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Abstract

This study intends to determine how the microstructure can influence the mechanical properties of
technically pure aluminium. For this reason, aluminium AA 1050 A billets underwent a severe plastic
deformation known as ECAP. This operation can deform the material up to a maximum accumulated
equivalent strain of ε ∼ 8, which makes the aluminium billets to be significantly hardened. Different
protocols were developed in order to obtain samples with different metallurgical grain sizes and
textures. Compression tests in both quasi-static and dynamic conditions were done. The tests were
carried out in two testing machines, according to the strain rate intended, to assess the mechanical
behaviour of the specimens after the hardening process. It could be concluded that microstructure
depends on the hardening process parameters, whereas the mechanical response is influenced by the
metallurgical characteristics. The results demonstrate that tests performed at higher strain rates tend
to increase the mechanical resistance. Lastly, it was verified that the aluminium samples that were
highly strained by ECAP performed with a rotational protocol exhibit an isotropic behaviour, even
though, after being annealed, they were anisotropic.

Keywords: ECAP, plastic deformation, metallurgical grain, aluminium, compression tests, material
characterization.

1. Introduction

Aluminium is broadly used in many applications,
however this metal does not frequently provide the
required mechanical resistance. For this reason, the
principal objective of this work is to understand
how the microstructure of this metal can improve
its mechanical properties.

From the experimental point of view, this work
is divided in two parts. The first one concerns the
mechanical hardening of aluminium samples, which
will be utilised in the second part as specimens
for compression tests. The mechanical hardening
consists in refining the metallurgical grain of alu-
minium AA 1050 A. It is necessary to plastically
deform the billet several times in order to achieve
an ultrafine grained structure. For this purpose, a
die with an inside angular channel was projected
and fabricated. This die is placed inside a tool that
is mounted on a hydraulic press, which forces the
aluminium billets to pass through the channel. This
operation is known as equal-channel angular press-
ing (ECAP).

The second part of the work consists in analysing
the mechanical behaviour of aluminium AA 1050 A,

comparing the performance of this material before
and after the hardening operation. A heat treat-
ment was applied to the specimens processed by
ECAP to relieve the residual stresses. The compres-
sion tests in quasi-static conditions were carried out
in a crank-shaft type press. The dynamic tests were
made in a prototype electromagnetic press, which
works with a linear induction motor. When trig-
gered, the motor shoots a mass that hits the com-
pression mechanism’s linear cam that, due to its
guiding profile, will transmit the movement to a
punch that will then move in a direction perpendic-
ular to the original one. The specimen is by this
means, compressed between two plates. One plate
is fastened to the punch, and the other is station-
ary. With this mechanism the compression is more
controlled and, the vibrations are reduced. A load
cell and a displacement sensor were also installed
to take the appropriate measurements. The origi-
nal electric system was quite unreliable and had to
be improved.

This work is organised in five sections, starting
with this introduction, being followed by the back-
ground, implementation, results and conclusions.
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2. Background

This chapter starts with a description of the
theoretical concepts of ECAP, such as deformation
mechanisms. The role of grain size on mechanical
resistance of metals is emphasized. Thus, it is made
an analysis of the most relevant studies regarding
this subject. Finally, the models behind the uniax-
ial compression test and the microhardness Vickers
test are reviewed. It is given a special focus on the
advantages of characterizing materials at different
strain rates.

2.1. Fundamentals of ECAP

The ECAP die has a channel inside, which nor-
mally is either squared or circular, composed by two
equal cross-sectional sections that intersect with an
angular deviation φ in the middle. A schematic
representation of the principal concept and nomen-
clature of the process is presented in figure 1. This
abrupt angle φ ranges typically between 90◦ and
150◦, and it defines how severe the shear deforma-
tion is, as it is the main parameter to influence the
total strain imposed in each pass. The channel may
or may not have an outer corner angle ψ. The bil-
let is expected to leave the die with a grain refine-
ment that can be at the submicrometer or nanome-
ter level [7], depending on the number of passes
and other parameters.

