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ABSTRACT: The die geometry has a massive effect on the plastic deformation behavior
during pressing of material processed by equal channel angular pressing (ECAP) method;
subsequently the properties of the processed material are strongly dependent on the die
design. Two categories of designed and manufactured dies are used for equal channel
angular pressing, a 1200 sharp angle ( Ψ = 00) and a 900 round–cornered ( Ψ = 200) dies.
This produce strain per pass through both dies of ~0.7 and ~1.05 respectively. The
microhardness is developed in Al-Si alloy during ECAP using route BC. The microhardness
is increased by a factor of >1.5 after only 1 pressing for both dies. The microhardness
increases slightly up to 8 passes, to increase by a factor of ~2.6 through the 1200 sharp
angle die, while it is increased by a factor of ~3 after 8 passes by using the 900 roundcornered die, compared to the microhardness of the cast workpiece. In addition, the
microhardness values are essentially identical across each ECA pressed workpiece on both
X and Y planes.
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1. INTRODUCTION
Severe plastic deformation methods have been the subject of intensive investigations
in recent years [1]. Extremely high amount of deformation can be introduced by several
different ways such as compressed torsion [2], cyclic extrusion compression [3], high
pressure torsion (HPT) [4], accumulative rolling banding process (ARB)[5], and equal
channel angular pressing(ECAP) [6,7]. The latter process, which is invented by Segal et
al. [8], is one of the most promising and interesting ways due to its capability of
producing large, fully dense samples containing ultrafine (or nanometer scale) grain size
of various metals and their alloys by repeating the process while maintaining the original
cross section of the workpiece.
Deformation in ECAP occurs at the shear plane, which is lying at the intersection of
the two equal cross-sectional channels of the die, as shown in Fig. 1, where Φ is the
internal angle between the two intersecting channels, and Ψ is the angle defining the outer
arc of curvature at the point of intersection of the two channels [9].
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Fig. 1: Angles for equal channel angular pressing and ECAPed workpiece.
As the material crosses the intersection of the channel, it experiences a shear
deformation that induces a shear strain. Subsequently, the strain ε , after one cycle is

Φ Ψ
 Φ Ψ 
 2 cot  2 + 2  + Ψ cos ec 2 + 2  
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Since in each passage through the die the same strain is accumulated, the following
equation represents a more general relationship allowing one to calculate the strain value
of the workpiece during ECAP for an N number of passes.
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According to equation (2), the magnitude of the equivalent strain depends upon the
values of Φ and Ψ angles, where it decreases with the increase of both angles. The
equivalent strain during ECAP can decrease from the maximum of 1.15 at minimum value
of Ψ =00, to the minimum of 0.907 at the maximum value of Ψ =900, when the channel
angle is fixed as Φ =900. Nakashima and co-workers [10] processed high purity aluminum
(99.99%) at room temperature using route BC, with the Ψ angle fixed to 200, and with
internal channels angles ( Φ ) of 900, 112.50, 1350 and 157.50, producing a strain of 1.05,
0.71, 0.47 and 0.23 per pass, respectively. Therefore, the channel angle Φ has more
influence on the strain generated during ECAP than the die corner angle Ψ [11-13].
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Since the material emerges from the die without any change in the cross sectional area,
it is possible to rotate the workpiece around its longitudinal axis between consecutive
passes, creating different ECAP routes. It is possible to define four distinct processing
routes A, BA, BC and C, which are classified by how the workpiece is rotated with respect
to the die for each subsequent pass.

Route A: In this route the workpiece is not rotated between consecutive pressings.
Route B: Routes BA and BC where the subsequent rotations are made in the
sequence of (900, 00, 900, 00) or ( ± 900) and (900, 1800, 2700, 3600) or (+900), respectively.
In other words, in route B the workpiece is rotated by 900 between each pressing, where
route BA denotes rotations in alternate directions between each two consecutive pressing,
and route BC denotes rotations in the same direction between each two consecutive
pressing.
Route C: denotes a rotation of 1800 between each two consecutive pressing.
Table 1 summarizes these four fundamental ECAP routes. Most researchers have
reported that route BC leads to an enhanced rate of grain refinement and a more isotropic
equiaxed submicron grain structure, compared to other deformation routes with a 900 die
angle [14-16].
Table 1: Rotation angles and directions for four fundamental processing routes [17].
Number of Pressings
Route

1

2

3

4

5

6

7

8

A
0°

0°

0˚

BA

0˚

0˚

°

°

°

0˚

0˚

0˚

+90

90

+90°

+90°

+90°

+90°

+90°

+90°

180°

180°

180°

180°

180°

+90

90

+90

0°

+90°

+90°

0°
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180°

°

-

90

0

°

°

°

BC

C

ECAP can be used to produce large amounts of porosity free and impurity free bulk of
ultrafine grained (UFG) materials with high-angle grain boundaries (HAGBs) [18].
The hardness of a material is generally related to the grain size through a Hall-Petch
equation [19] of the form
Hν =H0 + kHd

−1

2

………………………………………………………...
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where H0 and kH are appropriate constants associated with the hardness measurements.
This equation established that the hardness or the strength of the material increases with
decreasing grain size.
In the present study, ECAP with different die angles was used to achieve two
objectives. First, to investigate the feasibility of obtaining ultrafine grain sizes of Al-Si
alloy through the use of ECAP technique at room temperature. Second, to achieve
significant increasing in microhardness properties of ECA Pressed Al-Si alloy at room
temperature.

