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Abstract
A novel severe plastic deformation (SPD) technique entitled accumulative radial-forward extrusion (ARFE) is introduced for producing ultra-fine grained bulk materials. This method is based on radial-forward extrusion process because of inherent capabilities for imposing extremely high plastic strains on material. ARFE was applied to AA1050 and the ability of this process in significant grain refinement is determined even after single cycle. Transmission electron microscopy (TEM) examination showed ultra-fine grains (UFGs) with
the average grain size of 450 nm after one cycle of ARFE. Furthermore, micro-hardness distribution through the part’s section indicates
the hardness increase to ~52 Hv from the initial value of ~28 Hv after one cycle of ARFE. In order to further investigate of the accumulated strains, ARFE process was also numerically modelled by finite element method.
Keywords: Accumulative; FEM; Grain; Microhardness; Microstructure; Strain
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1. Introduction
In recent years, severe plastic deformation (SPD) methods
have been considered as successful methods for producing
ultra-fine grained (UFG) materials in bulk forms, sheets, tubes
and disks, without any contamination or porosity [1]. Some of
the most successful SPD processes such as cyclic extrusion
compression (CEC) [2], equal channel angular press (ECAP)
[3-5], high pressure torsion (HPT) [6], twist extrusion [7], and
semi-constrained groove pressing process (SCGP) [8], have
already been proposed as intense plastic straining methods,
and successfully applied to materials in various shapes. Extrusion is a well-known metal forming process which is widely
used in industries. There are combined simultaneous extrusion
processes in which a billet is extruded simultaneously in the
forward, backward and radial (Lateral) directions through
plural orifices in the tool assembly. Processes like backwardforward extrusion [9], radial-forward extrusion [10, 11] and
radial-backward extrusion are some examples of these processes. The important features of these methods in relation to
conventional extrusion are that they consume low energy and
offers better die filling for complex parts also the number of
stations required for forming such parts will reduced. Recently,
some extrusion based SPD techniques such as ABE (Accumulative back extrusion) [12] CEC (Cyclic extrusion compres*
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sion) [2] and torsion extrusion [13] have been introduced.
This paper proposes a new severe plastic deformation
method, ARFE (Accumulative radial-forward extrusion),
based on combined extrusion methods, to produce bulk ultrafine grained materials. To primarily demonstrate the applicability of this novel method, An AA1050 Aluminum alloy was
processed.

2. Principles of ARFE
The principle of the ARFE process is shown in Fig. 1. In the
first half-cycle, the initial rectangular billet is put into the die
cavity (Fig. 1(a)). This billet is driven down against the mandrel, which is stationary, extruding it radially into the gaps.
This section of the process, called radial extrusion in which
the material flows perpendicular to the punch motion. As the
process proceeds, the width of the radially extruded material
increases until it reaches the chamber’s inside wall, where it
deflects to 90°(Figs. 1(c) and (g)). As the punch pushes down,
the material flows forward until the punch reaches it’s end
stroke. Thus, the process forms a “U” shape part (Figs. 1(d)
and (h)) at the first half-cycle. In the second half-cycle, the
forward extruded material is pressed back by the bottom
punch (Fig. 1(e)). As the bottom punch is moved up, the upper
punch lifts up to allow the material to flow reversely. Consequently, repeating the forming cycles leads to accumulation of
desired amount of plastic strain. Also, the initial shape of the
workpiece is reproduced unless the small piece of material in
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In the second half-cycle, pressing back the extruded material to initial state accumulates the same amount of strain as
first half-cycle. So, the total accumulated equivalent strain
after one ARFE cycle would be as follow:
e t = 2e t1 = 2(e 1 + e 2 ).

Fig. 1. Schematics of ARFE processing: (a), (b) initial state; (c) upper
punch pushes down, radial flow; (d) forward flow; (e)bottom punch
pushing back the workpiece to the initial state; (f) the initial billet; (g)
lateral protruded billet; (h) final state of first step.

