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ABSTRACT 

The Brittle nature of magnesium and its alloys have become a research concern in aerospace and automobile industries. 

Alloying magnesium with other metals via severe plastic deformation (SPD) methods could enhance its mechanical properties. 

In this work, C-Shaped Equal Channel Reciprocating Extrusion (CECRE) process was employed via finite element methods 

(Deform-3DTM). The results revealed reasonable changes in the mechanical and microstructural properties of the alloy after 

simulated at different lubrication conditions. Also, improved maximum effective strain values were realized at different friction 

conditions for a single pass of extrusion process. Thus, minimum deformation inhomogeneity index (C) values, also, achieved 

at moderate friction condition for different ram speeds. Effects of strain-hardening on the mechanical properties at constant 

strain-rate sensitivity value of 0.05 were also investigated at different friction conditions. The finite element analysis of 

numerically simulated CECRE processed Magnesium ZK60 alloy have shown favourable improvement in its mechanical 

properties with uniform strain distribution for better optimum performance. Therefore, CECRE still offers the potentials of 

imposing shear strains on metallic alloys without change in their cross-sections. 

Key-words: C-shaped equal channel reciprocating extrusion (CECRE), Deformation inhomogeneity index(C), Severe plastic 

deformation (SPD), Strain-hardening, Strain-rate sensitivity 

 

1. INTRODUCTION 

1.1 Background of study 

Magnesium alloys have attracted considerable 

interest from the automobile and aerospace 

industries because of their high specific strength 

and excellent machinability.  Due to fracture and 

component failure as a result of relatively low 

density and brittleness of Magnesium alloys, the 

hexagonal close packed (HCP) structure and 

limited slip systems are major difficulties that 

hinder their widespread applications. Recently, it 

was also discovered that the brittle nature of 
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magnesium has lessened its usefulness in the 

manufacturing and aerospace industries. Hence, 

alloying magnesium with aluminum is seen as an 

alternative to improving its ductility. But, 

introduction of magnesium-aluminum alloys have 

caused a drastic reduction in its hardness and 

workability.  Thus, severe plastic deformation 

(SPD) process has the ability to improve the 

mechanical properties of alloyed materials, 

producing super-plasticity due to the brittle nature 

of magnesium. 

 

Moreover, a new severe plastic deformation 

technique known as C-shaped equal channel 

reciprocating extrusion (CECRE) method was 

used on a different alloy of magnesium known as 

ZK60 alloy. The C-shaped equal channel 

reciprocating extrusion CECRE method basically 

offers the potential to impose shear stress on 

magnesium alloys via cyclic deformation. The 

proposed CECRE method takes advantage of the 

cyclic extrusion compression (CEC), 

multidirectional forging (MDF) and equal channel 

angular extrusion (ECAE) processes in other to 

minimize the disadvantages of significant 

difference in strains between the central and 

peripheral areas associated with ECAE, MDF and 

CEC processes. Furthermore, it was also 

discovered that imposition of reasonable shear 

strain on a preheated magnesium alloy can cause 

significant changes in its mechanical properties, 

due to strain-hardening effect of such material 

after deforming at high extrusion speed, thus 

improving the material hardness and ductility. 

Also, deforming a material at a high temperature 

could lead to the strain-softening effect on such 

alloy thereby reduce the material hardness while 

the ductility increases [11]. 

 

However, the aim of this study is to carry-out a 

finite element based analysis on a CECRE 

processed magnesium ZK60 alloy thereby 

improving its workability through the severe 

plastic deformation method as well as evaluating 

its mechanical properties via numerical 

simulation method. 

