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Annealed high-purity (99.99 %) aluminum was processed with equal-channel angular pressing (ECAP) via the Bc route making
1-8 passes at room temperature. The microstructure evolution of the materials processed at different pass numbers was observed
and analyzed with EBSD; the influence of the ECAP-deformation pass number on the mechanical properties of high-purity
aluminum was studied through mechanical-property tests. The result showed that the subgrain-boundary misorientation and the
fraction of high-angle boundaries increased with an increased number of pressing passes. Dynamic recrystallization occurred
and small equiaxed grains began to form after 4 passes; grains were refined to 4.0 um after 8 passes. The microhardness and
tensile strength were obviously improved, while the elongation decreased. However, the tensile fracture remained a typical
ductile fracture. The thermal stability of high-purity aluminum decreased after being annealed at 200 °C.
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Avtorji prispevka so Zarjen aluminij visoke Cistosti (99,99 %) mocno plasticno deformirali s postopkom ECAP, to je z iztisko-
vanjem pod kotom z enakim vhodom in izhodom matrice (ECAP; angl.: Equal-Channel Angular Pressing) pri sobni temperaturi
z od enim do osmimi prehodi skozi Bc. Mikrostrukturo deformiranih vzorcev so avtorji opazovali in analizirali z difrakcijo
povratno sipanih elektronov (EBSD; angl.: Electron Back-Scattered Diffraction). S pomocjo testov mehanskih lastnosti so
analizirali vpliv Stevila prehodov ECAP na deformacijo. Rezultati analiz so pokazali napac¢no orientacijo mej podzrn in
nara$cajo¢ deleZ visokokotnih mej zrn z naras¢ajoco deformacijo oz. nara$¢ajo¢im Stevilom prehodov; prislo je do dinamic¢ne
rekristalizacije in majhna enakoosna kristalna zrna so nastajala po 4 prehodih; kristalna zrna so se udrobila na 4.0 um po 8
prehodih. S stopnjo deformacije je ocitno naras¢ala mikrotrdota in natezna trdnost vzorcev aluminija, medtem ko se je raztezek
zmanjSal. Prelom po poruSitvi vzorcev z nateznim preizkusom je ostal tipicno duktilen. Termi¢na stabilnost aluminija visoke
Cistosti se je poslabsala po Zarjenju na 200 °C.

Kljucne besede: postopek ECAP (iztiskovanje pod kotom z enakim vhodom in izhodom matrice), aluminij visoke Cistosti,
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kristalna zrna, mehanske lastnosti

1 INTRODUCTION

Severe plastic deformation is an effective method for
improving the mechanical properties of a pure metal
without altering its chemical composition.! Equal-
channel angular pressing (ECAP) is one of the most
rapidly developing and widely studied severe plastic
deformation techniques. When a material is treated using
ECAP, a large shear plastic deformation occurs at the
corners. Samples can be pressed repeatedly at a rela-
tively low pressure because the cross-sectional dimen-
sions of the samples are almost unchanged after the
deformation and a large effective strain is obtained due
to the accumulating deformation volume. In this way, we
can finally achieve the aims of the procedure: refinement
of the grains, change in the microstructure of the
material, and improvement of the mechanical properties.
The ECAP technology is widely used for the preparation
of pure metals, such as pure titanium, pure copper, pure
magnesium and pure aluminum, because the operation is
simple and pollution-free, and the ultrafine-grained bulk
material prepared is compact.
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Ma et al. reported that the grains of CP-Ti plates were
obviously refined from the original value of 57.000 to
0.668 um and the microhardness was obviously im-
proved after 8 passes of the ECAP method.? Figueiredo
et al. performed a 4-pass ECAP treatment on commer-
cially pure titanium used for dental implants at room
temperature. The results showed that the yield stress and
the ultimate tensile stress increased to nearly the same
levels as the titanium alloy.® Hoseini et al. discussed the
thermal stability and annealing behavior of ultrafine-
grained commercially pure titanium after having been
processed with ECAP via route Bc at 450 °C, where the
samples were rotated by 90° with respect to the direction
of the successive passes.*

Ding et al.’ studied the microstructure evolution, dis-
location density and mechanical properties of pure
copper processed via ECAP. They showed that the grains
were refined, having a size of 5-10 um, dislocation den-
sity increased significantly, small-angle grain boundaries
gradually transformed into large-angle grain boundaries,
tensile strength was significantly improved, and plasti-
city was decreased. However, the tensile fracture was
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generally still manifested as plastic fracture. Guo et al.
treated unidirectional solidification of pure copper
processed with ECAP and found that the original grain
boundaries were broken, while low-angle grain boun-
daries and high-angle grain boundaries occurred simulta-
neously with the increasing accumulated strain.®

Gan et al.” heated pure magnesium to 623 K for an
ECAP treatment. The grains were refined from 900 um
to 50 um, the tensile strength increased and the plasticity
decreased. Mostaed et al.® found that the microhardness
and tensile strength of pure magnesium were not ob-
viously increased after an ECAP treatment, while the
elongation increased by 100 %.

