
 

Published by Shiraz University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

Iranian Journal of Materials Forming 8 (1) (2021) 39-49 

 

IJMF 

   

Online ISSN: 2383-0042 

Iranian Journal of Materials Forming 
 

Journal Homepage: http://ijmf.shirazu.ac.ir       
 

  

Research Article  

Strain Distribution in Equal Channel Angular Pressing of AM60 Magnesium Alloy 
 
B. Nikzad1, V. Alimirzaloo1*, A. Donyavi2 and S. Ahmadi1 

 
1 Department of Mechanical Engineering, Faculty of Engineering, Urmia University, Urmia, Iran 
2 Department of Industrial Engineering, Faculty of Engineering, Urmia University, Urmia, Iran 
  

A R T I C L E  I N F O   A B S T R A C T  

Article history: 

Received 26 August 2020 

Reviewed 15 September 2020 

Revised  8 November 2020 

Accepted 20 November 2020  

 

 

 

 

In this research, the equal channel angular pressing (ECAP) process of AM60 magnesium 

alloy was investigated by the finite element simulation as well as experimental test. The effect 

of process parameters on required force and strain distribution was also assessed. The 

simulation results were verified by the experimental tests. Using the full factorial design of 

experiments, effects of friction and process temperature were explored. The results indicated 

that an increase in the friction coefficient will significantly enhance the amount of pressing 

force (4-fold). Also, the effect of friction on process force was higher at lower temperatures 

and decreased with the rise of temperature. An increment in the friction coefficient from 0.02 

to 0.08 raised the maximum strain by 9%. Furthermore, the maximum strain showed 

enhancement with temperature elevation.  
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1. Introduction 
 

Researches over the past decades have shown that 

ultrafine-grained and nanostructured materials can offer 

extraordinary properties to meet the needs of various 

industries [1]. One of the mechanical methods developed 

for producing the ultrafine-grained materials is the equal 

channels angular pressing (ECAP) process. ECAP is a 

severe plastic deformation process first introduced by 

Segal et al. in the 1970s and 1980s [2]. This technique 

applies a die with two angularly-spaced cross-sectional 

channels. After locating the specimen inside the channel, 

it passes through the angled channel under the pressing 

pressure. Structural modification occurs during the 

passage through the corner of the two-channel joint 

under a relatively large shear strain resulting in the 

microstructure refinement of the sample and 

improvement of its mechanical properties [3-4]. The 
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success of this method highly depends on selecting the 

right parameters and the proper design of the die. The 

microstructure and mechanical properties of processed 

Mg alloys have been extensively studied [5-8]. The 

significant reduction in grain size in this process may be 

attributed to the recrystallization phenomenon of AM60 

Mg alloy [9-11]. Moreover, the increased strength and 

improved fatigue behavior of Mg alloy in the ECAP 

process can promote its potential usage in various 

industries [12-14]. However, non-uniform strain 

distribution in the sample section is considered as the 

deficiency of this procedure [15-17]. Besides 

experimental works, simulations and computational 

analyses should also be used to select proper parameters 

and better understand the behavior of material 

deformation. Finite element (FE) is a powerful method 

for analyzing the metal forming processes such as ECAP 
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[18-22]. In recent years, magnesium alloys have been 

considered a promising candidate for automotive, 

military, electronics, aerospace, and special medical 

applications due to its excellent properties such as high 

strength-to-weight ratio, good recyclability, resistance to 

heat changes as well as biocompatibility and corrosion 

resistance in body fluids [23-28]. Some researchers have 

simulated the effect of ECAP process parameters for 

magnesium alloys. Hu et al. [29] studied the impact of 

die parameters on the strain distribution in ECAP of 

AZ31 magnesium alloy. They expressed that the die with 

an inner round corner and the channel angle of 90o can 

offer homogenous deformation. Ren et al. [30] simulated 

the ECAP process of AZ31 magnesium alloy using the 

finite element method. They predicted the 

microstructure evolution in the process. Figueiredo et al. 