(4)

In the AFRE process, a sample is contained within a chamber and then extruded repeatedly. This process allows large
strain deformation of a sample with preservation of the original shape of sample after N cycle. Therefore, after N cycle of
ARFE, the total accumulated plastic deformation becomes:
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Fig. 2. ARFE processing parameters, two deformation zones; radial
extrusion and ECAP processing.

the radial section that it can be easily removed in the final step.
The total accumulated plastic strain in ARFE process contains two sections; the first step when the sample is extruded
radially ( e1 ) and the second step when the material deflect 90
which is similar to ECAP processing ( e 2 ). If the deformation
is uniform, the average nominal strain at the end of the first
half-cycle can be calculated by [14]:
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where A0 and A are cross-section of the sample at the beginning and end of the first half-cycle, respectively. The other
dimensions are shown in Fig. 2. According to Fig. 2, ARFE
process resembles the ECAP process introduced by earlier
researchers because of the constancy of channel section
throughout the die. To calculate the accumulated strain e 2
resulting from ECAP with channel angle φ = 90° and corner
angle Ø = 0° the following equation [15] can be used:
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Therefore, the total accumulated equivalent strain at the end
of first half-cycle of ARFE is:
e t1 = (e1 + e 2 ).

(3)

From Eq. (5) with N = 1, the total equivalent plastic strain
produced in one cycle of ARFE with the parameters used in
this work is 6.27, which is higher than that in other SPD processes like accumulative back extrusion (ABE) [12], cyclic
extrusion compression (CEC [2], ECAP etc. This is an extremely large strain which can lead to a thoroughly efficient
grain refinement of the material with the low number of process cycle in comparison with the other SPD methods.

3. Experimental procedure
In this study, AA1050 aluminium alloy was employed to
investigate the feasibility of the accumulative radial- forward
extrusion method at room temperature. The cubic samples
with 15 mm length were machined from as-annealed materials.
All the die set components were manufactured from H13 hotworked tool steel and hardened to 55 HRC. The gap thickness
in both radial and forward section was 2 mm. The chamber
and mandrel radius was 1 mm. The MOS2 spray was used as
lubricator between the sample and the tools surfaces. Microhardness of the sample was measured in a load of 200 gr for
15 sec. ARFE was carried out with an Instron hydraulic pressing machine at a ram speed of 0.5 mm/s. To study the evolved
microstructure of ARFE processed samples, they were cut in
the extrusion direction. SEM was used to characterize the asannealed microstructure and TEM was utilized for determination of microstructural evolutions during ARFE processing.
The disk specimens with 0.5 mm thick were prepared by
EDM (electrical discharge machining) for TEM investigations
and then were mechanically ground to about 150 μm thicknesses. Subsequently, electro-polishing with a solution of 30%
HNO3 in methanol at -40°C was utilized in the preparation of
the specimens for TEM studies. The SEM microstructure of
processed sample at the end of one pass of ARFE was examined at the point P21 of Fig. 3. Also, the microhardness was
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Fig. 3. The ARFE geometry, the meshed model with the selected
points in one half of the specimen cross section.

Fig. 5 (a) The SEM micrographs of the initial sample showing large
grains of AA1050; (b) the TEM microstructures of the ARFE processed AA1050 and the associated SAD patterns after one cycle; (c)
grain size histogram.

Fig. 4. The sample: (a) in initial state; (b) at the end of a first half-cycle
of ARFE; (c) at the end of one cycle of ARFE.

measured along a line from P21 to P23 of Fig. 3.

4. FEM procedure
ARFE process and deformation during the process was also
investigated by numerical simulation using the commercial
FEM code DEFORM 2D. Due to the symmetry, one half of
the process was modelled in the plane strain state. The geometrical dimensions and mechanical properties of the specimens in the simulation were considered to be the same as
those of the experiment which permit the comparison of the
simulation results with experimentally obtained ones. An automatic remeshing method was employed in the simulations to
accommodate the imposed large strains and heighten the accuracy of the results. All tools set were modelled as rigid parts.
The contact between the tools and the specimen was modelled
using Coulomb friction with friction coefcient (μ) of 0.05.
Fig. 3 shows the FEM meshes and nine specified points for
tracking of the local deformation and strain accumulation
history.

5. Results and discussion
Fig. 4(a) shows the initial AA1050 sample and Figs. 4(b)
and (c) illustrate the processed part at the end of first halfcycle and at the end of one cycle of ARFE, respectively.

