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Abstract: In this study, pure aluminum particles were successfully consolidated to fully dense bulk material by back pressure
equal channel angular pressing (BE-ECAP) at room temperature, the evolutions of microstructure and densification mechanism
were systematically investigated using an FEI-TECNAI G20 transmission electron microscope (TEM) operating at 200kV, FEI
field-emission scanning electron microscope (FE-SEM) and hardness testing. The results indicated that the strong bulk materials
from particles were successfully produced. After 4 BE-ECAP passes, the present samples show finer grains with the average
grain size of ~10um, the density of the sample was considerably higher compared to those of the materials that had undergone
ECAP without back pressure, and was approach to the theoretical density of pure Al. This was related to the combination of
hydrostatic pressure, shear deformation and strain accumulation. The mechanisms of grain refinement was the dislocation
generated inside grains moves towards the grain boundary continuously, and accumulates, tangles annihilates at the grain
boundaries, which resulting in the grains continuously fragmented and refined.
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processes such as equal channel angular pressing [1-6],

1. Introduction

The powder metallurgy and ceramic manufacturing has
been used in synthesis of bulk materials from particles with
specific shape, size and performance for a long time.
However, it avoids large scale solidification processing and
often results in composition segregation and casting defects,
which is difficult to achieve the theoretical density and
hardness. Compared with other dense materials, powder
metallurgy products has weak plastic deformation ability, and
it is easy to generate cracks during subsequent processing
and hard to accumulate large effective strains or deform,
which affects the effect of microstructure refinement and
greatly reduces its strength and toughness. However, fully
dense materials are difficult to produce using conventional
powder metallurgy. More recently, severe deformation

torsional-equal channel angular pressing (T-ECAP) [7-12],
back pressure equal channel angular [13-15], and
extrusion-equal channel angular pressing [3, 16] are mostly
used to consolidate Al particles to superior dense components.
ECAP deformation can effectively reduce the porosity,
increase the relative density and consolidation effect, and
was used to prepare particle reinforced aluminum-based
composite materials [14, 17], especially the method of
wrapped powder with the sheath, the severe shear
deformation involved in these processes is believed to disrupt
the surface oxide layer and create good contact between
particles. Consequently, consolidation can be carried out at
room temperature and even achieved fully dense bulk
materials [4, 5, 10].

Back pressure equal channel angular consolidation
(BP-ECAC) is an innovative process to synthesise bulk
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materials from particles, which combined severe shearing
with high pressure. In previous reports, micrometer-sized
Al particles were consolidated by back pressure equal
channel angular pressing [13, 18]. Wu. X et al. [19] also
reported that BP-ECAC was successfully applying to
produce the aluminum matrix composites containing fine
flyash particles, and discussed that this process not only
produce ultrafine metal matrix composites but also greatly
increase efficiency and thus reduce cost of production. In
the present study, the BP-ECAP process was applied to
prepare the bulk material of pure Al particles at room
temperature, the Al powder wrapped in a pure aluminum
sheath, and the back pressure block was arranged in the
channel of the ECAP mold to improve the hydrostatic
pressure, which can produce uniform shear in a large
volume material. The evolutions of microstructure and
densification mechanism were systematically investigated
using an FEI-TECNAI G20 transmission electron
microscope (TEM) operating at 200kV, FEI field-emission
scanning electron microscope (FE-SEM) and hardness
testing showed good bonding between particles, full density
and excellent fined grains.

2. Experiment
2.1. Materials and Equipment

The pure Al powder used was produced by aluminum melt
atomization with the average size of ~35um, the pure
aluminum powder was selected as the experimental material
due to their face-centered cubic structure and a total of 12
slip systems with good plasticity. When ECAP deformation
was applied, it can get good deformation and achieve
consolidation. In order to obtain sufficient strain
accumulation effectively refine the structure during ECAP,
the pure Al material was used as sheath, the pure Al powder
wrapped in the sheath, and the deformation was carried out
together with the sheath. However, the sheath was used to
prevent contamination, these features make back pressure
equal channel angular pressing (BP-ECAP) very suitable for
practical applications by the industry.

P=120°

F=15

Figure 1. Schematic diagram of BE-ECAP process.

The BE-ECAP mold is composed of a die, sheath and a
punch as shown in Figure 1. The mold is a split structure
with the parting surface at the edge of the channel, so as to
take out the sample smoothly. In order to provide enough
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radial pressing force for the extruding die so that there is no
flash at the parting surface of the blank, the Mo type taper
fit is adopted between the extruding die and the sheath.
Cuboid samples with a dimension of 15 mmx15 mm
prepared for BE-ECAP processing, and the ECAP process
was carried out at room temperature with an average
extrusion speed of 3 mm/min using a die with ¢= 90°C and
y = 20°C (¢: inner arc of curvature; y: outer arc of
curvature) following the route A (the specimen is in the
same direction between each pass).

2.2. Experimental Procedures

The pure Al powder wrapped in cylindrical shape Al
sheath before the experiment (the red part in Figure 1b), and
compacted to have a certain initial compaction. It is
necessary to consider the thickness of the sheath to meet its
strength, volume requirements and distribution of
deformation zones. Because the deformation distribution in
the deformation area is uneven, the deformation amount in
the bottom area is relatively small, and an appropriate
amount of margin is left to ensure the uniformity of powder
deformation. In order to prevent powder loss during
pressing and increase the back pressure, a gasket with a
thickness of 5 mm was designed to the forward in the
entrance channel (the blue part in Figure 1b), a back
pressure block designed with 6063 alloy was placed in the
exit channel to provide a constant back pressure (PB)
during ECAP.

