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The mechanical properties and substructure formation of high purity aluminium (99.999%) processed by
severe plastic deformation method (equal channel angular pressing) were studied. The equal channel angular
pressing process was carried out at room temperature by route C (sample rotation around the axis about 180°
after each pass) in a die with two channels intersecting at an angle of ® = 90. The softening mechanism through
dynamic recovery was recognized up to 6th equal channel angular pressing pass, however, after that the mechanical
strengthening was revealed. The samples after equal channel angular pressing processing were annealed in
different temperature and time conditions. The influence of annealing temperature and time on microhardness as
well as diameter of grain size were investigated in samples processed by the 4th equal channel angular pressing pass.

PACS: 81.05.Bx, 81.07.—b, 81.20.Hy, 81.40.—z

1. Introduction

Demands of industrial producers are to find new forms
and facilities for appropriate properties of structural
parts suitable for different miscellaneous constructive ap-
plications in the civil, automotive and aircraft industries.
Considering these facts, aluminium alloys provide various
possibilities because of their remarkable combination of
characteristics such as low density, high corrosion resis-
tance, high strength, easy workability, and high electrical
and heat conductivity.

Conventional forming methods are ineffective in
achieving of favourable properties of produced parts be-
cause ultrafine grained (UFG) structure is not formed.
Moreover, only limited levels of structural and strength-
-plastic characteristics can be obtained through con-
ventional forming methods. An application of non-
-conventional forming methods [1, 2] as well as severe
plastic deformation (SPD), such as the most preferred
methods of equal channel angular pressing (ECAP) and
equal channel angular rolling (ECAR) technologies [3, 4]
could be the solution. They provide the possibility to ob-
tain the UFG structure at the nm level. Ultrafine-grained
polycrystalline metals prepared by SPD methods offer
a suitable combination of strength and ductility. It is
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unique and it indeed represents interesting cases from
the point of view of mechanical properties [5-8]. In re-
cent years, the scientific research has been focused on the
increase of strength in Al alloys by SPD methods without
any ageing treatment [9].

The observation of the material structure through
transmission electron microscopy (TEM) is useful and
it is used to confirm the various theories about material
behaviour during the ECAP processing [10, 11].

The given paper is focused on the study of the SPD
influence on the properties and structural changes in
high purity aluminium (99.999%) processed by 12 ECAP
passes at room temperature.

2. Experimental procedures

As an experimental material, the high purity alu-
minium (99.999%) after zonal refining was used. The
structure of as-received Al was heterogeneous with aver-
age grain size dg ~ 650 ym. The mechanical properties
before ECAP processing are given in Table.

TABLE I

Initial mechanical properties of high purity alu-
minium (99.999%).

0.2%YS [MPa| | UTS [MPa] | EL [%] | HV10 |-]
36 52 27 24.2

(557)
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The ECAP process was carried out at room tem-
perature by route C (sample rotation around the axis
about 180° after each pass). The ECAP die contains
two channels intersecting at an angle of & = 90°. The
samples with a cylindrical cross-section (dy = 10 mm,
lo = 80 mm) were extruded by 12 ECAP passes at the
rate of 1 mm s~!. The deformation forces during ECAP
processing were measured using a tensometric measuring
device with LabVIEW apparatus. Moreover, static ten-
sile using samples with parameters dy x lp = 5 x 10 mm?
was performed. The samples designated for tensile tests
were taken from every second ECAP pass. Tensile tests
were carried out using ZWICK 1387 equipment in stan-
dard conditions (EN 10002-1). Subsequently, the me-
chanical properties such as yield strength (YS), ulti-
mate tensile strength (UTS) and elongation to failure
(EL.) were determined. TEM analysis with selected area
diffraction patterns (SADP) was performed using Philips
CM 20 microscope. Thin foils taken from the longitudi-
nal direction were prepared using a solution of 5% HF at
a temperature of —25°C and the time 20-30 s. The re-
sults were processed by mathematical numerical methods
and a software product MATLAB.

3. Results and discussion

The change of mechanical properties in dependence on
the ECAP number passes is shown in Fig. 1. As is seen,
UTS is slightly sensitive to ECAP passes and substruc-
ture formation. The yield strength (0.2% offset) is de-
creasing up to the 6th pass where it achieved local mini-
mum. From the 6th up to 12th pass, YS is growing. The
progress of elongation to failure (El.) is inverse to the
progress of 0.2%YS.
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Fig. 1. Development of mechanical properties vs.

ECAP number passes.

TEM analysis was performed using samples after the
4th, 6th, 8th and 12th ECAP passes. Initial structure
included large polyedric grains (dy ~ 650 pm) and low
dislocation density. The cell substructure with subgrain
diameter dsg ~ 2.6 um was observed after the 4th and 6th
ECAP passes. The dislocations are generated gradually

with the increase of strain and subsequently arranged
to dislocation walls which later transform to low or high
angles grain boundaries. Subgrains are equiaxed with the
average size of dgg ~ 2.2 ym. After the 12th ECAP pass,
the substructure was equiaxed with a low misorientation
and the average subgrain size of dsg =~ 1 pm. The average
subgrain size in dependence on ECAP number passes is
given in Fig. 2.
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Fig. 2. The grain size dependence on ECAP passes.

The significant substructure refinement was observed
after the 6th ECAP pass. Moreover, after the 6th pass,
the yield strength starts to grow which corresponds to
the Hall-Petch equation which describes the material
strengthening in dependence on the grain size refine-
ment. Random coarse grains included in fine structure
matrix were observed after the 4th and 12th ECAP pass
as shown in Fig. 3.