Figure 1: Schematic diagram of ECAP process. [3]

Among all the possibilities, the right channel an-
gles φ=90◦ are preferred, although in practice it
is easier to use larger angles considering that the
punch load required is lower. The corner angle ψ
has less influence on the strain than the former, but
it has been found that smaller corner angles maxi-
mize the homogeneous portion of the billet. It has
also been suggested that as φ increases, the influece
of corner angle on the strain homogeneity of the
sample is less relevant. [3] The effect of the angles

on the equivalent effective strain is expressed by
equation 1, which is an accumulative strain of the
operation as the factor N gives the total number of
passes. According to M. A. Agwa et al. (2016) a
friction coefficient of µ = 0, 3 is ideal. In practice,
the friction has a determinant paper on homogenis-
ing the billet, however, higher friction coefficients
demand more loading.
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Another factor that influences greatly the me-
chanical properties of the sample is the orienta-
tion changing between passes. Achieving an ultra-
fine grained workpiece is possible only with some
of the four different possible routes. Each one of
them promotes different textures and microstruc-
tures. Route A is when the position of the billet
is kept the same between passes. Routes BA and
BC suppose a rotation of 90◦ around the longitu-
dinal axis of the sample, differing on the rotation’s
direction. When it rotates in the same direction
it is route BC , when is alternated it is designated
by BA. Route C implies a rotation of 180◦ around
the longitudinal axis. The four routes are exempli-
fied in figure 2. None of them considers a rotation
around the transversal axis. According to the re-
sults obtained by P. Venkatachalam et al. [6], the
route that improves the most the mechanical resis-
tance of the aluminium alloy AA 2014 is route BC .

Figure 2: Rotation scheme of the four fundamental
ECAP routes. [2]

ECAP is an operation based on the combination
of two types of strengthening mechanisms: grain
size reduction and strain hardening, greatly de-
pending on the initial microstructure of the mate-
rial to be processed. In this case, it is aluminium,
which is a polycrystalline metal with a FCC crystal
structure.

It is known that grain refinement influences the
mechanical properties. Grains with different crys-
tallographic orientations are separated by a grain

2



boundary. This boundary works as an obstacle to
dislocation motion, since a dislocation passing to
the next grain must change its direction. It be-
comes more difficult when the misorientantion angle
between grains is more pronounced. In the case of
high angle grain boundaries, the dislocations may
even pile-up at the boundary, not passing to the
next grain. Grain boundaries also create a discon-
tinuity of slip planes. These reasons difficult defor-
mation, thus fine-grained structures are mechani-
cally more resistant and harder.

The mechanical behaviour is also dependent on
dislocation motion. A plastic deformation is, in
fact, the motion of a large number of dislocations.
The ease of a metal to deform plastically is directly
related to the capability of dislocations to pass from
grain to grain. If this mobility is reduced, the
material will need greater forces to deform perma-
nently, consequently improving the yield and tensile
strength. In this situation, it is said that strength-
ening occurs due to strain hardening.

Cold working enhance the formation of new dis-
locations, increasing the dislocation density that is
expressed by the total length of dislocations per unit
volume. As a result, the distance between disloca-
tions tends to be shortened, which is normally re-
pulsive when the dislocations are forced to interact
with others. Thus, the rise of the dislocation den-
sity leads to a hardening of the material, consider-
ing the increase of resistance to dislocation motion.
However, the ductility is decreased. [1]

2.2. Mechanical Tests

A compression test consists in smashing a cylin-
drical specimen between two flat plates. One is
generally stationary, whereas the other is moved to
shorten the gap between plates. The applied load
and displacement are measured in short increments
of time so that stress-strain curves can be plotted.

It is desired that materials processed by ECAP
demonstrate a good mechanical resistance either
submitted to static or to dynamic solicitations.
However, the mechanical properties obtained at low
strain rates cannot be representative of the ones at
higher rates. In fact, it has been demonstrated that
for dynamic compression tests, there is a tendency
to increase the flow stress curve. Such behaviour is
caused by an increase of the resistance of disloca-
tions in the material’s microstructure, as it is not
given them enough time to dislocate.

The experimental flow stress curves can be cor-
related by constitutive models. One of the most
simplest models is the Ludwik-Holloman, however
it does not account the strain rate effect, and it
is more suitable for rigid-plastic materials. Accord-
ingly, Silva (2013) proposed a model for viscoplastic
materials, that may be more appropriate to evalu-

ate stress-strain curves for both quasi-static and dy-
namic tests. [4] This empirical model is described
mathematically by equation 2. The A,B,C,D,m
and n constants must be determined experimen-
tally, as they vary from material to material.

