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Abstract: Consolidation of pure Al powder was conducted at 200 °C by equal channel angular pressing and torsion (ECAPT)
method. The grain refinement and consolidation behavior were deeply investigated by scan electronic microscopy (SEM) and
transmission electronic microscopy (TEM). The density, hardness and room temperature compression properties of the deformed
samples were measured. The experiment results show that ECAPT is an effective method of consolidating powders at relatively low
temperatures. Pure Al particles are successfully consolidated into dense bulk material after 4 passes of ECAPT at 200 °C. The
consolidated material possesses fine grain structure and excellent mechanical properties. The refinement and consolidation
mechanisms were analyzed. ECAPT is a promising method to produce the high-performance bulk materials from particles.
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1 Introduction

The mechanical properties of powder materials can
be improved qualitatively when the density increases to a
theoretical value. Otherwise, excellent physical and
mechanical properties are obtained when the grains are
refined to submicron level. The traditional methods of
powder metallurgy and plastic forming are difficult to
obtain high density and ultra-fine grains [1,2]. Therefore,
it is desirable to develop new favorable processes to
synthesize bulk materials with high density and fine
grains at relatively low temperatures. XIA and WU [3]
consolidated pure Al particles at 100 °C by back pressure
equal channel angular consolidation (BP-ECAC).
PAYDAR et al [4] consolidated pure Al particles at 200
°C by equal channel angular pressing-forward extrusion
(ECAP-FE). But repetitive deformations are not
permitted using ECAP-FE, and higher load is required.

Equal channel angular pressing and torsion (ECAPT)
is a novel severe plastic deformation (SPD) technique
which improves the conventional equal channel angular
pressing (ECAP) by manufacturing a twist channel in
horizontal stage of ECAP [S]. ECAPT process is shown
in Fig. 1. Compared to conventional ECAP [6], ECAPT

has some superior characteristics. During ECAPT
process, the sample experiences two severe shear
deformations of ECAP and twist extrusion (TE) [7,8] in a
single tool. At the same time, high hydrostatic pressure is
obtained because of the back pressure exerted by the
twist channel. So, good contact between particles is
realized, which improves the deformation and
densification of powder. Otherwise, the sample still
maintains the same cross-sectional area so that repetitive
deformations are permitted, which leads to higher total
strains and better refinement and consolidation [9,10]. So,
it is expected that consolidation of powder can be
realized by ECAPT process at relatively low
temperature.

The aim of this study is to investigate the effects of
ECAPT on refinement and consolidation of pure Al
powder. It has a great significance to science and
technology of particle consolidation and supplies
essential foundation for fabricating bulk materials from
particles with SPD.

2 Experimental

The pure Al powders with chemical compositions of
Fe (<0.6%, mass fraction), Cu (<0.05%), Si (<0.3%) were
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prepared. The particle size distribution was determined
using a laser diffraction analyzer. The mean size of
powder particles was 40.6 um. Figure 2 shows SEM
image of the Al particles.
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Fig. 1 Schematic diagram of ECAPT process
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Fig. 2 SEM image of Al particles

ECAPT experiments were carried out using a
RZU2000HF pressing and torsion machine. The die
consisted of two orthogonal channels which had equal
cross section with dimensions of 10 mmx10 mm. The
length of twist channel was 30 mm and the cross-
sectional rotation angle was 90°. The pure Al powder
with initial relative density of 0.75 was wrapped in a
pure Al tube (10 mmx10 mmx50 mm) and inserted into
the entrance channel with graphite lubricant applied.
Then a plunger was placed on it. Four passes of ECAPT
were carried out through processing route A (no rotation
of the specimen between consecutive passes) at 200 °C.
The ram velocity was 1 mm/s.

The cross section vertical to pressing direction of
the sample was used for microstructure observation.
Electron backscatter diffraction (EBSD) measurement
was performed using a JSM—7001F scanning electron
microscope. JEM—-2100F  transmission  electron
microscope was used for microstructure characterization.
The density of the consolidated sample was measured
based on the Archimedes principle. The Vickers hardness

(HV) was measured using 0.49 N load for 10 s on the
cross section of the sample. Compression tests were
performed for the consolidated specimen with
dimensions of d5 mmx7 mm with a MTS809 machine at
room temperature and a constant strain rate of 10 s ™.

3 Results and discussion

3.1 Microstructure analyses

Microstructures of the samples after different passes
of ECAPT, obtained by EBSD, are shown in Figs. 3 and
4, respectively.
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Fig. 3 Microstructure and variation of sample after 1 pass of
ECAPT: (a) OIM micrograph; (b) Statistical variation of grain

size; (c) Variation of misorientation angle
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Fig. 4 Microstructure and variation of sample after 4 passes of
ECAPT: (a) OIM micrograph; (b) Statistical variation of grain

size; (c) Variation of misorientation angle

After 1 pass of ECAPT, majority of the pores are
closed under high hydrostatic stress and large shear
deformation. Otherwise, the retained pores are changed
from sphere to ellipse, which is beneficial for pore
closure in the following deformation [11—13]. The grains
are elongated along the shear deformation direction and
refined greatly. But the grain size distribution is non-
uniform. The statistical variation of grain size shows that
the average size is about 5.2 um and 12% of the scanned
area has grains less than 1 pm in size. Majority of the

substructure boundaries in the grain interior are
low-angled. The histogram for the misorientation angle
shows that the average misorientation angle is 18°, and
41% of the boundaries have misorientation angles higher
than 16°.