Langdon performed an ECAP treatment on high-
purity aluminum via a different route and found that Bc
is the optimum processing route for achieving equiaxed
grains.’ Tolaminejad et al.'° carried out an ECAP treat-
ment on commercially pure aluminum via the Bc route.
The experimental results showed that the hardness and
yield strength decreased slightly, but the homogeneity of
the material was improved by increasing the number of
passes. Kawasaki et al.!' used a 12-pass ECAP treatment
on high-purity aluminum via the Bc route. They showed
that anomalously large grains were visible in the central
region of a billet after more than 8 passes due to dynamic
recovery and grain growth. Ivanov et al.'? found that the
mechanical behavior of high-purity aluminum after an
ECAP treatment exhibited high values of ultimate and
yield stresses, and a relatively low elongation up to the
failure. Yan et al."’ found that an increase in the strain
rate could eliminate strain softening after high-purity
aluminum was treated with ECAP.

High-purity aluminum has better conductivity, duc-
tility, reflectivity and corrosion resistance than the ori-
ginal aluminum. It is widely applied in the electronics
industry, automotive industry, aerospace and other fields.
The strength and hardness of high-purity aluminum are
low, but it is difficult to introduce the strengthening
phase as engineering materials. The ECAP treatment of
high-purity aluminum can cause a grain refinement and
an improvement in the strength and hardness, while the
plasticity remains in a reasonable range. There are not
many researches focused on the preparation of ultrafine
high-purity aluminum with ECAP. The purpose of the
experiments reported here was to study the preparation
of ultrafine crystal high-purity aluminum with ECAP.
High-purity aluminum is treated with ECAP via the Bc
route, and the influence of the ECAP-deformation pass
number on the microstructure evolution and mechanical
properties of materials are studied.

2 MATERIALS AND EXPERIMENTAL
METHODS

The material used in this study was high-purity alu-
minum (99.99 %) and its chemical composition is shown
in Table 1. Each sample was machined into a square
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blank with a size of 15 mm x 15 mm x 90 mm and
annealed. The annealing process was carried out at
350 °C for 2 h in a furnace and then slowly cooled down.
The pressing experiment was carried out on a hydraulic
press (YL32-63, Nantong Liyou hydraulic press equip-
ment Co., Ltd.). A sample was pressed 8 times via the Bc
route, i.e., the sample pressed in the previous pass was
rotated by 90° with respect to the direction of the next
pass, using a self-designed ECAP longitudinal split die
with an inside angle of 90° and an outside angle of 20°.

Table 1: Chemical composition of A199.99 (w/%)

Chemical | ) | g | s | cu | Zn | Ti
composition

%o 99.99 10.0019]0.0020]0.0035]0.0004|0.0001

Before the pressing, a mixture of graphite powder
and industrial grease was applied onto the surface of the
channel and the samples. The cross-sectional dimensions
of a specimen were increased slightly and the head was
warped after being pressed. The samples were milled a
little to ensure that the next pass was carried out
smoothly.

After the ECAP experiments, the microstructure and
mechanical properties of the main deformation region of
the samples were studied.

The microstructure of high-purity aluminum was ob-
served with EBSD, orientation imaging microscopy was
used and grain orientation distribution was obtained.

A microhardness test was carried out at 6 points
throughout the cross-section of each sample using an
FM-700 digital microhardness tester. The load was 50 g
and the loading time was 15 s. The average Vickers-
hardness value was taken as the final figure.

Annealing treatment was carried out on the spe-
cimens after the deformation using an SXQF-5-12
programmable atmospheric protection chamber furnace
to analyze the thermal stability of the high-purity alu-
minum after the ECAP deformation achieved with diffe-
rent numbers of passes.

Two kinds of annealing treatments were adopted, that
is, heat preservation at 100 °C for 1 h and heat preser-
vation at 200 °C for 1 h. The microhardness test was
carried out for the treated samples. The Vickers hardness
was measured at 6 points on the upper surface of each
sample, and the average was taken as the final figure.

A tensile test was performed using a SHIMADZU-
AG-IS-250KN electronic universal testing machine.
Tensile specimens were cut along the extrusion direction
with a wire. The values for the tensile strength and
elongation of the specimens were obtained after each
deformation.