 

1.2 Finite Element Analysis 

The Finite Element Methods FEM gives a better 

holistic approach in determining the deformation 

extents and occurrences in ECAE related 

processes which could also be employed during 

CECRE process. However, other past research 

works in 2D simulations have been successfully 

utilized in the determination of plain strains and 

plain stresses. But, they have failed to give 

detailed discussions about the stress-strain 

inhomogeneity along the process. Also, results 

obtained in 2D simulation analysis only gave 

limited information in addition to 2D 
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approximation error [9].  Estimation of developed 

strains as regards deformation behavior have been 

performed for many FEM based analysis for 

ECAE processes, since only few researchers have 

adopted the 3D simulation technologies while 

investigating deformation behavioral 

characteristics of magnesium alloys [1-3]. Also, 

the stress-strain inhomogeneity have been 

assumed in past studies for 2D approximation of 

plain strain conditions but were never discussed in 

addition to the permanent characteristics of 2D 

approximation errors[3-7] where limited result 

have been achieved over the years using 2D 

simulation approach. Thus, the 3D simulation 

technologies have been adopted by only few 

researchers over the years. Investigation of 

deformation behavioral characteristics of 

magnesium and its alloys are most especially 

influenced by friction and extrusion speed, where 

the finite element methods and numerical 

simulations are widely used for better 

comprehension of ECAE processes [10-11]. [1] 

Extensively investigated the assessment of ECAE 

processed magnesium AZ31 and ZK60 alloys, as 

the poor forming characteristics of both alloys 

were due to their hexagonal closed packed (HCP) 

crystal structures. [13] Also carried-out an 

extensive study on both alloys where the ZK60 

alloy was considered a better extrudate than the 

AZ31 alloy due to the high percentage of 

zirconium in its chemical composition. 

Meanwhile, [19] had earlier discovered that the 

response of both alloy in ECAE process is based 

on the mechanical properties they possessed in 

terms of their chemical compositions. Thus, [1] 

further analyzed the general homogenization of 

the alloys microstructure as a result of grain 

refinement using optical micrograph as recorded 

on extruded plates for ECAE. Ongoing studies 

revealed that the strain level of magnesium alloy 

can be obtained easily through conventional 

working techniques which make ECAE a unique 

benefit in strained materials without change in 

cross-section. [2] Investigated the effect of grain 

refinement on AZ31 magnesium alloy via ECAP 

process where the microstructural evolution and 

hardness was achieved using hydraulic press as its 

grain refinement mechanisms as plastic 

deformation methods was also extensively 

discussed by [16]. 

 

There have been but few works done so far in the 

twentieth century on numerical simulation of SPD 

processes. [4] Has shown the FE modeling for 

ECAE process and the remarking effect of shear 

localization, heat transfer, friction and die design 

on ECAE deformation process successfully using 

the 2D numerical simulation approach. [17] Also 

showed the tooling design effect on extrudates 

mechanical properties in 2D numerically 
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simulated magnesium alloy. While, [5] 

analytically investigated the effect of temperature 

rise in materials processed by plastic flow 

deformation in ECAE process. [14] And [15] 

reportedly discussed the global uniformity on 

Vickers hardness in metallic alloy specimens after 

subjection to ECAE. [1]  discovered that 

distribution of Vickers hardness on ECAE 

specimens are inhomogeneous due to the 

qualitative consistency in strain distribution as 

obtained from the finite volume simulation 

approach where further investigation is prone to 

affect the specimens’ hardness distribution. Also, 

[13] examined the effect of various ECAE process 

simulation parameters on AZ31 and AZ91 alloys 

using finite element analysis where the stress 

components were derived from its numerical 

simulations. Results were initially compared with 

other results obtained from [4] from the literatures 

while the vicker hardness values of circular ECAE 

specimens were compared with the 3D non-

isothermal simulation results of strain 

distributions. 

 

Therefore this present work entails the use of 3D 

finite element methods, as employed in form of 

quasi-static solutions in a newly devised severe 

plastic deformation technique known as CECRE 

process by the numerical simulation of 

magnesium ZK60 alloy for better mechanical 

property improvement of the alloy material. Effect 

of CECRE processed parameters were extensively 

examined using Deform 3DTM and Microsoft 

excel software by 3D finite element analysis. 