σ = [A+ exp(mε)εn] [B + C ln(D + ε̇)] (2)

Sun et al. (2006) studied ”The effect of grain size,
strain rate, and temperature on the mechanical be-
havior of commercial purity aluminum”. The mate-
rial (AA 1050) was subjected to an ECAP of chan-
nel angle φ=90◦. It was realized according to route
BC protocol at room temperature to an equivalent
strain of 8,4. The grain was refined until reaching a
size of 0,35 µm. The samples were annealed after-
wards at six different conditions of temperature and
time, in order to grow varied sizes of grains, ranging
from 0,47 µm to 20 µm. All the samples had a por-
tion of high angle grain boundaries equal or above
65%. Specimens of 4 mm in diameter and 5 mm in
length underwent compression tests at quasi-static,
intermediate, and dynamic strain rates (10−3/s, 1/s
and 2800/s) at temperatures of 77 and 298 K.

The true stress-true strain curves obtained for
298 K have shown a significant influence of the grain
size, strain rate and temperature on the mechani-
cal properties. For specimens with finer grains, the
effect of strain rate and temperature is more signif-
icant. Yield stress increases with decreasing grain
size, increasing strain rate and decreasing temper-
ature. Coarser grains, low temperature and higher
strain rates tend to enhance the work hardening
rate. This study also allowed to observe negative
work hardening rates for tests performed at room
temperature, in quasi-static conditions for small-
grained specimens. [5]

Some part of the energy expended during the
plastic deformation operation is accumulated in the
material as strain energy, which induces residual
stresses. Mechanical properties may be altered with
cold working. Nonetheless, they may be restored
to the original state before cold working by an
heat treatment. This treatment comprises at least
two different stages: recovery, recrystallisation, and
eventually a third one, grain growth.

Part of residual stress is relieved in recovery due
to dislocation motion, which is promoted by atomic
diffusion at elevated temperature. New strain-free
and equiaxed grains are formed after recovery. This
phase is designated by recrystallisation. These new
grains start as small nuclei at the grain boundaries
and grow until they substitute completely the oth-
ers by atomic diffusion. The nuclei growth results
from a difference in internal energy between grains
of high and low strain energy. They may continue
to grow if subjected to high temperatures for longer.
This stage is called grain growth.
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3. Implementation

This section focus on the project implementa-
tion. The first part is regarding the development of
the ECAP tool. It goes through different stages of
the mechanical project: numerical simulation of the
process, tool modelling, static project of the compo-
nents, material selection, technical drawings, com-
ponents manufacturing and experiments, hydraulic
press installation and tool assemblage. The second
part concerns the preparation of the compression
testing machines. The press utilised for the quasi-
static tests was ready to be used. However, the
sensors were calibrated again. The electric com-
ponent of the electromagnetic press used for the
dynamic tests was restructured completely though.
Finally, the tests procedure for different microstruc-
tural characteristics will be seen.

3.1. Development of the ECAP tool

The first step was to define the angular chan-
nel geometry. It has been decided that the channel
should induce a double and symmetrical distortion
of the billet, which would be equivalent to pass a
workpiece through a regular ECAP die two times
with a rotation of 180◦ of the workpiece in between.
This concept may lead to a more efficient process,
where the equivalent strain is duplicated in com-
parison to a die with a single turn. The intended
sample is a parallelepiped of 20 x 20 x 60 mm. The
channel angle is perhaps the most important param-
eter of the tool. According to the results obtained
from the numerical simulations, it was then defined
as φ = 155◦. The result of the required pressing
force for the operation (PECAP = 25 ton) is used
as the reference value for the project of the tool.
For this situation, it is under the limit imposed by
the available hydraulic capacity (30 ton).

After having found the desired geometry of the
channel, it was time to design a tool that could
support the loading and make the ECAP. One key
element of the tool is the punch, which is the com-
ponent that penetrates the die and presses the ma-
terial through the channel. The punch is fixed in
another component, the punch plate. It had to be
duly connected to the shank of the press, so it was
also made a special punch holder for this tool, once
the one of the press was not appropriate. On the
other hand, the die had to be constrained, so a die
holder was created as well. Guide posts were placed
to prevent misalignment during the pressing. Fig-
ure 3 is a representation of these main parts of the
tool.

The die is subject to a heavy internal pressure
caused by the plastic deformation of the sample and
to compression due to the friction forces on the in-
ternal channel surfaces. It is required that the die
stands it without deforming permanently or frac-

Figure 3: ECAP tool and main components nomen-
clature.

turing. The objective of the static project of this
component is to find the appropriate thickness of
the wall and the best material for this application.

