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Abstract In order to compare plastic deformation and

microstructural evolution behavior deformation between

equal channel angular pressing (ECAP) and forward

extrusion (FE) processes, finite element analyses in asso-

ciated with the mechanism of dislocation glide and cell

formation have been employed. It was found from the

simulation results that the ECAP process is superior to the

FE process, in terms of strength, grain refinement and

deformation homogeneity as well as repeatability due to

the equal channels of entry and exit.

Introduction

In recent years, several emerging methods have been pro-

posed to produce ultrafine grained (UFG) or nanocrystal-

line bulk metallic materials by imposing severe plastic

deformation (SPD) which can apply large shear strains

[1–7]. It has been reported that materials with UFG

microstructures show outstanding mechanical properties,

such as high strength, high fatigue strength, good ductility,

high strain rate and low temperature superplasticity, and

high corrosion resistance. Equal channel angular extrusion/

pressing (ECAE/ECAP), the most promising SPD tech-

nique, has been the subject of intensive studies in recent

years due to its capability of producing fully dense UFG

materials by repeated pressing of a workpiece through the

L-shaped channel die having a channel angle U in the range

of 75� \= U\= 135�. The unique characteristic of the

SPD processes is their repeatability due to the same

dimensions of the workpiece before and after the processes,

which is inevitable for imposing giant strain. By a single

pass of ECAP, one can obtain effective strain of *1 under

the generally used die condition of channel angle = 90�
and corner angle = 20�.

Another well-known commercial metal forming process

which can impose large plastic strain to bar- or rectangle-

shaped long workpieces is extrusion [8–11]. The extrusion

is a metal forming process in which a billet is forced to

flow through a die whose exit diameter is smaller than that

of the initial billet diameter. The billet flows through the

die in the same direction (forward extrusion: FE) or

opposite direction (backward extrusion: BE) as the punch

either can be contained (high reductions) or open (low

reductions) prior to entering the reduction portion of the

die. Indeed, strain in a single pass of FE is similar to that in

ECAP, e.g. average effective strain = *0.75 under 50%

area reduction ratio of frictionless FE. Although FE is able

to generate a similar amount of strain by a single pass, it is

not regarded as an SPD process because the final cross-

section of the sample is smaller than the initial one and it

cannot be repeated several times to assign a large strain,

say 4–10.

Significant progress in analyzing the ECAP process

itself as well as in understanding the fundamental proper-

ties of ECAP processed materials has been made using

experimental and simulation approaches [3, 5, 7, 12–18]. In

the numerical simulation approach, the finite element

method (FEM) has been widely used for simulating

materials and processing, such as the mechanical proper-

ties, and deformation homogeneity. Numerous authors

have already analyzed the conventional ECAP [12–18] and

the modified ECAP [19–21] as well as FE [22, 23] pro-

cesses using FEM. Recently, FE has been merged with
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ECAP to further enhance the mechanical properties of the

severe deformation processed materials [24, 25]. Although

ECAP and FE have several similarities in qualitative grain

refinement and strengthening, there are clear differences in

deformation mode and quantitative aspects. Various SPD

processing, such as ECAP, multi-axial compression/for-

gings and accumulative roll bonding (ARB) at room tem-

perature, to approximately the same accumulated strain

(*4) in Al 6061 alloy shows almost the same mechanical

properties [26]. Nevertheless, there is no study on com-

paring the ECAP and FE processes, as far as the authors

know. Moreover, it is widely said and believed, without

any theoretical basis, that ECAP is not viable to be a

commercially successful process due to a scale-up prob-

lem, while FE has no such a problem. There are only a few

efforts for scaling-up of ECAP, e.g. Ref. [27]. Now at this

stage of technical development, it is time to assess and

compare the ECAP and FE processes.

The main object of the present paper is to compare the

ECAP and FE processes in terms of plastic deformation

using the theoretical simulation method of finite element.

The processing loads are evaluated for assessing industrial

aspect, and dislocation density and cell size are measured

for microstructural aspect. The results and analysis will

shed light on the scaling-up of ECAP in order to facilitate

the application of ECAP in the industry as FE does.