 

2. SIMULATION PROCEDURE 

2.1 CECRE Rig Design 

The CECRE extruder as depicted in Fig 1. Below 

contains two cross sectional dies as clamped by 

screws made of H13 steel component at ten 

different points. The die, the ram and the 

containers are all made of AISI H13 steel 

materials. The sectional dies have an upper and 

lower channel of length 200mm and 100mm with 

height 50mm respectively each. Located in the 

middle of the die, between the dies are C-shape 

equal channels where all channels are 16mm in 

diameter. (Refer Fig. 1) 

 

For the C-shaped equal channel, the outer and 

inner fillet arcs are of radii 28mm and 12mm 

respectively. The bottom and top die contains C-

shape equal channels with uniform cross sections 

which has the outer and inner intersection angles 

of 400 and 1200 respectively. 

 

The billet is made of Magnesium ZK60 alloy 

(Mg-93%, Zn-6.5%, Zr-0.45%) by mass fraction 

which was assumed to be elasto-plastic material, 

where it is taken to be 16x16x65mm prior to 

processing. The ram and die components are 
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assumed as rigid materials and friction 

components between the die, the ram and the billet 

varied at 0.1, 0.25 and 0.5 respectively with 

different ram speeds. Shown in table 1 below are 

the physical properties of the billet. Consequently, 

the Hall-Petch model relation, used for the 

calculation of cumulative theoretical strain values  

of any material undergoing  extrusion process [1], 

whose parameters largely depends on both inner 

and outer corner angles of the die and it is used for 

the calculation of the theoretical strain while 

working a material via equal channel angular 

extrusion process. The relation can be expressed 

as [12].                                                     (1) 

Where, ϕ is the inner angle and Ψ is the outer 

angle. As the angle ϕ=120° and Ψ=40°, as can be 

seen in Fig. 1 above. During simulation, an 

accumulated true strain as much as 13.2 was 

realized for one pass of extrusion. Note: For 

example, using the Hell-petch relation as stated 

above, the true strain of one pass of extrusion at 

ϕ= Ψ= 900 is zero.  

Furthermore, the friction conditions at 

workpiece/tooling interface are assumed to be of 

shear type. The friction coefficient f (0＜f＜1) is 

expressed as [21]                                             (2) 

 

where Ʈ is the frictional shear stress and σ the 

effective flow stress of the billet material. 

Therefore, in this present work, we are set to 

consider the constant plastic shear friction 

coefficient values of 0.1, 0.25 and 0.5 as assumed 

to be at the billet/container, the billet/stem and the 

die/extrudate interface. (Refer Table 1) 

2.2 Flow stress curve 

The flow stress data for Magnesium ZK60 alloy 

was determined through hot compression test. The 

data was taken over a temperature range of 3000-

6000C with strain-rate range of 0.01-10s-1 as input 

into Deform-3DTM simulation interface. Depicted 

in Fig. 2 below is the flow stress curve generated 

from the data after performing compression test 

on the billet, where the materials’ mechanical and 

behavioral characteristics are expected to have 

been altered after simulation as a result of 

variation in its parameters, since the reference 

point temperature of the workpiece is placed at 

3000C. (Refer Fig. 2) 

 

Numerical simulation was carried out in this work 

to confirm the results obtained from similarly 

simulated alloys from existing literature. The 

method employed in this study entails the 

application of compression load on a CECRE 

processed ZK60 magnesium alloy subjected 

under severe shearing deformation. Initial 

ramming load applied is 50N with total simulation 

period of 6sec at constant ram speed of 10mm/s as 

input into Defrom-3DTM simulation interface. 
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Temperature range of 300-6000C was also 

selected since the billet has been initially 

preheated to a temperature of 3000C before proper 

simulation commences. The simulation process 

was done for different lubrication conditions of 

0.1, 0.25 and 0.5 with different ram speeds of 

5mm/s, 10mm/s, 15mm/s and 20mm/s at 

isothermal condition of 3000C. This temperature 

was selected based on the typical forging 

temperature of wrought Magnesium ZK60 alloy. 