Some FEM simulations were realised to encounter
the most suitable value of thickness. The tests were
carried out in the software Siemens NX, considering
the maximum load results of the DEFORM analy-
sis.

There was also implemented a static study of the
remaining parts. Another FEM simulation of the
sub-assembly punch/ punch plate/ punch holder
compression was performed in SolidWorks. The re-
sults log informs that the maximum local stress in
the punch is 1274 MPa, in the plate it is 202 MPa,
and finally, in the punch holder, it is 251 MPa.
These results are utilized as comparison criterion for
the material selection. For the case of the plate and
the holder, most steels are suitable. Although the
steel choice for the punch had to be taken seriously
due to its high result. In fact, the material cho-
sen for the punch was the steel AISI 420 quenched
and tempered. The resultant average hardness af-
ter quenching and tempering this alloy was of 515
HV, which corresponds to a yield strength of Sy =
1390 MPa. It implies that the yield strength of the
material is higher than the maximum stress.

Once the project and the technical drawings were
concluded the production of the components began.

In parallel to the development of the tool, the
hydraulic press where the process would take place
was prepared. The press originally had the press
bed supported on just two pins. It was structurally
not adequate and it did not fasten the bed in up-
wards solicitations. For these reasons two extra
holes of d = 34 mm were made on the bed to insert
two more locking pins that had been machined for
this purpose.

Two bars were cut and drilled to be installed un-
derneath the press bed. They were fixed to the ta-
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ble with eight nuts tightened to four threaded rods
with 20 mm in diameter. The table was now fully
constrained in every direction. It was also drilled a
through hole in the table, allowing the workpieces
to fall from the die after being hardened.

The following task was to install a pressure trans-
ducer so that the actual pressing load applied could
be measured. After the tool being fixed to the hy-
draulic press table, a LVDT was attached to it to
measure the punch travel.

The ECAP tool was utilised to prepare specimens
with different grain refinements and different mi-
crostructures for the compression tests. The initial
billets were withdrawn from an extruded rectangle
bar, which consequently had a typical texture and
the grain was not at its maximum dimensions. They
were machined to obtain parallelepipeds of 20 x 20
x 60 mm. Afterwards, all samples were annealed in
a furnace for 120 minutes at 420◦C to restore the
coarse grain structure. Such annealed workpieces
represent the base condition for the ECAP experi-
ments.

In summary, the ECAP was performed on a die
with 2 turns, φ=155◦, ψ=0◦, at room temperature.
The billets have done 1, 2, 4, 8 and 16 passes using
route A′ and B′C . The average punch speed during
the operation was 2,5 mm/sec.

When comparing this work with others it should
be considered that one pass through this die is
equivalent to two passes in a typical ECAP die with
a rotation of 180◦ of the billet. Thus, route A′

refers to a no rotation protocol (route A), but be-
cause of the second turn, it is equivalent to a route
C in other studies. On the other hand, route B′C
would be equivalent to a route C alternated with
BC (+180◦, +90◦, +180◦, +90◦, ...).

After cold working, the billets were transformed
into compression specimens.

3.2. Preparation of the compression testing ma-
chines

The electromagnetic press was initially prepared
for orthogonal cutting tests before the modification
to the compression machine. The electromagnetic
press had already had a few failures in the elec-
tric system because of loose wires somewhere in the
middle of hundreds of other long wires. Any small
maintenance of the system was very complicated.
The switchboard’s door, which is a moving part,
had many devices stuck to it. There were fifty ca-
bles connected to the door, making it almost impos-
sible to open it without detaching some of them.
The charging and shooting procedure of the five
batteries of the cannon was rather long too. The
ammeters of the switchboard were not working ei-
ther. These reasons motivated a full review of every
component. During this process, other problems

were found such as short circuits, burnt resistances
and swapped connections.

The electric system has the main function of
shooting the linear electric motor of the electro-
magnetic press. It is composed of 5 similar and
independent modules. Each one of them has a bat-
tery of 4 cells. These cells are charged so that they
can supply energy to the motor which works with
electromagnetic induction. The batteries have two
different circuits, one to charge them, the other to
discharge them to the motor. The charging process
occurs only when the circuit breakers are activated
(NO). The current that passes through these de-
vices comes from the electric grid, where the volt-
age is first regulated in a slide regulator and then
amplified in a step up transformer. The discharg-
ing of the batteries (motor actuation) is triggered
by a switch. It establishes the contact of the circuit
board’s relays, allowing the current to pass from the
batteries to the motor. The new version of the elec-
tric system works according to the same principles
that have just been explained.