Dislocation cell mechanism and the finite element

method

For the comparison of the characteristics of deformation

processing and microstructural evolutions, FEM simula-

tions were carried out using the DEFORM 2D program

package (Version 6.1) [28]. The standard constitutive

model, such as stress versus strain data points, used in the

simulations with FEM did not have a provision for

accounting for microstructure development during plastic

deformation. In the current simulations, a more advanced,

deformation mechanism (dislocation theory) based consti-

tutive model [14, 29–31] was utilized. It was specially

designed for dislocation cell-forming materials undergoing

large strain deformation. A good predictive capability of

the model has been established in successful simulations of

SPD of face-centered-cubic metals by ECAP. As the details

of the model have been described elsewhere (cf. Refs. [29–

31]), it is not presented here. It suffices to say the dislo-

cation cell walls and cell interiors are treated as separated

‘‘phases,’’ with different dislocation densities, and that a

‘‘rule of mixtures’’ is used for calculating the stress in the

‘‘composite’’. The dislocation cell size is linked to the

inverse of the square root of the total dislocation density

calculated as a weighted sum of the dislocation densities in

the cell walls and cell interiors. The model was shown to

describe strain hardening behaviour of dislocation-cell

forming metallic materials very well, including late stages

of hardening. The simulations were carried out for the case

of pure Cu using the model parameter values identified in

Ref. [28, 29]: the initial grain size is 1 lm, and dislocation

density is 7.75 9 107 mm-2.

FEM simulations of plane strain ECAP and axisym-

metric FE were carried out. Since the deformation mode in

ECAP is plane strain, a hexahedron geometry is adequate

to express this situation. On the other hand, an axisym-

metric representation is necessary for FE of decreasing

cross-sectional area. A hexahedron Cu specimen with

dimensions of 10 9 10 9 60 cm3 was used for a preform

in ECAP, as shown in Fig. 1a. The preform design slant at

the back part of the workpiece head was applied, which is

beneficial to homogeneous deformation, reducing the

maximum pressing load at the initial stage and eliminating

folding defects at strain concentration points [31]. The slant

angle, channel angle, and corner angle were 45�, 90� and

0�, respectively. In order to compare processing loads of

ECAP and FE, the sizes (i.e. cross-sectional area and vol-

ume) of the preforms need to be identical. For this purpose

of objective comparison of the forming loads, an axisym-

metric cylinder of initial radius Ro = 5.64 cm, which

represents the same cross-sectional area of 100 cm2 as that

of ECAP, was used for FE. In addition to the preform size

factor, the reduction ratio in FE is an important factor for

industrial applicability. For comparing the deformation and

microstructural characteristics of two processes, the same

preform size and processing load should be kept. That is, a

ECAP  FE 

(a) (b)

Fig. 1 Preform geometries and initial mesh systems for FEM

simulations of ECAP and FE. The two preforms have the same

cross-sectional area of 100 cm2
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process generating high and homogeneous deformation is

preferred under the same loading conditions, and a process

of a low processing load is preferred among processes

developing the same strains. To find the reduction ratio in

FE generating the same load in ECAP, three exit radii

Rf = 4.89 cm, Rf = 4.72 cm and Rf = 4.55 cm with cor-

responding area reduction ratios of 25%, 30% and 35%,

respectively, were used for FE. The half die angle was 45�.

The number of initial meshes of 4-noded elements was

10,000 for both ECAP and FE. This number of elements

was found to be sufficient to express local deformation of

the materials through calculations with varying number of

elements. Die and punch were modeled as rigid parts. A

temperature effect of the sample and die was ignored. The

friction factor between the inner surfaces of the dies and

the specimens was assumed to be 0.1, a typical cold metal

forming value. All simulations were carried out at a con-

stant punch speed of 1 mm/s.

Results and discussion

Figure 2 represents the predicted processing loads versus

punch moving time in ECAP and FE. The ECAP load in

the back slant preform case (dashed curve in Fig. 2) clearly

shows two-stage behavior: load increasing and steady

stages, without overshoot which is common (about 15% of

the ECAP load) in the convention hexahedron preform

ECAP. In stage I, as the head part of the workpiece goes

through the main deformation zone, the load increases

because the strain and the volume of the deformation part

of the workpiece increase. It should be noted that plastic

flow is smooth in Fig. 3a, and no strain concentration point

is found in the deformed workpiece. Stage II commences

after the load reaches a steady state load of *2500 kN.

Since there is no load overshoot, the full load capacity of

the press machine can be utilized for entire workpiece

forming, and thus *15% scale-up of the ECAP process

can be realized with the same press machine. The predicted

loads in FE of 25, 30, and 35% area reduction ratios are

2100, 2500 and 2800 kN, respectively. From these simu-

lations it is found to be possible to process ECAP of 90�
channel angle and FE of 30% area reduction of an initial

100 cm2 cross-section specimen using a 2500 kN pressing

machine. Indeed, a press machine of 2500 kN capacity is

widely used for extrusion in mechanical and machinery

industries, hence FE presses can be applied for ECAP

without a power problem.