Other simulation parameters employed in this 

work are listed in Table 2 below. 

 

Thus, in this present work, a moderate friction 

coefficient value of 0.25 is assumed to be at the 

billet/container interface and the die/extrudate 

interface. Where shear friction coefficient values 

of 0.1, 0.25 and 0.5 were considered for easy 

calculation of deformation parameters due to 

shear stress. Also effects of ram speeds, friction 

conditions, punch load, deformation 

inhomogeneity index and stain-hardening values 

on simulation parameters were also extensively 

investigated. (Refer Table 2) 

3.0 RESULTS AND DISCUSSION 

3.1 Effect of friction and lubrication on 

deformation process. 

The die surface and the workpiece in metal 

forming processes are never perfectly smooth. 

The specimen’s velocity and viscosity increases 

when some lubricants are dragged between the 

surfaces, due to workpiece movement as a result 

of the kind of lubrication condition being used. 

Below is the graphical illustration, which 

represents the effect of friction coefficient on the 

effective maximum velocity of the workpiece. It 

also shows the voids between the surfaces which 

are filled with lubricants as liquid viscosity 

increases, the more the pressure on the specimen; 

there is less actual metal-metal contact, so friction 

drops. As stated earlier, the friction coefficient of 

0.1, 0.25 and 0.5 respectively are used throughout 

the simulation process.  Depicted in Fig. 3(a)-(d) 

below are influences of friction conditions on the 

deformation process. These include extrusion 

force, maximum strains, maximum velocity and 

maximum stress. 

 

From Fig. 3(a) below, it shows that the influence 

of friction coefficient on the requirements of 

extrusion is very obvious with increasing friction 

coefficient. The maximum extrusion force 

increases with punch displacement and time, as 

the force reaching the summit is delayed. But at 

friction coefficient of 0.5, the fluctuation of 

extrusion force is wider than those caused by 

friction coefficients of 0.1 and 0.25 respectively. 

At Fig. 3(b), effect of friction on the maximum 

strain of the billet is very obvious with increase 

friction coefficient and maximum strain also 
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increased as the variation trend is the same as that 

of extrusion force. That is, a wider fluctuation at a 

higher friction coefficient of 0.5 as compare to its 

effect at lower friction coefficients at 0.1 and 0.25. 

Fig 3(c) also depicts the effect of friction on the 

maximum velocity of materials as it was noticed 

that a little wider fluctuation is obvious at lower 

friction coefficient of 0.1. This is strongly due to 

the fact that the workpiece was properly lubricated 

at lowest friction coefficient as compared to other 

friction coefficient values. That is, the lesser the 

friction coefficient, the more the fluid viscosity 

and maximum velocity of extrusion. 

 

Therefore, it can also be concluded that maximum 

flow velocity of a metal during extrusion process 

decreases with increasing friction coefficient. 

From Fig. 3(d), it was discovered that the 

maximum effective stress follows the same trend 

as that of its initial period. But later variation in 

trend with friction was adverse. Thus, larger 

friction coefficients would cause larger stress 

fluctuation from the extrusion rod because there 

are more lubricants in the extrusion channel at low 

friction condition as the reverse would be the case 

for high friction conditions.(Refer Fig. 3) 

 

 3.2 Effective stress and stain distribution 

during CECRE process. 