[31] studied the ECAP processing of ZK60 magnesium 

alloy. They demonstrated that segmentation during the 

ECAP may be decreased by increasing the channel angle 

and strain rate sensitivity. Also, their FE simulation 

indicated that strain distribution is related to the channel 

angle and strain rate sensitivity. So that a decrease in the 

strain rate sensitivity and increase in the channel angle 

led to strain more uniform distribution.  
So far, the interaction effect of the friction coefficient 

and operation temperature on the strain distribution in 

the ECAP of magnesium alloys have not been 

investigated by the researchers. Regarding the 

advantages and importance of magnesium alloys, in this 

study, the ECAP process for the AM60 magnesium alloy 

was numerically simulated using the ABAQUS finite 

element software which was further validated by 

experimental tests. Then, the effect of operating 

temperature and friction coefficient on the strain and 

required force are also addressed. 
 

2. Experimental Procedure 

 

Materials used in this study include casting 

magnesium alloy AM60-B (containing magnesium 

93.74, aluminum 5.82, manganese 0.297, zinc 0.110, 

calcium 0.024, copper 0.0061, Iron 0.003wt.%). Initial 

cylindrical samples with a diameter of 12 mm and length 

of 80 mm, were processed using the turning operation. 

ECAP die has an L-shape rounded cavity with a diameter 

of 12 mm, channel angle of Φ = 90º, and the corner angle 

of Ψ = 20º. Since the ECAP process needed a high 

amount of load, the die should be designed in a way that 

it could maintain its sustainability under high load and 

pressure. To hold and keep two pieces of die in the 

adjacent, shell steel with a conical angle was used and 

mounted on a steel tray (Fig. 1-a). The ECAP die was 

employed to perform the experimental process. The die 

model was a semi-cone with two perfectly symmetrical 

pieces, which were cut by half. The circular cross-

section of the channel with a 12-mm diameter was 

machined by a CNC milling machine. Finally, two 

symmetric pieces were joined together and the desired 

channel was made with 0.02 mm tolerance. The 

considered die is shown in Fig. 1-b.  

 

 
 

 
Fig. 1. Schematic of a) set of ECAP die b) insert of ECAP 

die with cylindrical channel c) A sample processed by the 

ECAP. 

(a) 

(b) 
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Fig. 1. Continue 

 

The die material was selected from tools steel (H13), 

which underwent a thermal process to obtain 54RC 

hardness. Then, the inner section of the channel was 

polished and the die was hardfaced using the nitration 

process to obtain 62RC hardness. Nitration is a 

superficial process used to increase hardness, wear 

resistance, corrosion, and fatigue strength. Therefore, 

the nitration process was carried out to prevent the 

malfunction of die due to the possible contact of punch 

with the inner surface of the channel and scalding due to 

the frictional force between the specimens. Also, the 

shell and tray were tools steel (H13).  

The die should be heated to reach the desired 

temperature to carry out the process at temperatures 

higher than room temperature. In doing so, the ceramic 

heater system was employed. The temperature could be 

adjusted and controlled by a thermocouple mounted on 

the die. In the ECAP process, the required force was 

applied to the sample by servo-hydraulic press machine 

(SANTAM – STD 1000) with a rated capacity of 100 

tons and useful courses of 300 mm. The machine had a 

load cell device to measure the pressing force and 

derivate the force-displacement curve. To elevate the 

temperature of tested specimens, an Exciton-Atash 1200 

electric furnace with a temperature range of 100 to 

1200°C (accuracy of ±10°C) was used. For the ECAP 

process, first, the sample was placed in the furnace to 

reach the desired temperature. At the same time, by 

placing the die on the lower jaw of the press machine, 

the direction of the punch was adjusted with the die 

channel; they were lubricated by the desired lubricant. 

Afterward, the ceramic heater was also adjusted to the 

required temperature and the die temperature was raised 

to the required value. The piece was immediately 

immersed in the lubricant and placed in the die process. 

The isothermal condition between piece and die was 

established by restarting the pressing process at the 

speed of 10mm/min after a short pause and the 

temperature was measured by a digital thermometer. 

Eventually, a sample processed by the ECAP is shown 

in Fig. 1-c. 

 

3. Simulation of the process  
 

ABAQUS 6-11 finite element software was used to 

simulate the ECAP process. In this modeling, the 

workpiece was considered as a ductile cylindrical 

sample, but due to the slight deformation of the die in the 

experimental state, it was considered rigid. The 

experimental observation of the present study showed 

insignificant die deformation during the process. 

Therefore, in designing the geometry of the die in a 

simulation environment, die was considered as a discrete 

rigid body resulting in a reduction of analysis time. 