2. METHODS AND EXPERIMENTS
X-ray fluorescence (XRF) equipment was used to determine the chemical composition
of the material. The material used in this study was identify as an aluminum alloy
containing 98 wt. % Al, 1.3 wt. % Si, 0.3 wt. % Mg, 0.18 wt. % Fe, 0.023 wt.% Cu, 0.019
wt. % Mn, 0.017 wt. % Zn, 0.014 wt. % Ga, and 0.011 wt. % Ti. The material was
subjected to severe plastic deformation using ECAP at room temperature in order to
investigate the effect of ECAP on the microhardness properties of this alloy. Each of the
ECAP dies designed for this study consisted of two blocks of SKD 11 tool steel, bolted
together to give a die with two channels having an equal circular cross-section with the
diameter of 10 mm. The two channels of the two dies intersected at the angles ( Φ ) of
1200, with ( Ψ ) of 00 and ( Φ ) of 900, with ( Ψ ) of 200.
Workpieces were prepared by melting Al-Si alloy billets and cast into a circular sand
molds ( φ 15 mm X 150 mm).The cast ingots were machined by lathe machine with
cooling oil to overcome the machining effect. The machined rods with dimensions of
( φ 10 mm X 50 mm) became suitable for pressing by ECAP facility. Prior to ECAP, the
surface of the workpieces was polished using SiC abrasive papers with grades 100, 230,
400, 600, 800, 1000 and 1200 to reduce the friction between the workpiece and the die
wall.
Universal Testing Machine (UTM) was used to press the workpiece through the dies.
The workpiece enters the die through a vertical channel, passes through the shearing plane
at the point of intersection of the two parts of the channel, and then emerges from the die
through the horizontal or exit channel. Route BC is selected in this experiment by rotating
the workpiece 900 in the same sense around its longitudinal axis between each two
consecutive passing for the end of producing an equiaxed grain structure with high angle
grain boundaries. Many researchers used this route to create a homogeneous ultrafine
grained Aluminum alloy [20, 21]. Grease was used as a lubricant in the extrusion for more
friction reduction.
The model of the scanning electron microscope (SEM) used in this study was Supra
35VP Field Emission (FE-SEM). The average grain and subgrain sizes was taken from
measurements made directly from the SEM photomicrographs using the linear intercept
method (at least 5 different places on a sample were measured).
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Following ECAP process, the workpieces were sliced from an X-plane (perpendicular
to the longitudinal axis of the pressed workpiece) and a Y-plane (the side-viewed plane
parallel to the longitudinal axis of the workpiece) to a thickness of 2 mm from the middle
section of the workpieces after each pass, using a diamond cutter with oil as lubricant. The
sectioned samples were cold-mounted using epoxy resin and then they were polished to
become suitable for the scanning electron microscope (SEM) as well as for microhardness
measurements.

3. RESULTS AND DISCUSSION
One of the most important indications of mechanical properties improvement is a
microhardness measurement. The microhardness values for the present study were
determined using a microhardness tester with pyramidal indenter, and were taken by
applying a load of 300 g for 8 seconds on the X and Y-planes samples. The spacing
between points both in X and Y-planes was 0.9mm as shown in Fig. 2. Twelve separate
measurements were taken at a diametric line from the bottom to the top on each
workpiece. The Vickers microhardness value was determined by taking the average of the
twelve measurements on the workpiece.

(a)

(b)
Fig. 2: Sketch of pyramidal Vickers indentations on (a) X-plane, (b) Y-plane.

The microhardness on the X-plane and the Y-plane had the same tendency to increase
with the number of passes. The microhardness was increased by a factor of >1.5 due to the
highly deformed state, after one pass through the die with Φ =1200 and Ψ =00, as clearly
shown by comparing the indentations sizes in Fig. 3 and Fig. 4. Figure 4 also shows that
the microstructure of Al-Si alloy was homogeneous before the ECAP, and that the grains
had a size of approximately 60-70 µ m. Subsequently, the microhardness increased slightly
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up to 8 pressings as shown in Fig. 5. The drastic increase of microhardness after the
pressing is due to the reduction in the grain size from 70 µ m for cast workpiece to ~ 200
nm for ECAPed workpiece after six passes (shown in Fig. 6), as well as by the density
increase of dislocation when the number of passes is increased for route BC [22].

Fig. 3: SEM photomicrograph showing microstructures of the Al-Si alloy as cast (x 200
marker 200 µ m).

Fig. 4: SEM photomicrograph showing microstructures of the Al-Si alloy after 1 pass
on the Y-plane using a die with Φ =1200 and Ψ =00 using route BC.
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Fig. 5: The average values of Vickers microhardness (Hv) for the cast and ECAPed AlSi workpieces on the X and Y planes, showing alongside the number of passes through the
die with Φ =1200 and Ψ =00. (P: Pass, X: X-plane and Y: Y-plane).