Fig.4 to Fig.6 below depicts the various extrusion 

contours obtained on the workpiece, as a result of 

variation between the friction coefficients at 

common final steps of extrusion. Here, the stress-

strain distribution during the CECRE process is 

considered at different friction conditions. (Refer 

Fig. 4, 5, 6) 

 

At a friction coefficient of 0.1, effective stress and 

strain values of 156Mpa and 1.49mm/mm are 

obtained respectively, which are largest at the 

corner near the bottom die. At a friction factor of 

0.25 as shown in Fig.5 above, the stress-strain 

distribution becomes more uniform but there are 

no significant differences in effective stress 

values, but there is a slight increase in the effective 

strain value. Also, some changes in material 

structure were noticed as lubrication condition 

was further increased to 0.5 as shown in Fig. 6 

above. Here, effective stress value becomes 

higher at initial stage of extrusion but later 

normalizes at the final stage. This is due to 

restrictions which are bound to occur while 

performing extrusion without proper lubrication. 

 

Meanwhile, effective strain value gradually 

increases from 2.14mm/mm to 13.2mm/mm as the 

friction condition rises from 0.25 to 0.5. Due to 

the fact that more extrusion force is required at 

early stage of extrusion while effective strain 

depends strongly on the lubrication conditions 

between the die-billet interface where lower 

cumulative effective strain values could be 
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obtained at less friction coefficients, due to metal 

to metal contact between the die and the 

workpiece. The results and discussion above were 

also established in [8] where the die structure 

optimization for an equal channel angular 

extrusion process of magnesium AZ31 alloy, 

based on finite element methods was investigated. 

3.3 Curves of Load and Stroke 

As Shown in Fig. 4 below, the extrusion force 

required during simulation thus increases with 

friction and decreases with ram speed regardless 

of its thermals conditions. This occurs as a result 

of less lubrication between the billet-die 

interfaces, where some sort of restrictions 

between the extrudate-tool components are 

noticed as more extrusion force are needed in 

other to complete the process. Fig.5 (a) shows the 

need for more extrusion force, since the ram speed 

is smallest (i.e. 5mm/s) and a lesser extrusion 

force would be required for lesser friction 

conditions, as such restrictions between the die-

billet aspirate will be minute.    

 

Thus, the more the ram speed, the lesser the 

friction coefficient in the die-billet interfaces. 

Also, since we know that highest extrusion force 

can only be achieved at highest friction condition 

with the lowest ram speed, it can be inferred that 

fluid viscosity between the billet-die interface is 

very small thereby the billet is bound to be 

hardened due to strain hardening effect while the 

yield and the tensile strengths of the extrudate 

would also increase. (Refer Fig. 7) 

3.4 Effect of Ram speed on Stress-Strain 

Curve. 

Material plasticity increases with friction due to 

restrictions between the die components. Effect of 

friction on material plasticity often remains 

uniform in high lubrication regardless of ram 

speed employed in such extrusion process. The 

adverse effect of ram speed can only be noticed on 

material plasticity as friction increases. As shown 

in Fig 3.4 below, better material plasticity was 

achieved at high friction condition (i.e. f=0.5). 

This indicates that, the highest material plasticity 

is more obvious at the least lubrication conditions 

and extrusion speed. To avoid surface cracking in 

any metallic component undergoing severe plastic 

deformation, a higher friction condition is 

required with a speed less than 5mm/s for better 

material plasticity. Thus, improved yield and 

tensile strength can be guaranteed. (Refer Fig. 8) 

 

3.5 Effect of Strain-hardening on Magnesium 

ZK60 alloy after Extrusion. 

Strain-hardening also known as work hardening 

remains a fundamental way of strengthening a 

metal via plastic deformation. Considering 

equations 3 and 4 as stated below, i.e. comparing 

the ultimate tensile stress and the yield stress for 
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large strains values with friction coefficient of 0.5 

for a process of 200 steps. 

 

The strain-hardening value (m) was taken to be 

0.05 for HCP structured material such as 

magnesium ZK60 alloy with constant strain-rate 

of 1s-1. Fig. 9 shows the strength factor of the 

extruded material having undergone deformations 

as a result of strain-hardening at highest friction 

condition of 0.5. Given below is the Strength 

Factor K relation used after the simulation. 

The relation states as follows:                      (3) 

 

Where, m is the tensile stresses, true strain and 

strain-hardening coefficient respectively. 