Finally, the desired model for die and punch was 

designed in the tubular and cylindrical shell, 

respectively. Besides, the dimensions and geometry of 

the die were considered in accordance with the die in the 

experimental method, such that the diameter and length 

of the billet sample were 12 and 88 mm, respectively. 

Moreover, the diameter of the channel was 12mm, 

external angle (φ) was set to 90° and the internal angle 

(ψ) was adjusted at 20°. To determine the contact 

condition, the friction type was Coulomb and the friction 

values varied according to the design of the test. Stress-

strain curves of AM60 alloy in different temperatures 

were considered to assess the mechanical behavior of the 

material [18]. To mesh billet piece, 8-node cube element 

(C3D8R) and 1760 elements were employed. Fig. 2 

depicts the finite element model of the process and the 

meshing of the initial billet. In order to identify the 

optimal mesh size for modeling, the sensitivity to mesh 

was evaluated by calculating the amount of force 

required for the process. According to the relationship 

between the size of elements and the amount of force 

(c) 
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required for the process in simulation (Fig. 3), the force 

value was stable in elements with 2mm and smaller size. 

Therefore, an optimal mesh size of 2 mm was considered 

in the simulation process.  

 

 

 
Fig. 2. Finite Element Modeling and meshing for simulating 

the ECAP process. 

 

 

Fig. 3. Mesh sensitivity diagram via process force. 

The effect of friction coefficient and process 

temperature was also addressed by designing 12 tests 

according to a full factorial design. Based on Table 1, 

three temperature levels (180, 250, and 320°C) were 

considered in all tests. Also, the Coulomb friction 

coefficient was applied at 4 levels (0.02, 0.04, 0.06, and 

0.08).  

 
Table 1. Design of experiments 

Temperature (°C) Friction coefficient (μ) Exp. No 

180 0.02 1 

180 0.04 2 

180 0.06 3 

180 0.08 4 

250 0.02 5 

250 0.04 6 

250 0.06 7 

250 0.08 8 

320 0.02 9 

320 0.04 10 

320 0.06 11 

320 0.08 12 

 

4. Results and Discussion  

 

In this section, the results of the simulation tests are 

evaluated and the variations of the force and strain 

distribution are discussed and analyzed.  

 
4.1. Verification of the simulation  

 
The simulation results were verified by their 

comparison with the experimental findings at 250°C 

(Fig. 4). As seen in Fig. 4, the simulated force variation 

is almost the same as the experimental one. The 

difference between the force values could be due to the 

non-real boundary conditions of the simulation process 

(such as friction coefficient). In the process simulation, 

the Coulomb friction coefficient value was considered as 

0.08. 

billet 
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Fig. 4. The variations of force-displacement for experimental 

and simulation process. 
 

4.2. Force of the process  

 

The results showed the significant effect of two 

parameters (temperature and friction) on the required 

force of pressing. As shown in Fig. 5, the increase in the 

friction coefficient led to an increase in the required 

force of the process, and the highest value was obtained 

at a friction coefficient of 0.08. However, the increase in 

temperature has significantly declined the force required 

for the ECAP process, which can be assigned to an 

increase in temperature giving rise to an increment in the 

slip systems and their activation in the material, thus the 

material needed less stress to yield. On the other hand, 

an increase in temperature provided a condition for grain 

growth. Thus upon the dynamic recrystallization of the 

material during the ECAP process, the main factor 

would be the growth of new microstructured grains. 

Therefore, temperature control plays a decisive role in 

the process. Accordingly, it not only should be effective 

in reducing the required force of the process but also it 

should prevent the growth of the grains; as by growing 

the material’s grain size, the mechanical properties will 

be significantly reduced. 

Analysis of variance was used for a more accurate 

analysis of the tests. To this end, the normal distribution 

of data was evaluated by the Anderson–Darling method 

[32]. Then, the effect of temperature and friction 

coefficient on the process force was analyzed by 

ANOVA to evaluate the main and interactive effect.  

 

 

 
Fig. 5. The process force at different temperatures a) 180 ℃ 

b) 250 ℃ c) 320 ℃. 

 

The normal distribution of the data was confirmed 

according to Fig. 6 and the p-value obtained from the 

Anderson- Darling test (P-value> 0.05). The analysis of 

variance relative to the p-value is shown in Table 2. 