Fig. 3.

Recrystallized grains after ECAP processing:
(a) the 4th ECAP pass; (b) the 12th ECAP pass.

This anomaly is caused by local occurrence of recrys-
tallized grains in a structure which has high angle grain
boundaries (HAGB). The recrystallization in high purity
aluminium (99.999%) which was deformed at the room
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temperature is described in the [12] as a dynamic/static
recrystallization (DRX, SRX). The less pure aluminium
recrystallized more slowly than the purer one [13, 14].
According to the literature, the sensitivity to softening
in aluminium (dynamic or static mechanism) depends on
the purity of aluminium strongly.

The measurement of the deformation forces during
ECAP processing was performed using two different ma-
terials (high purity aluminium and oxygen free high con-
ductivity (OFHC) Cu). The measurement was carried
out by tensometric sensors and subsequently forces were
recalculated to the values of stresses, illustrated in Fig. 4.
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Fig. 4. Dependence of deformation stresses on ECAP
passes for different materials.

For the aluminium material, there was observed the
decrease of deformation stress, on the other hand in cop-
per the increase was observed. The different progress of
deformation stresses is likely connected with the stacking
fault energy (SFE). The high purity aluminium is a mate-
rial with high SFE (166 mJ m~2) while OFHC copper has
low SFE (40 mJ m~?) [15, 16]. Materials with high SFE
are characterised by the dynamic recovery while materi-
als with low SFE by the deformation strengthening that
is followed by some kind of recrystallization mechanisms,
which has a good correlation with observed graphical ex-
perimental data. Therefore, the decrease of deformation
stress in high purity aluminium was observed up to the
6th ECAP pass which is caused by the dynamic recov-
ery though on the other hand, from the 6th ECAP pass,
deformation stress was slightly growing.

The development of the elongation is inverse to the
yield strength with emerging inflexed point in the 6th
ECAP pass (Fig. 1). These dependences are related to
the mechanical strengthening mechanism resulting from
the refinement of grain size (Fig. 2). As is seen in Fig. 4,
deformation stress for both materials (omax,Cu/Omin,Al)
was 0.33 in the 5th ECAP pass. It means that softening
mechanisms of Al carried out through a dynamic recov-
ery needs only 33% from the maximal level of mechan-
ical strengthening of OHFC Cu. The influence of the
annealing temperature and time on the microhardness
and diameter of grain size in samples processed by four

ECAP passes was observed. Experimental data were pro-
cessed by nonlinear statistical methods. Two regression
equations were derived to describe the relations between
HV = f(Ta,ta) and dsg = f(Ta,ta) as a function of the
annealing temperature and time:

1) relation HV = f(T4,t4)

The equation describing the relationship between mi-
crohardness and annealing temperature, time is de-
scribed by the following nonlinear regression model:

HV = ay(T4) + az(Ta)[1 — exp(—ag(Ta)ta)],  (3.1)
where t4 [min] — annealing time, T4 [°C] — annealing
temperature, and ai(TA) — regression coefficients func-
tionally dependent on the T4 (i =1,2,3) [17].

2) relation dy = f(Ta,t4a)

The relationship between the diameter of grain size
and the annealing temperature and time is described by
the following nonlinear regression model:

dg = b1(Ta) + b2(Ta)[1 — exp(—bs(Ta)ta)], (3.2)
where b;(T4) — regression coefficients functionally de-
pendent on the T4 (i =1,2,3) [17].

Graphical interpretations of regression Eqs. (3.1, 3.2)
are given in Figs. 5 and 6.
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The deviations from experimental values are shown as
line segments on the calculated surface. The correlation
between experimental and calculated data is good. Ac-
cording to the diagrams:

— the microhardness decreases significantly up to the
annealing time t4 ~ 30 min, after that steady state was
reached,

— in the steady state, the microhardness depending
on annealing time shows two groups of values:

— the 1st group — HV = 23.5 for T4 = 70 and 160 °C,

— the 2nd group — HV ~ 21.5 for T4 = 220 and
330°C.

The difference between both groups is caused by the
structural softening from a thermally activated process.

— grain size diameter is increasing rapidly at the an-
nealing temperature T4 > 220°C.

4. Conclusion

The investigation of high purity Al (99.999%) pro-
cessed by the ECAP method revealed a negligible impact
of number passes on the ultimate tensile strength. The
ultimate tensile strength was changed only in the interval
of UTS = 49-52 MPa. However, the influence of number
passes on yield strength, elongation, microhardness and
subgrain diameter was more obvious. The values were
changed in the following intervals: YS = 26-39 MPa,
A = 27-56%, dy = 650-1 pym. High purity Al is a
material with high stacking fault energy, therefore a
softening mechanism through the dynamic recovery was
observed up to the 6th ECAP pass. On the other hand,
from the 6th ECAP pass, the mechanical strengthening
was seen. The good correlation between mechanical
and substructural properties was obtained. The stress
ratio for both materials (Omax,cu/Omin,a1) resulting
from graphical dependences was 0.33, which means that
softening mechanisms through dynamic recovery of Al
needed only 33% from the maximal level of the overall
OHFC Cu mechanical strengthening. Two regression
models derived from experimental results describing
the influence of annealing conditions on the micro-
hardness HV = f(Ta,t4) and the grain size diameter
de = f(Ta,ts) were determined. The microhardness
decreased significantly when the annealing time was
t4 ~ 30 min, after that the steady state was reached.
The grain size diameter increased rapidly when the
annealing temperature was T4 > 220°C.
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