As well recognized, the shear strain plays the main role in
grain refinement during SPD methods. The dominant mechanism for grain refining is the shearing and/or the subdivision
of the elongated grains [16]. The same features are also put
forward in the present proposed method. Two narrow gaps in
the ARFE process cause the severe deformation in material
according to Fig. 2. During the first half-cycle of the process,
severe deformation of the sample occurs mainly where the
material passes through these narrow gaps. In the radial and
forward gaps, shear deformation plays the main role in SPD
which results in grain refinement. In each cycle of ARFE
process, the material passes through theses narrow gaps twice,
one time during radial-forward extrusion and another time
when the material is compressed back. It can be seen that this
process is somewhat similar to ECAP processing where the
material deflects 90 . In ECAP processing the material passes
through angular channels. But by using one cycle of ARFE
the shear deformation occurs two times, so there is two times
grain refinement compared with one cycle of ECAP. Suggested ARFE method enables the obtaining of material with a
comparatively high value of imposed strain after one cycle.
Therefore, the number of passes needed to obtain the ultra-fine
to Nano-scale grain in bulk materials can be significantly reduced. Fig. 5(a) illustrates the SEM microstructure of asannealed Al 1050 alloy. The mean grain size of as-annealed
aluminium specimen is about 50 μm.
TEM observation and the selected area diffraction (SAD)
patterns of one cycle ARFE processed sample is shown in Fig.
5(b). The histogram in Fig. 5(c) shows the obtained grain sizes
of 450 nm after one cycle of ARFE process. The TEM micrograph for one cycle ARFE processed sample in Fig. 5(b) demonstrates UFGs and clear grain boundaries. As expected, microstructure after one cycle is significantly different from the
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(a)

Fig. 6. Microhardness curves of the initial and processed sample after
one cycle of ARFE.

(a)

(b)
(b)

Fig. 7. Equivalent plastic strain distribution for ARFE processed sample at the end of (a) first half cycle; (b) second half cycle.

initial one (Fig. 4). The initial grain size of 50 μm was refined
to ~450 nm after one cycle of ARFE, which verifies that the
ARFE process can significantly refine the microstructure.
Ejzadjou et al reached 750 nm in grain size after two passes of
ARB process [17]. The results of Vickers micro-hardness of
the initial and ARFE processed samples are shown in Fig 6.
The Fig. 6 shows the results of microhardness as a function of
the distance from the centre of the sample. As can be seen,
hardness increased notably in the cross-section of the ARFE
processed sample after one cycle. ARFE process leads to increase in average micro-hardness to ~52 Hv from the initial
value of ~28 Hv. Also, Fig 6 shows a bit micro-hardness inhomogeneity in the sample after one cycle of ARFE process.
Fig. 7 shows the effective plastic strain (EPS) distribution of
the processed specimen. In order to facilitate the illustration of
the EPS contours in the specimen, the tools set are not included in the gures. As mentioned in Sec. 2, the ARFE process consists of two half cycles; Figs. 7(a) and (b) illustrate
EPS distribution at the end of first and second half cycle of
ARFE process, respectively. The distribution of the EPS is
somewhat inhomogeneous in the processed specimen, as can
be seen in Figs. 7(a) and (b). This inhomogeneity is because of
existed high shear deformation zones where the material are
deformed by localized shear strains as material is extruded
from gaps then deflects 90 degrees. This severe deformation is
not seen at the upper center and the regions directly below the
punch. As the punch moves downward and deformation approaches the end of first half cycle, the dead zone formed under the punch head gradually shears off towards the extrusion
channels (Gaps). The low strain in mentioned regions is attributed to the difculties of the material ow in these regions.

Fig. 8. Equivalent plastic strain accumulation history in ARFE process
during: (a) first half cycle; (b) second half cycle.

The obtained results show good agreement with the microhardness measurements.
For a more detailed analysis, the local effective plastic
strain histories are presented. The curves in Fig. 8(a) show the
EPS accumulation in specified tracking points in Fig. 3 during
first half cycle of the ARFE process. The strain accumulation
history demonstrates an initial increase in the strain of the
points due to the radial extrusion. As the material deflects 90
degrees in the channel, there is another rather abrupt increase
in the EPS values. Strain accumulation curves during second
half cycle of the ARFE process are illustrated in Fig. 8(b). As
can be seen, remarkable amount of EPS accumulates during
the second half cycle of ARFE process, as well.

6. Conclusions
Accumulative radial-forward extrusion (ARFE) was introduced as a novel high straining bulk deformation SPD process.
The AA1050 aluminium alloy was successfully ARFE processed. A formula is proposed for calculation of the total generated plastic strain in ARFE process. From the proposed formula, the total equivalent plastic strain produced in one cycle
of ARFE with the parameters used in this work is 6.27 which
introduce ARFE as an outstanding straining method. TEM
examinations show that applying a single cycle of ARFE
could refine the microstructure to average grain size of 450
nm from an initial grain size of about 50 μm. The average
micro-hardness increased to ~52 Hv from the initial value of
~28 Hv. FE simulation of the process was carried out using
the commercial FEM code DEFORM 2D. The FE results
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demonstrate that AREF process imposes high amount of plastic strains in each cycle.
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Nomenclature-----------------------------------------------------------------------e1
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A0
A
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: Plastic strain in radial extrusion
: Plastic strain in deflection
: Sample cross-section at the beginning of first half-cycle
: Sample cross-section at the end of first half-cycle
: Channel angle
: Corner angle
: Total accumulated equivalent strain

