
Page 1/16

Effect of Equal Channel Angular Pressing on the
Properties of Rolled Commercial Purity A1100
Aluminum
mohammed abdelkrim boussaada  (  boussadamedabdelkrim@gmail.com )

University of Badji Mokhtar Annaba: Universite Badji Mokhtar Annaba https://orcid.org/0000-0001-
6443-6944
ABDELMALEK MEBAREK 
ABDELAZIZ BOUASLA 
MOHAMED ZAAF 

Research Article

Keywords: Aluminum, ECAP, micro hardness, stress, shear, die of ECAP

Posted Date: February 16th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1334718/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1334718/v1
mailto:boussadamedabdelkrim@gmail.com
https://orcid.org/0000-0001-6443-6944
https://doi.org/10.21203/rs.3.rs-1334718/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/16

Abstract
Commercial grade A1100 aluminum specimens, widely used in deep drawing, is subjected to rolling
followed by severe plastic deformation by Equal Channel Angular Pressing (ECAP). The ECAP die is
designed and built in 42CrMo4 steel, hyper-hardened. It has a bent channel with an internal angle 𝜑=115°
and an external angle ψ = 8°. The used deformation paths are the conventional route A as well as a non-
conventional route noted Ci. The ECAP process is carried out at room temperature. The lowering speed of
the movable crosshead of the press is 0.5 mm/s. The rolled and then extruded aluminum properties are
studied by means of micro-hardness measurements, tensile tests and X-ray diffraction. Hardening is
observed from the �rst pass, for both routes. The ultimate tensile strength presents a small variation for
route A and decrease for route Ci. The elongation to failure increase for both A and Ci routes. The average
grain diameter is on the order of 2,9µm after rolling and 1,3 µm after ECAP process in one pass.

1. Introduction
There is an increasing interest in the ultra�ne-grained materials due to their exceptional properties [1–7].
It is well known that the reduction in grain sizes in metals and metal alloys has an effect on increasing
the mechanical strength without decreasing the ductility properties as in the case of work hardening [8–
10]. This advantage is of great interest in manufacturing metals and metal alloys with an extremely �ne
grain size [11–14].

Equal channel angular pressing (ECAP) is a severe plastic deformation technique that produces very �ne-
grained of bulk metallic materials. This is possible because the channels of the ECAP bend have identical
cross-sections and, therefore, the extrusion can be repeated in order to introduce a high rate of
deformation and ultimately re�ne the grain size to the theoretical limit imposed by the characteristics of
the metal or metal alloy used.

The ECAP process, developed in the early 1980s by Segal et al. [15], involved extruding a sample through
a die with two channels of equal cross-section forming a bend at their intersection. Figure 1 shows a
schematic of an ECAP die at a 90° bend. The sample, forced to move from the inlet channel to the outlet
channel, undergoes a large deformation by simple shearing at the plane of intersection of the two
channels. The considerable interest in the ECAP process is widely reported by Beyerlein and Toth [16].
This interest is mainly due to the ability of ECAP to control the microstructure and properties of crystalline
metals.

The equivalent plastic deformation is given by the formula proposed in 1996 by Iwahashi et al. [17]:

ϵP = 
1

√ 3 [2cot(
ϕ
2 +

Ψ
2 )+Ψcosec (
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2 ) (1)

The deformations accumulate after each pass through the extruder, therefore the equivalent deformation
obtained after N cycles is:
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ϵP total= N𝜀𝑝

More recently, Goforth et al. [18] simplify Eq. (1) to:

ϵP = 
1

√ 3 [2cot(
ϕ
2 +

Ψ
2 )+Ψ] (2)

An investigation was carried out by Aida et al. [19] to compare the equations (1) and (2). They showed
that they are quasiequivalent. Indeed, for the extremities of ψ (with φ �xed) the value of 𝜀𝑝, is the same,
as for the intermediate values taken by ψ, the variation in deformation does not exceed 5%

In ECAP, the specimen can be re-injected a large number of times into the die and a high strain rate can be
achieved [20]. The way in which the ingot is re-introduced into the die is called the deformation route.
Although many routes can be theoretically de�ned for practical purposes, four fundamental routes are
exploited by researchers [21] (Fig. 2)