The electric restructuring started by taking out
all the components of the switchboard (3 switch
buttons, 6 multimeters, 6 ammeters and 10 cir-
cuit breakers). The switchboard besides having the
problems mentioned before it was also large and
unnecessary. Consequently, it was removed. Five
of the six ammeters were not important either and
they were damaged, so they were removed too, leav-
ing only the general one. The volume of cables was
making the intervention very difficult. All the ca-
bles of the entire system were shortened as much as
possible. The multimeters that measure the voltage
of the cells were attached directly to them. A shim
was placed underneath the batteries to lean them to
facilitate their readout. A wire channel was glued
to every battery to pass the multimeter’s cables.

As one of the principal purposes of this inter-
vention was to simplify the user’s procedure, all
the circuit breakers were replaced by NO contactors
that are automatically activated when excited with
a voltage of 18 V. Therefore, a transformer with the
specified output was installed. The switchboard af-
ter all the replacements could be substituted for
a control with two switches. One to activate the
charging of the batteries, the other to shoot the
cannon. A warning light was installed as well. The
working voltage is the one supplied by the 18 V
transformer. It was also connected to the contac-
tors, which implies that it lights up when the system
is charging. It warns the user to not overcharge the
batteries, or to not forget to turn the switch off.

One major component of the electric system of
the machine is the PCB. It controls the discharging
of the batteries. The board is composed of 5 relays,
one for each capacitor. There is also a resistance
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Figure 4: Electromagnetic press after the restruc-
turing.

of 5,4 Ω for each relay. Some of them were burnt
due to a short circuit on the PCB, thus they were
replaced as well as the board by an identical one.
The old board had caused a series of malfunctions
of the electromagnetic press in the past, because of
loose and fragile wires. For that reason, a protection
box was made. The new PCB is, therefore, more
protected and portable. The restructuring finalised
with the development of a cover. This new version
of the machine is shown in figure 4.

The mechanical behaviour of the ECAP pro-
cessed specimens was evaluated by compression
tests in both quasi-static and dynamic conditions.
The most important difference between them, in
terms of press choice, is the actuator velocity. The
quasi-static tests were carried out in a slider-crank
type press, which was mechanically functional. The
instrumentation of the machine consists of a load
cell and a non-commercial displacement sensor.
The stress-strain curves depend entirely on these
sensors, hence they were calibrated again. The cal-
ibration of the force sensor was made by loading
and unloading it with calibrated masses. The dis-
placement calibration consisted in measuring the
distance between the compression plates with a
caliper.

The compressions in dynamic regime took place
in a tool that had been developed before. It was
mounted on the beam in front of the electromag-
netic press, which works as an actuator of the mech-
anism. Its main feature is the linear cam that makes
the compression occurring perpendicularly to the
actuator shooting direction. Hence, the compres-
sion test is more controlled.

The required sensors were also installed on the
tool: one force transducer with a measuring capac-
ity of 50 kN, and a displacement sensor.

The specimens for the low strain rate compres-
sions were turned to have the dimensions of d=4,0
mm x 4,0 mm, while in the dynamic experiments
the aluminium samples had d=5,9 mm x 5,9 mm.

3.3. Heat treatment

The heat treatment was tested in different speci-
mens to find the appropriate temperature and time
of recrystallisation. In order to plot a recovery, re-
crystallisation and grain growth curve many sam-
ples would have to be wasted. For this reason, the
curve of Figure 5 was defined by incremental treat-
ments, in other words, the same specimen was uti-
lized for all the measurements, where hardness val-
ues were taken for each time interval for a constant
temperature of 420◦C. After the incremental curve
has been analysed, three more specimens were put
into the saline bath for periods corresponding to
the linear region of the curve, but without inter-
ruptions. These points permitted to establish the
difference between an incremental and a continuous
treatment. The hardness of the sample that was left
in the liquid salts for 11 seconds coincides with the
median value of the tests (31,8 HV). At this point,
the material is expected to have a recrystallisation
fraction of 50% and the internal stress would be al-
most nil. Therefore, the temperature and time of
treatment are 420◦C and 11 sec, respectively.