References
[1] N. Pardis and R. Ebrahimi, Deformation behavior in simple
shear extrusion (SSE) as a new severe plastic deformation
technique, J. Mater. Sci. Eng. A, 527 (2009) 355-360.
[2] J. Zhang, A new bulk deformation method - Cyclic extrusion,
Mater. Sci. Forum, 546-549 (2007) 2293-2300.
[3] J. Valder, M. Rijesh and A. O. Surendranathan, Forming of
tubular commercial purity aluminum by ECAP, Materials
and Manufacturing Processes, 27 (9) (2012) 986-989.
[4] V. Varyukhin, Y. Beygelzimer, S. Synkov and D. Orlov,
Application of twist extrusion, Mater. Sci. Forum, 503-504
(2006) 335-339.
[5] M. Reihanian, R. Ebrahim, M. M. Moshksar, D. Terada and
N. Tsuji, Microstructure quantification and correlation with
flow stress of ultrafine grained commercially pure Al fabricated by equal channel angular pressing (ECAP), Mater.
Charac., 59 (2008) 1312-1323.
[6] A. Loucif, R. B. Figueiredo, T. Baudin, F. Brisset and T. G.
Langdon, Microstructural evolution in an Al-6061 alloy
processed by high-pressure torsion, Mater. Sci. Eng. A, 532
(2010) 139-145.
[7] Y. Beygelzimer, V. Varyukhin, S. Synkov and D. Orlov,
Useful properties of twist extrusion, Mater. Sci. Eng. A, 503
(2009) 14-17.
[8] A. Shirdel, A. Khajeh and M. M. Moshksar, Experimental
and finite element investigation of semi-constrained groove
pressing process, Mater.Des, 31 (2010) 946-950.
[9] A. Farhoumand and R. Ebrahimi, Analysis of forward-

2341

backward-radial extrusion process, Mat.Des, 30 (2009)
2152-2157.
[10] H. Jafarzadeh, M. Zadshakoyan and E. Abdi Sobbouhi,
Numerical studies of some important design factors in radial-forward extrusion process, Materials and Manufacturing Processes, 25 (8) (2010) 857- 863.
[11] H. Jafarzadeh and M. Zadshakoyan, Numerical and experimental studies of splines produced by injection forging
process, Materials and Manufacturing Processes, 26 (5)
(2011) 703-712.
[12] S. M. Fatemi-Varzaneh and A. Zarei-Hanzaki, Accumulative back extrusion (ABE) processing as a novel bulk deformation method, Mater. Sci. Eng. A (2009) 104-106.
[13] M. Jahedi and M. H. Paydar, Three-dimensional finite element analysis of torsion extrusion (TE) as an SPD process,
Materials Science and Engineering: A, 528 (29-30) (2011)
8742-8749.
[14] A. Korbel and M. Richert, The effects of very high cumulative deformation, proceedings of second RISO International
Symposium on Metallurgy and Material Science, Roskilde
(1981) 450.
[15] Y. Iwahashi, J. Wang, Z. Horita, M. Nemoto and T. G.
Langdon, Principle of equal-channel angular pressing for the
processing of ultra-fine grained materials, Scripta Materialia,
35 (1996) 143-146.
[16] A. Azushima, R. Kopp, A. Korhonen, D. Y. Yang, F. Micari, G. D. Lahoti, P. Groche, J. Yanagimoto, N. Tsuji, A.
Rosochowski and A. Yanagida, Severe plastic deformation
(SPD) processes for metals, CIRP Annals - Manufacturing
Technology, 57 2 (2008) 716-735.
[17] M. Eizadjou, H. Danesh Manesh and K. Janghorban, Microstructure and mechanical properties of ultra-fine grains
(UFGs) aluminum strips produced by ARB process, Journal
of Alloys and Compounds, 474 (1-2) (2008) 406-415.

Hossein Jafarzadeh is the member of
mechanical engineering department at
Azad University, Tabriz branch, Iran.
His main research interests are metal
forming, severe plastic deformation
methods, FE micromechanical and crystal plasticity modeling, materials engineering and processing. He has published more than 13 ISI journal papers and more than 12 conference papers. He has also 2 Iranian patents. He has done
about 4 research project contracts with Iranian research centers.