After 4 passes of ECAPT, the pores are basically
closed. More ultrafine grains with high-angle grain
boundaries appear and the microstructure is more
homogeneous. The average grain size is 1.7 pm and 27%
of the scanned area has grains less than 1 um in size. The
grain boundaries with high-angle increases. The
histogram for the misorientation angle shows that the
average misorientation angle is 28°, and 72% of the
boundaries have misorientation angles higher than 16°.

TEM images of the specimens after different passes
of ECAPT are shown in Fig. 5. After 1 pass of ECAPT,
deformation bands are observed and high-density
dislocations occur. A few subgrains with low
misorientations and size less than 1 pm appear between
the banded grains. The microstructure is inhomogeneous.
Majority of the subgrain boundaries formed in the grain
interior are low-angled.

Fig. 5 TEM images of specimens after different passes of
ECAPT: (a) 1 pass; (b) 2 passes; (c) 4 passes
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After 2 passes of ECAPT, the refined grains
gradually transform into equiaxed ones, and contain
relatively low-density dislocations in their interiors. A
large number of dislocations stack around grain
boundaries, which leads to low-angle subgrains
formation [14].

After 4 passes of ECAPT, the sample experiences
severe plastic deformation and lattice dislocations are
accumulated. The subgrain boundaries gradually evolve
into high angle grain boundaries through dislocation
absorption. Therefore, near equiaxed ultrafine grains
separated by straight high-angle grain boundaries are
formed. The grains are refined greatly.

3.2 Density and hardness

The relative density increases from 0.75 to 0.95
after 1 pass of ECAPT. The Vickers hardness is 43.1.
That is, significant hardening occurs due to the relatively
fine microstructure and high-density dislocation
substructures of the material after 1 pass of ECAPT. With
the increasing of ECAPT passes, shear deformation
increases continually, which is beneficial to powder
densification. Otherwise, ultrafine grains with high angle
grain boundaries are formed, which increases strength of
the material. Therefore, after 4 passes of ECAPT, the
relative density of the sample increases to 0.997, and the
Vickers hardness reaches 48.5. Thus, pure Al particles
are successfully consolidated into fully dense bulk
material by ECAPT at 200 °C.

3.3 Compression properties

The compression true stress—strain curves of the
samples after different passes of ECAPT are plotted in
Fig. 6. It is noticed that the sample after 4 passes ECAPT
exhibits higher-strain hardening at the early stage of
compression deformation. The room temperature
compression strength exhibits a marked increase. The
yield strength of the sample after 1 pass ECAPT is
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Fig. 6 Compression true stress—true strain curves of samples
after ECAPT at room temperature

43.8 MPa, which increases to 87.3 MPa after 4 passes.
And the ultimate strength increases from 53.6 MPa to
123.3 MPa. The refined microstructure free from pores
and high boundary misorientation angles can account for
the higher strain hardening and compression strength of
the sample after 4 passes of ECAPT.

SEM images of the typical fracture morphologies of
the samples after different passes of ECAPT are shown
in Fig. 7. After 1 pass of ECAPT, the fracture surface is
uneven and lamellar distribution is obvious, which result
from the decohesion between adjacent particles due to
incomplete densification of the material. There are many
pores among particles. The cracks originate from the
pores and propagate along the particle interfaces [15].
After 4 passes of ECAPT, the fracture surface is smooth,
which is typical character of cleavage fracture. Shear slip
and tiny dimples characterized by tough fracture are
observed. It shows that particle consolidation can be
achieved.
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Fig. 7 SEM images of fracture surfaces after different passes of
ECAPT: (a) 1 pass; (b) 2 passes; (c) 4 passes
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Table 1 lists the mechanical properties of the
samples after 4 passes of ECAPT. For comparison, the
results of the ingot sample annealed at 200 °C for 3 h and
sintered sample pressed and vacuum sintered at 400 °C
for 4 h are also presented in Table 1. The results show
that the mechanical properties of the bulk sample
produced by ECAPT are remarkably higher than those of
the ingot or sinter sample.

Table 1 Mechanical properties of ingot, sinter and ECAPT
samples

. Vickers Yield Ultimate
Relative
Sample ) hardness/  strength/  strength/
density 5
(N-mm °) MPa MPa
Sinter 0.88 240.1 343 41.0
Ingot 1 286.2 47 88
ECAPT 0.997 4753 87.3 123.3

These studies show that the position, shape and size
of initial Al particles are continually changed during
ECAPT. Hydrostatic stress and shear strain induce pore
closure and good contact among particles, break oxide
films around particle surfaces, refine grains and produce
a lot of fresh and clean surfaces [16]. Otherwise, the
back pressure exerted by TE channel promotes the
self-diffusion of particles at the interface and decreases
the activity energy. These conditions are favorable to
particle consolidation. Therefore, it can be concluded
that ECAPT is an effective method of metallic powder
consolidation at lower temperatures than that used in
conventional powder metallurgy. The grains are refined
greatly and the material is considerably strengthened.

4 Conclusions

1) A novel technique of equal channel angular
pressing and torsion (ECAPT) was proposed to
consolidate Al powder at 200 °C. Al particles were
successfully consolidated into fully dense bulk material
with excellent bonding between the particles under the
high hydrostatic stress and large shear strain of ECAPT.

2) The grains were refined greatly, and near
equiaxed ultrafine grains with straight high-angle grain
boundaries were obtained. The mechanical properties of
the consolidated material were improved. ECAPT was a
promising process for producing high-performance bulk
materials from metallic powders.
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