Accordingly, operation temperature and coefficient of 

friction (μ) affected the force. Moreover, considering the 

R-Sq value over 90%, the model is sufficiently adequate. 
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Fig. 6. The diagram of the normal distribution for the process 

force.
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Table 2. ANOVA results for Process force 

Source DF1 Seq SS2 Adj SS3 Adj MS4 F5 P-value6 

µ 3 3447.02 3447.02 1149.01 31.83 0.000 

Temperature 2 1018.48 1018.48 509.24 14.11 0.005 

Error 6 216.56 216.56 36.09   

Total 11 4682.06     

S = 6.00780         R-Sq = 95.37%        R-Sq(adj) = 91.52% 

1 Degrees of freedom, 2 Sequential sum of squares, 3 Adjusted sums of squares, 4 Adjusted mean squares, 5 Factor effect, 6 Probability value 

 

The main effect graphs show some differences 

between level means for the parameters. The main 

effects of parameters for the force are shown in Fig. 7. 

As seen in Fig. 6, an increase in friction coefficient from 

0.02 to 0.08 resulted in a 4-fold increase in the force, 

which showed the important role of friction and type of 

lubricant on ECAP process of magnesium alloy. This 

result is in line with the reports in Refs [33-34]. 

Moreover, by increasing temperature from 180 to 320° 

C the required force almost became half.  Fig. 8 depicts 

the interaction effects of parameters indicating the 

higher effect of friction on process force at lower 

temperatures. 
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Fig. 7. The diagram of the main effects for the process force. 
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Fig. 8. The diagram of the interactive effect of the 

parameters. 

 

4.3. Distribution of strain  

 

As mentioned, the ECAP process is principally based 

on the application of severe plastic strain. The applied 

strain modifies the material structure and, as a result, 

improved the mechanical and metallurgical properties. 

According to the geometry of the die and the flow of 

matter inside the channel, the applied strain can differ, 

and usually has a non-uniform distribution. As shown in 

Figs. 9-11, the friction between the inner surface of the 

channel and the specimen filled the corners of the 

channel leading to a larger deformation. In other words, 

the filling of the channel corners with the material flow 

during the process resulted in higher plastic shear strains 

on the sample section, which is desirable for the process. 

Evidence also suggested more strain in the upper half of 

the sample for all conditions, due to the small amount of 

bending in the specimen during the passage from the 

outer corner of the channel, while in the upper half, the 

material it is almost subjected to shear strain. Despite the 

effect of the little amount of friction on corner filling 

[35]. An increase in friction results in a significant 

increase in the required pressing force deteriorating the 

conditions for the successful operation. It is necessary to 

choose an appropriate lubricant to reduce the friction 

coefficient in the process. The deeper evaluation 

demonstrated that with an increase in friction 

coefficient, the maximum strain is also increased, which 

results in more non-uniform strain distribution. 

However, an increase in temperature has no significant 

effect on maximum strain and uniformity of strain 

distribution.  

 

https://en.wikipedia.org/wiki/Degrees_of_freedom_(statistics)
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µ=0.08 µ=0.04 

Fig. 9. The strain distribution in different friction coefficients at the T=180°C. 

 

 

                  

 

                 

 
µ=0.06 µ=0.02 

  
Fig. 10. The strain distribution in different friction coefficients at T=250°C. 
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Fig.10. continue. 
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µ=0.08 µ=0.04 

Fig. 11. The strain distribution in different friction coefficients at T=320°C. 

 

The strain values of the designed die to model and 

theoretically calculate at different temperatures and 

different friction values are presented in Fig. 12. By 

considering the die geometry, the strain value in a pass 

was shown in Eq. 1, which was introduced by Iwahashi 

[36]. In this work, by considering the geometry 

parameter, the value of the strain reached one. The strain 

value is shown in Fig. 12 at a constant linear and 

independent of temperature and friction coefficient. 

While the maximum applied strain on the piece is 

increased by increasing the friction [37-38].  

 

ε𝑁 =
𝑁

√3
(2 cot (

𝜑+𝜓

2
) + 𝜓 csc (

𝜑+𝜓

2
))                      (1) 
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Fig. 12. The strain values for theoretically modeling at 

different friction and temperature. 
 