A Hitachi S-3500N scanning electron microscope
was used to observe the fracture surfaces of the speci-
mens after the deformation. The influence of different
numbers of passes on the tensile fracture morphology
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Figure 1: OIM photographs of high-purity aluminum samples: a) after 1st pass, b) after 2nd pass, c) after 4th pass, d) after 8th pass

was analyzed, and the variation in the elongation was
verified.

3 RESULTS AND DISCUSSION

After the first ECAP treatment, the side surfaces of
the samples were quite rough, but there were no cracks
or holes. Obvious cracks occurred after the fifth pass.
The cracks increased with the subsequent pressing
passes, but were mainly distributed on the end parts. The

mechanical properties of the samples were studied in
their middle parts.

3.1 Microstructure observation

As the annealed high-purity-aluminum grains were
very large, only 1-2 grains could be observed in the
4 mm x 4 mm test field of orientation imaging micro-
scopy (OIM). Figures 1 and 2 show the OIM images and
grain-orientation distribution obtained with EBSD after
the 1st, 2nd, 4th and 8th deformation pass, respectively.
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Figure 2: Grain-orientation distribution of high-purity aluminum samples: a) after Ist pass, b) after 2nd pass, c) after 4th pass, d) after 8th pass
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In Figure 1a, the initial grains are broken along the shear
direction in the test field after the 1st pass. Most sub-
grains are similar in color, which means that the sub-
grain-orientation difference is small. After the 2nd pass,
the elongated subgrains are further sheared due to the
90° rotation in the pressing direction. The difference in
the subgrain orientation increases, and the high-angle
grain boundaries begin to appear, as shown in Figures
1b and 2b. After the 4th pass, fine equiaxed grains were
achieved because of dynamic recrystallization.'* The
microstructure consisted of elongated subgrains and
equiaxed grains, and the amount of large-angle grain
boundaries increased to 30 % as shown in Figures 1c
and 2c¢. After the deformation of the 8th pass, the number
of equiaxed grains obviously increased and the distribu-
tion was more uniform according to Figure 1d. The
grains were effectively refined. The average grain size
was 4.0 um. The amount of large-angle grains was
further increased, as seen in Figure 2d.

3.2 Mechanical properties
3.2.1 Microhardness

Figure 3 shows the relationship between the Vickers
hardness and pass number, where the abscissa value 0
represents the original annealing sample without the
ECAP treatment. It can be seen that the hardness of the
high-purity aluminum sample increased monotonously
with the increase in the number of ECAP passes. After
the 3rd pass, the increase in the hardness slowed down.
After the 8th pass, the hardness of the sample increased
from 44.9 to 65.7 HV, which was 46.3 % higher than for
the original sample.

After ECAP, a high-purity aluminum sample under-
went a nearly pure shear deformation. The grains were
elongated, the dislocation density increased sharply, and
the hardness increased dramatically. With the increase in
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Figure 3: Curve of microhardness vs. pass number
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the number of ECAP passes, the shear strain accumu-
lated and increased. The dislocation increase was
accompanied by dislocation annihilation, which reduced
the increase rate for the dislocation density!® and thus the
hardness of the material might have slowly increased.

3.2.2 Thermal stability

Figure 4 shows the microhardness curves of high-
purity aluminum samples after different deformation
passes, without annealing, and after annealing at 100 °C
and 200 °C. The microhardness-curve trend of the
sample annealed at 100 °C is the same as that of the
non-annealed sample, and the value did not drop signi-
ficantly. High-purity aluminum after the ECAP deforma-
tion performed during different passes had a good
thermal stability at 100 °C.

The microhardness curves show different changes be-
fore and after the 4 passes after the annealing at 200 °C.
Compared with the non-annealed microhardness curve
before the 4 passes, the trend of the curve after annealing
is basically the same, and the microhardness value does
not decrease obviously. The value decreased after the 1st
pass was the minimum, which was 3.3 %, while the
value after the 4th pass was the maximum, which was
9.9 %. High-purity aluminum after only 4 passes of the
ECAP deformation still had a good thermal stability at
200 °C. With the increase in the number of deformation
passes, the hardness curve after annealing showed a sig-
nificant decrease compared with that without annealing.
Among them, the decreased value after the 8th pass was
the maximum, which was 26.2 %. The thermal stability
of high-purity aluminum was on a decrease.

The phenomenon above can be explained as follows:
the deformation degree of high-purity aluminum in-
creased with the increasing number of ECAP passes, and
the deformation-stored energy in the metal continued to
accumulate; the driving force of recrystallization
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Figure 4: Curves of microhardness vs. pass number under different
retreatment temperatures
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Figure 5: Tensile-test samples

increased, resulting in a decrease of the recrystallization
temperature.'¢

For the high-purity aluminum samples after no more
than 4 passes of the ECAP deformation, the internal
deformation-stored energy was not large enough to make
the recrystallization temperature drop to 200 °C. Recrys-
tallization could not occur, but only a recovery occurred
during the annealing process at 200 °C. The recovery
caused a decrease in point defects and a reduction in
dislocation density, thus resulting in a slight decrease in
the material hardness.