From Table 5 above, it is very obvious that the 

maximum strains generated from both the ECAE 

and the CECRE die increase with friction while 

the maximum strains do vary with the die 

geometrical parameters, depending on the inner 

and outer angles of the die either in filleted or non-

filleted conditions. This implies that maximum 

strain generated from CECRE model gives a 

better homogenous strain and stress distribution 

than other results achieved using ECAE process 

even at low friction coefficients. But there may be 

discrepancies when a high friction condition of 

more than 0.4 is employed. Then, the specimen 

would have a very high maximum strain value 

thereby causing a fall in the homogeneity index 

value of the alloy which in-turn leads to a sharp 

could fall in ductility properties of such material 

as earlier explained in existing literature as a result 

of excess cold working. (Refer Fig. 9) 

 

3.6 Analysis of deformation homogeneity of 

CECRE products. 

Fig 4.1 to Fig. 4.3 above show the strain 

distribution for equivalent strains at extrusion step 

200 as caused by the CECRE die with inner corner 

angle of 1200. It has shown in Table 3 below that 

equivalent strains (including ɛmax ɛmin ɛave) 

increases with deformation inhomogeneity index 

as friction condition increases at constant ram 

speed of 10mm/s. Adapted from [8] is the 

representation of the degree of deformation 

inhomogeneity index (C) as follows:                  (4) 

 

Where ɛmax, ɛmin, ɛave are maximum, minimum and 

average effective strains respectively. 

From table 3 above, deformation inhomogeneity 

index varies with equivalent strain distributions 

even at constant inner corner angle where the 

homogeneity caused by an ECAE die with largest 

inner corner angle and fillets at outer corner would 

be highest [8]. (Refer Table 3) 

 

Thus, to refine and homogenize the billet 

microstructure for better strain distribution, a 

smaller inhomogeneity index is needed. 

Therefore, the homogeneity of magnesium ZK60 
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alloy as listed above are achieved for lower 

deformation inhomogeneity with better strain 

distribution and improved material ductility, 

except at the highest friction coefficient of 0.5. 

This implies that lower deformation 

inhomogeneity causes an increase in strain 

distribution on the specimen which in-turn 

increases the ductility of material as this could be 

possibly be achieved at less friction condition. 

3.6.1 Comparison of Deformation 

Inhomogeneity index (C) values with existing 

literature (i.e. ECAE and CECRE). 

Comparison of results achieved by similar 

deformation process as extracted from [10] for 

similar alloy processed via ECAE, with what is 

obtainable using CECRE process for the same die 

inner corner angle of 1200 (with fillets) and 

friction coefficient of 0.25 with a ram speed of 

10mm/s as shown in table 4 below. (Refer Table 

4) 

It is interesting to know that, higher deformation 

inhomogeneity value as incurred during ECAE 

process as contrary to that of CECRE process has 

proven the fact that a better effective strain 

distribution is best achieved using the CECRE 

process. This was due to the fact that a larger die 

fillet radius was used in the process. Thus, better 

homogeneous effective strain distributions on any 

alloyed materials are better achieved using 

CECRE process rather than using other 

convectional extrusion processes (i.e. ECAE, 

CEC and MDF) as mentioned earlier. Therefore, it 

can also be re-affirmed that, the proposed 

statement of Richerts and Richerts, as sourced 

from [4] which states that the CECRE process still 

offers the unique benefit of imposing shear strain 

on an alloy material via severe plastic deformation 

process because it utilizes the advantages of both 

the Equal Channel Angular Extrusion (ECAE) 

process and the Cyclic Extrusion Compression 

process (CEC) for better grain refinement in 

magnesium alloy materials. 