The deformed geometries and flow nets of the ECAP and

FE of 30% area reduction after finishing the processing are

shown in Fig. 3. The mode of deformation in the ECAP is

almost simple shear except the bottom region where the

deformation mode is a mixture of simple shear and rigid body

rotation due to the corner gap formation, see Fig. 3a. It is well

established that the corner gap is generated by the effect of

the strain hardening property [32–34]. The flow pattern in FE

of 30% reduction shown in Fig. 3b is more nonuniform than

that in ECAP, i.e. highly sheared in surface region and

compressed in radial direction without shearing in the central

region. As the extrusion ratio increases, the flow nets become

more distorted at the surface as compared to the center of the

die. Along the extrusion direction, the head region is similar

to the central steady region, but the piping phenomenon was

observed in the tail region.

Quantitative comparisons for deformation can be made

from the effective plastic strain distribution in Figs. 4 and

5. It can be observed that the uniform deformation com-

pared to the cases of FE was attained in ECAP samples.
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Fig. 2 Operating load versus time curves

Fig. 3 Deformed geometries and flow nets after finishing ECAP and

FE of 30% area reduction
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The samples processed by FE show nonuniform deforma-

tion along the radial direction with more deformation in the

outer region than the center. Deformation in the surface

region is due to the flow constraint by the die corner and

the friction effect, hence the half die angle is an important

factor for surface deformation. On the other hand, defor-

mation except in the surface region is determined by the

reduction ratio. Therefore, it can be observed that the

deformation increases with the area reduction of area

except the surface region where developed strains are the

same in all cases. Numeric values of strain can be cleared

compared in Fig. 4: effective plastic strain is minimum

of *0.6 in the bottom and maximum of *1.2 in the top

region in ECAP. Average values of effective strain are

0.98, 0.77, 0.89 and 1.0 for ECAP and 25%, 30% and 35%

area reduction FE, respectively. That is, the average plastic

strain (e = 0.98) developed in ECAP is higher than that

(e = 0.89) in FE under the same preform and pressing load

condition, which means more severe plastic deformation

and grain refinement can be achieved using ECAP than FE.

Moreover, ECAP is superior to FE in terms of deformation

homogeneity, in that ECAP can generate more homoge-

neous strain distribution than FE, as can be seen in the

strain distribution chart of Fig. 6. ECAP shows the

homogeneous strain of narrow distribution, while FE has a

wide plastic strain distribution.

Microstructural evolutions, such as dislocation density

and cell size, are directly related to the amount of plastic

strain; hence, the results of dislocation density distributions

can be expected easily, as shown in Figs. 7 and 8. The

higher plastic strain is applied, the more dislocations are

generated, which produces the same distributions of

Fig. 4 Effective plastic strain distributions for a ECAP and b FE of

various area reduction ratios
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Fig. 5 Effective plastic strain path plots from bottom to top of the

processed samples
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Fig. 6 Effective strain distributions for a ECAP and b FE of 30%

area reduction ratio
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dislocation density as plastic strain. The average disloca-

tion densities are 2.20 9 109 mm-2 and 2.13 9 109 mm-2

in ECAP and FE of 30% area reduction. Strength of the

ECAP processed Cu is expected to be more uniform and

higher than that of the FE sample, because stress is pro-

portional to square root of dislocation density.

Likewise, the predicted cell size is smaller and more

uniform in ECAP than in FE, see Figs. 9 and 10. The

average cell/grain sizes are 189 and 205 nm, respectively,

in ECAP and FE processed Cu. ECAP can be employed to

obtain higher strength and grain refinement than FE.

Therefore, it can be concluded that ECAP is superior in

terms of strain development and strain homogeneity to FE

under the same pressing loads and preforms.

Conclusions

Comparison of ECAP and FE of Cu has been studied by the

finite element method implemented with the deformation

mechanism-based constitutive model to find out the plastic

deformation and microstructural evolution during the pro-

cessing. The deformation mechanism considered is dislo-

cation mechanism forming dislocation cell structures. It

was possible to process ECAP of 90� channel angle or FE

of 30% area reduction of the same preforms using the same

power pressing machine. Hence, FE presses can be applied

for ECAP without a power shortage problem which is the

bottle neck for scaling-up, using ECAP tooling in a con-

ventional press, contrary to general expectation. ECAP is

superior to FE in that more severe plastic deformation,

higher strength and more grain refinement can be achieved

using ECAP than FE. Moreover, ECAP can generate more

homogeneous strain distribution than FE. It is the belief of

the authors that ECAP should be applied to the up-scaled

engineering parts of UFG/nanocrystalline microstructured

metallic materials in a near future.

Fig. 7 Dislocation density distributions for a ECAP and b FE of 30%

area reduction ratio
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Fig. 9 Effective strain distributions for a ECAP and b FE of various

area reduction ratios
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processed samples
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