Fig. 6: SEM photomicrograph showing microstructures of the Al-Si alloy pressed
through the die with Φ =1200 and Ψ =00 using route BC; after 2 passes on the X-plane.
Figures 7 and 8 show that there is no significant difference in microhardness across the
cross section of the ECA pressed workpiece on the X and Y-planes respectively. The
individual microhardness measurements are shown in Fig. 9 for the X and Y-planes after
four passes through the die. It is apparent from this figure that there is some scatter in the
individual datum points. Although all of the individual points lie within a reasonably
narrow band, and are consistent with the presence of a reasonable degree of homogeneity
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throughout the workpiece. But there is a little increase of microhardness values at the top
surface of the workpiece due to high deformation at the inner angle of the die [23].
Hardness measurements for ECA pressed workpieces made by means of a die with
Φ =900 and Ψ =200 show that the value of Vickers microhardness is essentially identical
across the workpiece on both X and Y planes as shown in Fig. 10 and Fig. 11, respectively
- despite the lack of a fully homogeneous microstructure revealed by the presence of some
elongated grains, as shown in Fig. 12. This shows that the structure yields an equal
amount of strain throughout the whole workpiece. This result is in consistent with the
results obtained by Chang et al. [24] and Shin et al. [25] on 6061 Al alloys.
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Fig. 7: Vickers microhardness at X-plane for cast Al-Si alloy, 1, 3, 5 and 8 passes
through the die with Φ =1200 and Ψ =00 from the bottom (near to Ψ ) to the top (near
to Φ ) of the Workpiece.
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Fig. 8: Vickers microhardness at Y-plane for cast Al-Si alloy, 1, 3, 5 and 8 passes
through the die with Φ =1200 and Ψ =00 from the bottom (near to Ψ ) to the top (near
to Φ ) of the Workpiece.
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Fig. 9: Vickers microhardness from the bottom to the top of the Al-Si workpiece at two
locations for 4 passes through the die with Φ =1200 and Ψ =00 on the X and Y planes. (E:
end of the workpiece that is in touch with the Plunger) ;( M: middle of the workpiece); (X:
X-plane and Y: Y-plane); (P: pass).
It can be seen that the Hv values of the workpieces increased significantly during
deformation. The average microhardness of the workpieces after six pressings increased
almost three times compared to that of the cast workpiece as shown in Fig. 13. According
to equation (1) this result is in agreement with the changes in microstructure where the
microhardness increases with decreasing grain size. It is easy to noticed the reduction in
the grain size from 70 µ m for cast sample to ~ 150 nm in Fig. 12 for ECAPed sample after
7 passes. Another cause for the increase of microhardness is the generation of high
dislocation density, which occurred with the shear deformation in the initial grain and the
large number of structural defects [26]. A comparison between Fig. 5 and Fig. 13 shows
higher values of microhardness in the latter Figure. This is in accordance with the finite
element method analysis conducted by Luis Perez et al. [27], where maximum strains and
high friction conditions were reached for sharper inner angle. As well as, the dislocation
density in the right angle die is higher than that in the obtuse angle die. Which is attributed
to the larger strain rate in the right angle die than that in the obtuse angle die [28].
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Fig.10: Vickers microhardness (Hv) profiles at X-plane along the transverse distance
from the bottom (near to Ψ ) to the top (near to Φ ) of the cast, 2, 4, 6 and 8 ECAPed AlSi alloy workpieces through the die with Φ =900 and Ψ =200.
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Fig.11: Shows the Vickers microhardness (Hv) profiles at Y-plane along transverse
distance from the bottom (near to Ψ ) to the top (near to Φ ) of the cast, 2, 3, 5 and 8
ECAPed Al-Si alloy workpieces through the die with Φ =900 and Ψ =200.
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Fig.12: Microstructure of ECA pressed Al-Si alloy after 7 passes through the die with
Φ =900 and Ψ =200, using route BC.

20
0
Number of Passes

Fig. 13: The average values of Vickers microhardness (Hv) for the cast and ECAPed
Al-Si workpieces at the X and Y-planes shown alongside the number of passes through the
die with Φ =900 and Ψ =200. (P: pass, X: X-plane and Y: Y-plane).
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4. CONCLUSION
Significant increase in microhardness is obtained after the first pressing through the
ECAP dies. It increases by a factor of >1.5 when compared to the microhardness of the
cast workpiece. After the first pass, the microhardness increases slightly up to 8 passes in
both dies, where it is increases by a factor of ~2.6 when using the die with Φ =1200, and by
a factor of ~3 when the die with Φ =900 is used. Thus, it is well established that the
microhardness of ultrafine-grained materials (pressed workpieces) is higher than the
microhardness of similar materials with large grain size (cast workpiece). The
microhardness has the same tendency to increase at X and Y-planes with the number of
passes. No significant difference is noticeable in microhardness across the cross-section of
the ECA pressed workpieces on X and Y planes.
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