3.6.2 Maximum Strain during CECRE process. 

As shown in Fig. 4.2.2 above, which illustrates the 

maximum strain generated under different 

simulation conditions as depicted in Table 5 below 

in the CECRE process are larger than the 

cumulated maximum strain calculated from 

Equation (1) above. From simulation and 

theoretical calculations, it was discovered that the 

cumulated maximum strains as caused by the 

CECRE die with inner and outer angles 1200 and 

400 are larger than the maximum strain value as 

calculated theoretically.  The Increase in 

maximum strains are due to the extrusion 

environment conditions (i.e. temperature 300 ℃) 

and friction even in an isothermal or non-

isothermal condition. Also, comparing results 
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generated for maximum strain using the CECRE 

die at a ram speed of 10mm/s with the maximum 

strain value obtained from existing literatures 

where similar simulation conditions were used are 

listed in table 5 below. 

 

From Table 5 above, it is very obvious that the 

maximum strains generated from both the ECAE 

and the CECRE die increase with friction while 

the maximum strains do vary with the die 

geometrical parameters depending on the inner 

and outer angles of the die either in filleted or non-

filleted conditions. This implies that maximum 

strain generated from CECRE model gives a 

better homogenous strain and stress distribution 

than other results achieved using ECAE process 

even at low friction coefficients. But there may be 

discrepancies when a high friction condition of 

more than 0.4 is employed. Then, the specimen 

would have a very high maximum strain value 

thereby causing a fall in the homogeneity index 

value of the alloy which in-turn leads to a sharp 

fall in the ductility properties of such material as 

earlier explained in existing literatures as a result 

of excess cold working. (Refer Table 5) 

4. CONCLUSION 

The numerical simulation and variation of 

CECRE processed parameters for magnesium 

ZK60 alloy subjected to severe plastic 

deformation have been successfully carried-out 

where an accumulated strain value as much as 

13.2 was achieved for 1pass of extrusion at 

highest friction condition. It is no doubt that, 

friction still remains a vital essence for shear 

strain imposition on an extruded alloy material. 

Comparing simulation result with existing 

literature shows that CECRE process gives a more 

refined structured material with a better 

homogenous strain distribution when reasonable 

lubrication is used during severe plastic 

deformation irrespective of the ram speed used 

during simulation. Also, it gives less deformation 

inhomogeneity index and high cumulative 

maximum strains while simulating for one pass of 

extrusion. These may likely give a more improved 

mechanical (yield, tensile strength, hardness, and 

ductility) and microstructural (grain refinement) 

properties at reasonable friction conditions. 

 

Finally, the CECRE processed magnesium ZK60 

alloy properties were extensively investigated in 

isothermal and non-isothermal conditions using 

finite element analysis via severe plastic 

deformation process where the effect of extrusion 

parameters on the process were successfully 

carried-out. Therefore, using 3D numerical 

analysis has greatly improved the mechanical and 

microstructural properties of the extruded material 

(i.e. Magnesium ZK60) without causing any 

change in its cross-section. 
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NOTATIONS 

S   =    Die stroke/displacement (mm or m)                                                                

Ψ   =     Outer corner angle                                                      

m   =    Strain-hardening exponent                                         

σT  =    True Stress (MPa)                                                      

Ɛmax   =   Maximum effective strain                                         

Ɛave   =   Average effective strain                                             

T     =   Billet temperature                                                     

K   =    Ultimate Tensile Strength (MPa)                               

f     =    Friction coefficient                                                    

E   =    Modulus of elasticity (GPa) 

𝛔�   =     Effective flow Stress (MPa) 

Ʈ   =    Frictional shear stress (MPa) 

Φ   =     Inner corner angle 

𝛖�   =     Poisson’s ratio 

n   =     Strain-rate sensitivity factor 

Ɛ
T
   =     True Strain (MPa) 

Ɛmin =    Minimum effective strain 

ἐ    =     Strain rate 

C   =     Deformation inhomogeneity index 

F    =    Extrusion force/Applied load (N) 

V   =     Extrusion velocity/Ram speed (m/s) 
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Figure 1: Schematics of C-shape equal channel reciprocating extrusion (CECRE) process 