In order to understand the nature of grain re�nement to deformation associated with N passes, and in
particular the in�uence of the processing route, it is necessary to study the shear plane processes that
develop in each specimen during repeated passes through the die. These patterns take the form of the
dominant shear directions, for the classical routes A, B and C[21–23]. In the Bc route, the two shear
directions lie on planes that intersect at 120°. In contrast, road A has two shear planes that intersect at
90°. Road C is subjected to shear deformation in the same plane but the direction of shear is reversed
after each pass.

In this work, we investigated the extrusion of commercially pure A1100 aluminum, which is widely used in
deep drawing. In order to monitor the effect of preliminary strain hardening on grain re�nement, we rolled
the test specimens at a thickness reduction rate of =60% in one pass

2. Materials And Methods
The rolling was carried out on a laboratory rolling mill shown in Fig. 3.

This study was conducted through the following steps:

− The Vickers micro-hardness pro�le for each pass from one to eight.

− The tensile curves for each pass.

− X-ray diffraction, for the determination of the average grain size.

The studied deformation routes were the classical A route as well as a non-classical route which we will
note Ci (route C inversed) and which is presented in Fig. 4. The successive passes thus consist of a 180°
rotation around the longitudinal axis and a 180° rotation around the transverse axis, as described by
F.HadjLarbi et al. [24].
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We made an ECAP die with an internal angle =115° and an external angle ψ=8°. This corresponds,
according to Iwahashi [17], to an equivalent deformation of 0.72 for one pass.

This die of ECAP is made of low-alloy 42CD4 steel. After machining the channel with a digital milling
machine followed by grinding, it underwent a hyper-quench heat treatment. Its �nal hardness is around
60HRC. The channel has a square section of 10x10 mm2. A view of this die is shown in Fig. 5a and
Fig. 5b.

Figure 5-a. View of the die of ECAP ,=115° et ψ = 8°

ECAP at the end of a test

The A1100 aluminum used in the annealed state has the following composition (in%),obtained by X-ray
�uorescence spectrometry( Table 1).

Table 1
Composition of the A1100 in the annealed state

Si Fe Cu Mn Zn Ti Others Al

0,19 0,47 0,05 0,05 0,006 0,1 0,034 99,1

The test specimens, after rolling, have the following dimensions: 2 mm thick, 10 mm wide and 50 mm
long. Thus, for each test, �ve test specimens are sandwiched together to �ll the 10x10 mm2 section
channel. Two uncontrolled aluminum sacri�cial specimens were sandwiched between three A1100
aluminum specimens. Figure 6a shows the arrangement of the �ve sandwiched specimens. A view of this
assembly at the exit of the channel is shown in Fig. 6b. To reduce friction, the samples and the die are
greased with a molybdenum disulphide based grease MoS2.

3. Resultsand Discussion

3.1. Slip lines
It is found that the extruded specimens show on the surface the trace of the activated sliding planes,
observable macrographically. As an example, Fig. 7 shows these sliding lines on the surface of an
aluminum specimen, at position 1, extruded in a single pass. These planes are arranged at 45° to the
extrusion direction (longitudinal axis of the specimen)

3.2.Micro-hardness Hv  0,2 

After the tests, the specimens undergo an HV micro-hardness measurement of 200gf load for 10 seconds
(the average of 15 measurements was realized along each specimen in the direction of extrusion). The
study was carried out by monitoring the micro-hardness of the samples classi�ed according to two
parameters:
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− The position of the specimen in the channel of ECAP position 1, 3 or 5.

− The route used, A or Ci.

The Vickers micro-hardness pro�le Hv0.2is shown in Fig. 8. We can note that for the 3 positions of the
specimens in the channel, the hardening appears from the �rst pass. It does not seem to evolve much for
the following passes. Overall and for the 3 positions, the Ci route seems to give a higher hardening than
the A route.