From the S5th pass onwards, the internal deforma-
tion-stored energy was large enough. The recrystal-
lization temperature was further reduced below 200 °C.
In the process of annealing, recrystallization occurred in
addition to the recovery, which induced a significant
reduction in the dislocation density. The hardness of the
material decreased obviously. However, after the 8th pass
of the ECAP deformation, the internal deformation-
stored energy was still not large enough to make the
recrystallization temperature drop below 100 °C. No re-
crystallization occurred during the annealing at 100 °C,
only a recovery occurred. This made the material
hardness decrease slightly.
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Figure 6: Curve of tensile strength vs. pass number
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3.2.3 Tensile strength

Figure 5 shows high-purity aluminum samples pro-
cessed at different deformation passes after the tensile
test. Figure 6 shows the relationship between the tensile
strength and the pass number. After the ECAP defor-
mation, the tensile strength increased rapidly with the
increasing pass number. After the 3rd pass, the tensile
strength increased from 54 MPa to 108 MPa. This might
have been due to the fact that the high-purity aluminum
samples underwent the near-pure shear deformation due
to ECAP, and the dislocation density increased drama-
tically, resulting in the material hardening and the tensile
strength increasing with the number of deformation
passes. With the increase in the deformation passes,
dynamic recrystallization occurred in the material and
the material softened. Both work hardening and material
softening caused by dynamic recrystallization affected
the samples. After the 4th pass, the material was less
affected by work hardening than dynamic recrystal-
lization, so the tensile strength decreased. The impact of
both the hardening and softening mechanisms was also
the reason why the tensile strength fluctuated after the
4th pass.

3.2.4 Elongation

Figure 7 shows the relationship between the elon-
gation and pass number. For the first 5 passes, the
elongation of high-purity aluminum samples decreased
rapidly with deformation passes, from 43 % to 17.2 %.
Between the 5th pass and the 8the pass, the elongation
tended to be stable exhibiting a lower fluctuation, that is,
the plasticity tended to be stable. The elongation-vari-
ation tendency of high-purity aluminum samples was
opposite to that of the hardness.

3.3 Tensile-fracture-morphology analysis

Figure 8 shows the tensile-fracture morphology of
the samples after different numbers of passes. On the
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Figure 8: Sample morphologies of tensile fractures after different passes: a) original, b) 1, ¢) 5, d) 7

SEM images, there are obvious dimples and tear ridges
on the tensile fracture of the samples after each defor-
mation pass. Dimples are deep and distributed through-
out the fracture. It is a typical ductile fracture. When
compared, the dimples are most fine and uniform, while
the tear ridges of the annealed samples are protruding
and obvious; after the first 5 passes, the dimples on the
fracture are a little less fine and uniform; in the period
between the 6th and 8th pass, the dimples gradually
become shallow and unevenly distributed and the tear
ridges gradually become flat. That is, with the increase
in the pass number, the dimples and tear ridges on the
tensile fracture become gentle, and the variations are
consistent with that of the elongation.

4 CONCLUSIONS

According to the analyses of the microstructures, the
mechanical properties and the tensile fractures of the
high-purity aluminum samples that were subjected to
different numbers of the ECAP treatment passes, the
following conclusions can be drawn:

1) The difference in the orientation among the
subgrains increased and the proportion of large-angle
grain boundaries was increasing continuously with the
increasing pass number. After the 4th pass, dynamic
recrystallization took place and fine equiaxed grains
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appeared. After the 8th pass, the grains were more
equiaxed and evenly distributed. The grains were
effectively refined with an average grain size of 4.0 um.

2) The microhardness of the high-purity aluminum
samples increased monotonically with the pass number.
It increased rapidly after the 3rd pass and more slowly
after further passes. The elongation variation tendency
was opposite to that of the microhardness.

3) High-purity aluminum after the ECAP
deformation carried out at different pass numbers had a
good thermal stability at 100 °C. At 200 °C, the thermal
stability of the samples after the first 4 deformation
passes remained good. After the 8th pass, recrystal-
lization occurred and the thermal stability decreased.

4) After the ECAP deformation, the tensile strength
increased rapidly and then fluctuated.

5) The tensile fracture was a typical ductile fracture
after exposure to different numbers of deformation
passes. However, with the increase in the pass number,
the dimples and tear ridges on the fracture became gentle
and the variations were consistent with that of the
elongation.
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