Similar to force data analysis, the normal distribution 

of data was evaluated to carry out a statistical analysis of 

maximum strain data. According to Fig. 13 and the p-

value obtained from the Anderson- Darling test 

(p>0.05), the data are normally distributed. The analysis 

of variance for data with respect to the p-value is shown 

in Table 3. Accordingly, operation temperature and 

coefficient of friction (μ) significantly affected the force.  
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Fig. 13. The diagram of the normal distribution for the strain. 

 

Figure 14 shows the main effects of parameters on 

the maximum strain. Accordingly, by increasing the 

friction coefficient from 0.02 to 0.08 the maximum 

strain showed an increment from 1.25 to 1.36 (9%) 

reflecting the effect of friction and lubricant on strain 

value obtaining from the ECAP process of magnesium 

alloys. This can be assigned to the filling of the corner 

of the die by material flow due to an increase in friction 

between piece and channel and applying more 

concentrated and higher strains to the sample’s cross-

section leading to more plastic deformation. Similar 

results were reported in Refs [33] and [34]. However, 

operation temperature has no significant effect on the 

strain, so that an increase in the temperature from 180 to 

320°C enhanced the strain from 1.25 to 1.32 (6%).  
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Fig. 14. The diagram of main effects for strain. 

 

Figure 15 shows the interactive effects of the 

parameters. It is observed that the effect of friction on 

the maximum strain at different temperatures is 

approximately the same. 
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Fig. 15. The diagram of the interactive effect of parameters 

on the strain. 

 
 

 

Table 3. ANOVA for strain 

Source DF Seq SS Adj SS Adj MS F P 

µ 3 0.0208917 0.0208917 0.0069639 61.15 0.000 

Temperature 2 0.0113167 0.0113167 0.0056583 49.68 0.000 

Error 6 0.0006833 0.0006833 0.0001139   

Total 11 0.0328917     

S = 0.0106719             R-Sq = 97.92%               R-Sq(adj) = 96.19% 
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5. Conclusion  

 

In this study, the effect of temperature and friction 

parameters in the ECAP process of AM60 magnesium 

alloy was investigated both experimentally and 

numerically. By designing and implementing the 

necessary tests, the force of pressing and strain 

distribution were analyzed using ANOVA, and main and 

interactive diagrams. 

In general, the results can be summarized as follows: 

1- The comparison of the force curve, obtained from 

simulation and experimental tests, confirm the accuracy 

of the simulation. 

2- By increasing the friction coefficient, the pressing 

force was significantly enhanced (4-fold). Besides, the 

effect of friction on the process force was higher at lower 

temperatures, i.e. the process force declined by raising 

the temperature. 

3- By increasing the friction coefficient from 0.02 to 

0.08, the maximum strain value showed a 9% increment 

reflecting the effect of the friction and lubricant on the 

strain obtained from the ECPA process of magnesium 

alloys. Moreover, an increase in the temperature led to 

strain enhancement as well. 

 

6. References 
 

[1] C.J. Luis Pérez, R. Luri, Comparative Analysis of Actual 

Processing Conditions in ECAE between FEM and Both 

Analytical and Experimental Results. Materials and 

Manufacturing Processes, 26 (2011) 1147-1156. 

[2] V.M. Segal, Plastic Working of Metals by Simple Shear, 

Russian Metallurgy, 1 (1981) 99-105. 

[3] S. M. Masoudpanah, R. Mahmudi, The microstructure, 

tensile, and shear deformation behavior of an AZ31 

magnesium alloy after extrusion and equal channel 

angular pressing, Materials and Design, 31(7) (2010) 

3512-3517. 

[4] R.Z. Valiev, T.G. Langdon, Principles of equal-channel 

angular pressing as a processing tool for grain refinement, 

Progress in Materials Science, 51(7) (2006) 881-981. 

[5] P. Mansoor, S. Dasharath, Microstructural and mechanical 

properties of magnesium alloy processed by severe plastic 

deformation (SPD)-A review, Materials Today: 

Proceedings, 20 (2020) 145-154. 

[6] T. Mineta, H. Sato, Simultaneously improved mechanical 

properties and corrosion resistance of Mg-Li-Al alloy 

produced by severe plastic deformation, Materials Science 

and Engineering: A, 735 (2018) 418-422. 

[7] M. Salevati, F. Akbaripanah, R. Mahmudi, K. Fekete, A. 

Heczel, J. Gubicza, Comparison of the effects of isothermal 

equal channel angular pressing and multi-directional forging 

on mechanical properties of AM60 magnesium alloy, 

Materials Science and Engineering: A, 776 (2020) 139002. 