We can note that for the 3 positions of the specimens in the channel, the hardening appears from the �rst
pass. It does not seem to evolve much for the following passes. Overall and for the 3 positions, the Ci
route seems to give a higher hardening than the A route.

3.3.Tensile test

The tensile tests were carried out on a ZWICK 20kN machine. The recorded tensile curves show a small
plastic hardening range and a non-linear elastic range for the rolled and extruded specimens. As an
example, Fig. 9 shows the curves recorded on a specimen:

a- before rolling. b- after rolling. c- after ECAP/2nd pass/position3/route Ci. The ultimate tensile strength
σmax and the elongation to failure A(%) corresponding are presented on Table 2 .

 
Table 2

Ultimate strength and elongation to
failure

  (a) (b) (c)

σmax (MPa) 96,1 125,8 100,5

A(%) 10 11,9 16,9

The results of the variation of the ultimate tensile strength σmax and the elongation to failure A(%) as a
function of the number of passes are presented by Fig. 10a and Fig. 10b for the three positions 1, 3 and 5
of the specimens. Compared to the only rolled specimen, for route A, σmax vary little and A (%) increase
while for route Ci, σmax decrease and A (%) increase.

3.4. X-ray diffraction
The X-ray diffraction patterns allowed us to determine the average grains diameter using the Debye-
Scherrer method. The relation used is:

D =
kλ

Wcosθ
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Where : D:average grain diameter (µm). k:shape factor (scherrer constant = 0,9). 𝜆 : x-ray wave length(
0,15406 µm). W: width at half maximum ( radians). θ: peak position. The X-ray diffraction was performed
on a ULTIMAT IV Rigaku diffractometer. Figure 11 shows the diffraction peaks recorded on :a-Sample
after rolling. b-Sample rolled and then extruded in position 1, in 1 pass. c and d-Sample rolled and then
extruded in position 1, in 2 passes and following respectively route A and route Ci. Table 3 summarizes
the average grain diameters obtained according to the number of passes and the route, for a sample in
position 1 in the channel.  

Table 3
Average grain diameters

Sample Average Grain

Diameter (µm)

Sample rolled 2,88

Sample rolled then extruded in position 1 in 1 pass 1,27

Sample rolled then extruded in position 1 in 2 passes ( route A ) 1,97

Sample rolled then extruded in position 1 in 2 passes( route Ci ) 1,50

4. Conclusion
An equal channel angular pressing die with φ = 115° and ψ = 8° was carried out in order to study the
hardening of A1100 aluminum after ECAP process .The routes used were route A and route Ci .The
specimens were rolled before extrusion. The parameters monitored were the number of passes and the
position of the sample in the transverse direction of the extruder channel. The main results are
summarized below.

Hardening is observed from the �rst pass, regardless of the position of the sample and the route
used.

The number of passes has small in�uence on the curing process.

Hardening is not homogeneous along a cross section. It is at its maximum towards the inner angle φ
of the bend and at its minimum towards the outer angle ψ.

The ultimate tensile strength seems to be independent with the number of passes for route A and
decrease compared to the only rolled specimen for route Ci. The position 1, 2 or 3 of the specimens
in the channel seems to have little in�uence.

The elongation to failure increase compared to the rolled-only specimen for both A and Ci routes. The
number of passes seems to have small in�uence.

The average grain diameter obtained on a specimen in position 1, rolled and then extruded in one
pass, is on the order of 1,3 µm.
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Figures

Figure 1

The principle of ECAP
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Figure 2

Schematic diagram of the ECAP deformation routes [21] 
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Figure 3

Laboratory rolling mill
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Figure 4

Route Ci

Figure 5

a. View of the die of ECAP ,q=115° et ψ=8°

b. View of the open die of ECAP at the end of a test
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Figure 6

a.Sandwich samples 

b.The samples at the output of the channel

Figure 7

Slip lines 
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Figure 8

Vickers micro-hardness pro�le Hv0.2
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Figure 9

Evolution of the tensile curve

Figure 10

a.Ultimate tensile strength as a function of the number of passes.

b: Elongation to failure as a function of the number of passes. 
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Figure 11

Diffraction peaks