Figure 5: Microvickers hardness in function of treat-
ment time for a temperature of 420◦C.

3.4. Compression tests

The first test was performed in quasi-static con-
ditions for annealed samples and for ones that had
been processed by ECAP 1, 2, 4, 8 and 16 times via
route B′C . This test was repeated in dynamic condi-
tions. The same quasi-static compression test was
done again for specimens processed via route A′.
The next two tests were also realized at low strain
rate for specimens that had gone through ECAP
and heat treatment. The first was for specimens
processed with route B′C (1, 2, 4, 8, and 16 passes),
the second for 2 and 8 passes only for route A′.
The compression tests were also complemented by
microvickers hardness tests.
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4. Results

This section introduces the most relevant re-
sults obtained from the experimental implementa-
tion. The first subsection aims to analyse the me-
chanical behaviour in a quasi-static domain of sam-
ples that had been subjected to different extents of
deformation during cold working. The rotation pro-
tocol does also affect the properties achieved, as will
be seen. It is investigated, in the following subsec-
tion, how the material behaves when compression
occurs at different strain rates. Finally, subsection
4.3 is concerning the mechanical response of fine
grained aluminium AA 1050 A when recrystallised.

4.1. Influence of the ECAP parameters on AA 1050
A mechanical behaviour

The average equivalent strain obtained for a
workpiece that passes once through the tool’s die
is ε = 0,51 , according to equation 1. This value
is also in accordance with the results given by the
numerical simulation realized in the early stages of
this project. The strain imposed by following passes
accumulates with the previous, being εeq = 8,16 the
maximum achieved after all the 16 operations.

It has been observed through Vickers microhard-
ness tests that hardness increases significantly with
an ECAP pass. The hardness evolution for further
deformation is dependent on the texture developed
with the route taken, as demonstrated in figure 6.
The billets that have been rotated +90◦ between
passes are harder on their surfaces than on their
longitudinal midsections. Such results may be ex-
plained by a higher strain on the contact surfaces
with the die walls due to friction. A peak of 46,95
HV was reached for a strain of εeq = 4,1 using route
B′C . Billets that have only been deformed along two
dimensions (route A′) exhibit lower hardnesses in
general, but more homogeneous.

Figure 6: Evolution of hardness with accumulated
equivalent strain for routes A′ and B′C .

The stress-strain curves obtained from samples
with different accumulated deformation in 3 dimen-
sions (route B′C) for a strain rate of ε̇ = 0,2 s−1 are
plotted in figure 7. The mechanical resistance in-
creases after every pass, being the first iteration the
most noticeable one, as the yield strength increased
96% from the one obtained after annealing. This
discrepancy becomes gradually less expressive. The
work hardening rate in the plastic region is consid-
erably lower for ECAP processed samples than for
the annealed one. Based on this graphic and on
the strengthening mechanisms that were previously
reviewed, it may be affirmed that grain refinement
with increased dislocation density improves the me-
chanical behaviour of aluminium AA 1050 A pro-
portionally to microstructural rearrangements.

Figure 7: Mechanical behaviour of aluminium AA
1050 A after being processed by ECAP (route B′C)
for a different number of passes.

4.2. Effect of strain rate on the mechanical proper-
ties

Compression tests were conducted also at a
higher strain rate, ε̇ = 200 s−1. The results achieved
are similar to the ones obtained at low strain rates.
The material when annealed demonstrates low me-
chanical resistance, which increases if processed by
ECAP. When comparing the results of the dynamic
tests with the ones at ε̇ = 0,2 s−1 it is visible an im-
provement of the mechanical resistance as it would
be expected based on other researches (figure 8).

Flow stress for ε = 0,5 has risen between 8%
to 21% depending on the specimen’s initial ac-
cumulated strain, being 14,3% the average value.
Work hardening rate ∂σ/∂ε remains almost un-
changed for the strengthened aluminium, whereas
it increases with higher strain rates when the ma-
terial presents a coarse grain structure.