[8] A. Heczel, F. Akbaripanah, M. Salevati, R. Mahmudi, Á. 

Vida, J. Gubicza, A comparative study on the microstructural 

evolution in AM60 alloy processed by ECAP and MDF, 

Journal of Alloys and Compounds, 763 (2018) 629-637. 

[9] O. Kulyasova, R. Islamgaliev, B. Mingler, M. Zehetbauer, 

Microstructure and fatigue properties of the ultrafine-grained 

AM60 magnesium alloy processed by equal-channel angular 

pressing, Materials Science and Engineering: A, 503(1-2) 

(2009) 176-180. 

[10] R.B. Figueiredo, T.G. Langdon, Grain refinement and 

mechanical behavior of a magnesium alloy processed by 

ECAP, Journal of materials science, 45(17) (2010) 4827-

4836. 

[11] F. Akbaripanah, F. Fereshteh-Saniee, R. Mahmudi, H. Kim, 

The influences of extrusion and equal channel angular 

pressing (ECAP) processes on the fatigue behavior of AM60 

magnesium alloy, Materials Science and Engineering: A, 565 

(2013) 308-316. 

[12] W. Kim, S. Hong, Y. Kim, S. Min, H. Jeong, J. Lee, Texture 

development and its effect on mechanical properties of an 

AZ61 Mg alloy fabricated by equal channel angular pressing, 

Acta materialia, 51(11) (2003) 3293-3307. 

[13] F. Fereshteh‐Saniee, F. Akbaripanah, H. Kim, R. Mahmudi, 

Effects of extrusion and equal channel angular pressing on the 

microstructure, tensile and fatigue behaviour of the wrought 

magnesium alloy AZ80, Fatigue & Fracture of Engineering 

Materials & Structures, 35(12) (2012) 1167-1172. 

[14] S. Fintová, L. Kunz, Fatigue properties of magnesium alloy 

AZ91 processed by severe plastic deformation, Journal of the 

mechanical behavior of biomedical materials, 42 (2015) 219-

228. 

[15] J. Zhang, K.-S. Zhang, W. Hwai-Chung, M.H. Yu, 

Experimental and numerical investigation on pure aluminum 

by ECAP, Transactions of nonferrous metals society of 

China, 19(5) (2009) 1303-1311. 

[16] H.S. Kim, On the effect of acute angles on deformation 

homogeneity in equal channel angular pressing, Materials 

Science and Engineering: A, 430(1-2) (2006) 346-349. 

[17] B.V. Patil, U. Chakkingal, T.P. Kumar, Influence of outer 

corner radius in equal channel angular pressing, World 

Academy of Science, Engineering and Technology, 62 

(2010) 714-720. 

[18] K. Mdthís, Z.Trojonovd, P.Lukú, J. Lendvaí, Deformation 

Behavior of Mg-Al-Mn Alloys at Elevated Tempratures, La 

metallurgia Italiana. 2002. 

[19] M.I. Abd EL AAL, 3D FEM simulations and experimental 

validation of plastic deformation of pure aluminum deformed 

by ECAP and combination of ECAP and direct extrusion. 

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aAyA4zEAAAAJ&citation_for_view=aAyA4zEAAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aAyA4zEAAAAJ&citation_for_view=aAyA4zEAAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aAyA4zEAAAAJ&citation_for_view=aAyA4zEAAAAJ:u5HHmVD_uO8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=aAyA4zEAAAAJ&citation_for_view=aAyA4zEAAAAJ:u5HHmVD_uO8C
https://www.sciencedirect.com/science/journal/02613069


Strain Distribution in Equal Channel Angular Pressing of AM60 Magnesium Alloy                                                                     49 

 

IJMF, Iranian Journal of Materials Forming, Volume 8, Number 1                                                                              January 2021 

Transactions of Nonferrous Metals Society of China, 27 

(6) (2017) 1338-1352. 

[20] W.J. Zhao, H. Ding,Y.P. Ren, S.M. Hao, J. Wang, J.T. 

Wang, Finite element simulation of deformation behavior of 

pure aluminum during equal channel angular pressing. 

Materials Science and Engineering A, 410 (2005) 410, 348-

352. 

[21] C. Bettles, M. Barnett, Advances in wrought magnesium 

alloys, 2012, Woodhead Publishing.  

