials by 135° ECAE, compared to 

the 90° case. 

2. A considerable reduction in mechanical anisotropy 

for processed materials concerning the initial 

material is revealed by the nano-indentation test. 

However, there is no appreciable difference 

between the two unlike ECAE-processed materials, 

in this respect. 

3. Although the texture evolution in ECAE 135° is 

slower than ECAE 90°, ECAE 135° is more capable 

to develop cube components. In both ECAE 

processes, a non-even intensity cube fiber is formed 

by the rotated cube components. There is no similar 

prominent component in the textures developed by 

two different ECAE processes; A1
* and C 

components are presented in this regard by ECAE 

90° and 135°, respectively. A little deviation 

between the developed texture and respected ideal 

orientation is detected in both deformation processes. 
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