 

 

Figure 2: Curves of stress-strain of ZK60 alloy at 1s-1 under different temperatures 
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Figure 3: Effect of friction coefficient on deformation process: (a) Extrusion force vs extrusion time; (b) 

Maximum extrusion strain vs extrusion time; (c) Maximum extrusion velocity vs extrusion time; (d) 

Maximum effective extrusion stress vs extrusion time 
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Figure 4: Distributions of equivalent stress and strain with inner angle 120° and without outer corner 

fillets at friction coefficient value of 0.1: (a) Contours of effective stress of step 200; (b) Contours of 

effective strain of step 200. 

  

                                          

Figure 5: Distributions of equivalent stress and strain with inner angle 120° and without outer corner 

fillets at friction coefficient value of 0.25: (a) Contours of effective stress of step 200; (b) Contours of 

effective strain of step 200. 
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Figure 6: Distributions of equivalent stress and strain with inner angle 120° and without outer corner 

fillets at friction coefficient value of 0.5: (a) Contours of effective stress of step 200; (b) Contours of 

effective strain of step 200 

 

 

            
Figure 7: Effect of extrusion parameters on extrusion force: (a) Load-Stroke curve of extrusion for 

different friction conditions and constant ram speed of 5mm/s; (b) Variation of Maximum extrusion 

force and friction coefficient against ram speed. 

(a) (b) 
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Figure 8: Effect of Ram speed on stress stain curve at different friction coefficient:   f =0.5 

 

 

 

 

Figure 9:  The graph of Strength factor K. 
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Table 1: Physical properties of Magnesium ZK60 alloy 

 

 

Table 2: Simulation and experimental parameters 

 

 

Table 3:  Effective strains and deformation inhomogeneity index at extrusion final steps. 

 

 

 

Poisson 

ratio 

Coefficient of 

linear expan-

sion/K-1 

Density/ 

(Kg*m-3) 

Elastic 

Modulus/ 

Mpa 

Emissivity 

Thermal con-

ductivity 

(W*m-1s-1) 

Heat ca-

pacity 

(KJ/K) 

0.30 2.52×10−5 1 780 45 000 0.12 156.2 1.023 

Billet length 

/mm 

 

Billet diameter 

/mm 

 

Inner diameter of 

CECRE            

die/mm 

Initial                

temperature 

of  die/0C 

Initial billet   

temperature/℃ 

50 16 16 350 300 

Initial tooling 

temperature/℃ 

 

Temp. range for 

flow stress meas-

urement/℃ 

Ram speed 

/(mm·s−1) 

 

Friction coeffi-

cient between 

Ram and   billet 

Friction coeffi-

cient 

between                      

billet and die 

260 300-600 10 0.25 0.25 

Total number of 

elements of   bil-

let 

Total number of 

elements of ram 

Total number of  

elements of            

both die 

Mesh-density       

type 

Relative interfer-

ence depth 

20000 8000 20000 Relative 0.7 

Friction condition (Ɛmax) (Ɛmin) (Ɛave) (C) 

0.1 1.492 0.013 0.111 13.32 

0.25 2.139 0.003 0.145 14.73 

0.5 13.34 0.019 0.129 102.8 
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Table 4: Comparison of Inhomogeneity Index values of Severe Plastic Deformation process  

 

 
 

Table 5: Comparison of CECRE processed, cumulative maximum strains results with existing 

Literatures (i.e. ECAE) at 3000C 

 

 

 

Deformation Processes Ɛmax Ɛmin Ɛave C 

ECAE 1.620 0.070 0.040 38.80 

CECRE 2.139 0.003 0.145 14.73 

Friction                 

conditions 

 

Deform3DTM    CECRE 

Calculation 

 

Simulation ECAE 

Simulation 

0.10 0.55 1.49 1.92 

0.25 1.10 2.14 2.30 

0.50 2.74 13.24 5.45 
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