The shape of the specimens after having been
deformed in the compression tests was observed.
The oval shape of the annealed specimen may
indicate that the dimension of the grains after
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Figure 8: Comparison between quase-static (ε̇ =
0, 2s−1) and dynamic compression tests (ε̇ =
200s−1) for AA 1050 A annealed and AA 1050 A
processed by ECAP 2 times using route B′C .

annealing is in the same scale as the dimension of
the specimens, hence the shape of the grain has
a greater impact on the macroscopic deformation.
The specimens become gradually more circular as
they make more passes through the die, which may
be an outcome of the grain refinement.

4.3. Effect of recovery and recrystallisation after
cold working

During saline bath recrystallisation occurs, con-
sequently, the mechanical properties change due to
lowering the dislocations density, whilst the grain is
expected to maintain its original size.

The influence of the texture may be seen when
comparing the compression results of samples that
have been subjected to the same straining, but that
had a different route. Based on the curves shown
in figure 9 it is evident that the texture given by
route B′C allows the material to strengthen even
more. A comparison is established with the flow
stress curves of specimens that were heat treated
afterwards. A decay of the mechanical response is
noticeable in both cases, however, its magnitude is
different. The saline bath affected more the sample
that had only been deformed in two directions
(route A′). The material demonstrates a softer
behaviour for low strains, but it gradually approxi-
mates the curve of the sample processed only by
ECAP. According to what is seen in this graph,
it can be concluded that a three-dimensional
deformation will develop a texture that will
favour the strengthening mechanisms. Moreover,
the recovery and recrystallisation affect less the
mechanical behaviour of a material that should con-
tain a larger fraction of equiaxed grains (route B′C).

The mechanical property which was the most in-

Figure 9: Influence of the ECAP route (εeq = 4,1)
on the mechanical behaviour of samples that did
and did not undergo heat treatment.

fluenced by the hardening operation was the yield
strength. As it may be seen in figure 10, this
value increases with successive strain until reach-
ing a stabilisation level. On the other hand, the
saline bath lowered the yield point for specimens
that had been processed by ECAP more than two
times (εeq >1,02), not altering the results obtained
for the initial passes. In the case of an accumulated
equivalent strain of εeq =8,16 , the yield occurs at
σy =64,9 MPa, which corresponds to a decrease of
39%. It can be verified that strain affects recrys-
tallisation since the amount of cold work promotes
this process. It may be concluded that recrystallisa-
tion occurred much faster for high strains, especially
for εeq ∼ 2 and εeq ∼ 8. This implies that the exper-
imental procedure should have been different. The
recovery, recrystallisation and grain growth curve
shall be calibrated for all ECAP conditions, and not

Figure 10: Yield strength according to accumu-
lated equivalent strain resulting from cold working
(ECAP route B′C). Results before and after recrys-
tallisation.
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Figure 11: Yield strength and Vickers hardness re-
lation.

just for one as done. The treatment time to obtain
a recrystallisation fraction of 50% would decrease
with strain.

The relation between yield strength and hardness
is shown in figure 11. According to Tabor’s model,
these properties are directly proportional. Yet, his
equation does not describe the results obtained in
this dissertation. When the material is processed
by ECAP, a linear correlation between these two
mechanical properties is verified. The lines have a
very similar slope, even though they are not coinci-
dent. However, after the heat treatment, the linear
proportion is lost.

5. Conclusions

This cold working technique has proved to be
very capable of modifying the microstructure of
commercially pure aluminium (99,5%). The results
obtained depend strongly on the ECAP parameters,
as they enable a control of the grain dimensions and
the texture development. The number of passes in-
fluenced directly the mechanical properties, as the
grain size is refined. Specimens with high accumu-
lated equivalent strain (εeq > 4) demonstrated an
exceptional mechanical resistance, either in quasi-
static or in dynamic compression tests.

This hardening process could be very interesting
from the mechanical design point of view since the
yield strength can be increased up to 135%. Yet,
this process would have to be followed by a saline
bath to restore the aluminium’s ductility, which
would consequently decrease slightly the resistance.
It has been observed an influence of the amount of
cold work on the recrystallisation time.

Higher stresses were obtained at ε̇ = 200 s−1. As
it was expected based on other investigations, the
dynamic tests lead to higher stresses, which high-
lights the importance of testing mechanical proper-
ties at a strain rate similar to one that the material
will be subjected to in a specific application.

A future work could pass by complementing this
study with a more detailed analysis of the mi-
crostructural condition of the material.

The temperature and time of recrystallisation
should be determined individually for each material
condition. And finally, a future investigation could
be focused on the dependency of the hardness with
the yield strength.
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