[22] Z. Jing, Z. Ke-shi, W. Hwai-chung, Y. Mei-hua, 

Experimental and numerical investigation on pure aluminum 

by ECAP. Transactions of Nonferrous Metals Society of 

China, 19 (2009) 1303-1311. 

[23] E. Mostaed, M. Vedani, M. Hashempour, M. Bestetti, 

Influence of ECAP process on mechanical and corrosion 

properties of pure Mg and ZK60 magnesium alloy for 

biodegradable stent applications, Biomatter, 4(1) (2014) 

e28283. 

[24] S. Amani, G. Faraji, H.K. Mehrabadi, K. Abrinia, H. 

Ghanbari, A combined method for producing high strength 

and ductility magnesium microtubes for biodegradable 

vascular stents application, Journal of Alloys and 

Compounds, 723 (2017) 467-476. 

[25] F. Witte, The history of biodegradable magnesium implants: 

a review, Acta biomaterialia, 6(5) (2010) 1680-1692. 

[26] T.J. Chen, W. Wang, D.H. Zhang, Y. Ma, Y. Hao, Effects 

of heat treatment on microstructure and mechanical 

properties of ZW21 magnesium alloy, Journal of Alloys 

and Compounds, 546 (2013) 28-40. 

[27] E. Zhang, P.K. Chu, X. Liu, Biomaterials and Surface 

Modification, Research Signpost, Kerala, (2007) 27. 

[28] Y. Estrin, M.J. Zehetbauer, Applications of bulk 

nanostructured materials processed by severe plastic 

deformation, in: M.J. Zehetbauer, Y.T. Zhu (Eds.), Bulk 

Nanostructured Materials, Wiley, Weinheim. 2009, 635-647.  

[29] H. Hu, H., D. Zhang, F. Pan, Computer Simulation and 

Optimization of Equal Channel Angular Extrusion of AZ31 

Magnesium Alloy, Materials Science Forum, (2009) 610-

613, 780-782. 

[30] G. Ren, X. Lin, S. Xu, Numerical simulation of 

microstructure evolution in AZ31 magnesium alloy during 

equal channel angular pressing, Key Engineering Materials, 

(2014) 609-610, 495-499. 

[31] R.B. Figueiredo, P.R. Cetlin, T.G. Langdon, The processing 

of difficult-to-work alloys by ECAP with an emphasis on 

magnesium alloys, Acta Materialia 55 (2007) 4769-4779. 

[32] Minitab softwre manual, ver19, 2019. 

[33] F. Djavanroodi, M. Ebrahimi, Effect of die channel angle, 

friction and back pressure in the equal channel angular 

pressing using 3D finite element simulation, Materials 

Science and Engineering A, 527 (2010) 1230-1235. 

[34] A. Aminnudin, Pratikto, A. Purnowidodo, Y.S. Irawan, The 

analysis of friction effect on equal channel angular pressing 

(ECAP) process on Aluminium 5052 to homogeneity of 

strain distribution, Eastern-European Journal of Enterprise 

Technologies, 2/1 ( 92 ) 2018, 57-62. 

[35] B. V. Patil, U. Chakkingal, P. Kumar, Influence of friction in 

equal channel angular pressing - A study with simulation, 

Proceedings of the 17th International Conference of 

Metallurgy and Materials (Metal 2008), 2008, Czech Rep., 1-

9. 

[36] M. Furukava, Y. Iwahashi, Z. Horita, The shearing 

characteristics associated with ECAP, Material Science and 

Engineering A, 1998, 257, 328-332. 

[37] R.Z. Valiev, T.G. Langdon, Principles of equal-channel 

angular pressing as a processing tool for grain refinement, 

Progress in Materials Science, 51(7) (2006) 881-981. 

[38] V.M. Segal, Materials Processing by Simple Shear, 

Materials Science and Engineering: A, 197(2) (1995) 157-

164. 

 

https://www.journals.elsevier.com/transactions-of-nonferrous-metals-society-of-china
https://www.journals.elsevier.com/transactions-of-nonferrous-metals-society-of-china
https://www.journals.elsevier.com/transactions-of-nonferrous-metals-society-of-china
http://www.sciencedirect.com/science/article/pii/S0925838812014600
http://www.sciencedirect.com/science/article/pii/S0925838812014600
http://www.sciencedirect.com/science/article/pii/S0925838812014600