The microstructure of the sample was characterized by
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), the calibration method of the
cross-sectional plane X, the side- sectional plane Y and the
top-sectional plane Z was shown in Figure 1b. For SEM
observation, standard metallography procedures were
followed to prepare the polished surface which was etched in
a mixed acid solution of 0.5% hydrofluoric acid, 1.5%
hydrochloric acid, 2.5% Nitric acid and 95.5% water for~20s
to reveal the grains. TEM was carried out in a FEI-G20
operating at 200 kV, thin foils for TEM observation were
punched to discs of 3 mm in diameter, mechanically polished
to 70um and then ion-milled using Gatan691 plasma ion
polisher. Examination of the mechanical properties of the
samples was done using Rockwell hardness using 50g and 25
s loading time.

3. Results and Discussion

3.1. Microstructure Evolution of Al Powder During
BE-ECAP

Figure 2a shows the appearance and morphology of pure
Al powder produced by atomization, the pure Al particle
exhibited equiaxed grains with an average size of ~35um and
a quantity of remaining coarse particles. In addition, the
particles were of irregular shape as revealed in Figure 2b, and
each particle contains substantially equiaxed grains with an
average size of ~6.36 um.
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Figure 2. The a appearance and b microstructure of the as-received pure Al
particles.

The specified composition of the as-received powder was
as follows: Al (99.48%), Si (0.1%), Fe (0.15%), Cu (0.02%),
O (0.25%). The analysed composition of the as-received
powder is shown in Table 1.

Among them, the composition of Si, Fe, Cu and Al is
consistent with the standard composition of commercial pure
aluminum. However, the powder material had a higher
oxygen content of 0.25wt.% (Table 1). This was obviously
due to the surface oxide on the as-received Al particles

because of the larger specific surface area.

Table 1. Chemical compositions of the as-received Al powder (wt.%).

Si Fe Cu [8) Al

0.1% 0.15% 0.02% 0.25 99.48%

3.2. Microstructure Analysis After BE-ECAP Processed for
One Pass

Figure 3 presents the SEM images of the X plane and Y
plane after BE-ECAP for 1 pass at room temperature. Good
bonging between particles was obvious with no pores
observed, a large number of micro-pores were closed, and the
density has been significantly improved, which was basically
consistent with the results of the investigations [13]. The
microstructure of the X plane remains unchanged compared
with the as-received pure Al powder (Figure 3a). The grains
of the Y plane were obviously elongated and refined
significantly (Figure 3b) with the average size of ~22.6pum,
considerably finer than the as-received particles. It is uniform
and the shear marks are clearly visible.

Figure 3. The microstructure of a X plane and b Y plane after BE-ECAP for 1 pass.

As mentioned above results show that the powder area has
not entered the front of the corner in the mold at the outset of
the BE-ECAP. The powder of matrix and pore morphology
unchanged due to the small amount of deformation compared
with the as-received sample. After the particles enters the
corner area, the microstructure and morphology of the
sample has changed significantly due to the strong shear
deformation, the particles were moved, rotated, deformed and
fractured to mechanically mesh and boding consolidation, as
observed also by other [10].

Figure 4 shows the TEM microstructure of the Y plane

after BE-ECAP for pass. Severely shear deformation occured
between particles and a large strain was generated inside the
matrix structure, which promoted a large number of
dislocations inside the grain. After | BE-ECAP pass, a clear
dislocation structure had generally formed inside the grains
and entangled dislocations were stacked together to form a
dislocation wall. It is clear that the dislocations within the
grains move toward the grain boundaries (Figure 4 a), But
the grain boundaries are relatively fuzzy (arrow position)
with more completely equiaxed subgrains (indicated by the
arrow in Figure 4) can be seen inside the local grains.

Figure 4. The morphology of a dislocation and b subgrain on Y plane after BE-ECAP for 1 pass.
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3.3. Microstructure Analysis After BE-ECAP Processed for
Two Pass

Figure 5 shows the SEM microstructure of X plane and Y
plane after BE-ECAP for 2 pass. The microstructure of X
plane remains unchanged compared with the one pass.
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However, the microstructure of the Y plane was further
elongated into a band-like structure with the shear marks can
be observed, the grains were refined and the pores were
closed to further increase the density compared with the 1

pass.

Figure 5. The microstructure of a X plane and b Y plane after BE-ECAP for 2 pass

Figure 6 shows the TEM microstructure of Y plane after
BE-ECAP for 2 pass. It can be seen that with the increase
of shear strain, the proliferation of dislocation promotes
the grain to be further refined compared with the 1 pass,
which is consistent with the research results in Ref. [20].
The movement of dislocations (as shown in Figure 6a)
forming dislocation grid, which is indicated by the arrow

in the Figure. Complete sub-grains and partially-formed
sub-grains were formed in part of the grains (as shown in
Figure 6b), and their sizes and shapes were not very
uniform with no obvious dislocation observed. Dislocation
accumulation can still be observed at the sub grain
boundary, while some sub grain boundaries tend to be flat.

Figure 6. The morphology of a dislocation and b subgrain on Y plane after BE-ECAP for 2 pass.

3.4. Microstructure Analysis After BE-ECAP Processed for
Four Pass

Figure 7 shows the SEM microstructure of X plane and Y
plane after BE-ECAP for 4 pass. It was observed that the

grains were further refined on the X-Plane with an average
particle size of ~10.62um with the increase of accumulated
strain. In the Y plane, the grains were further elongated and
the morphology was similar to the present in Figure 5.

Figure 7. The microstructure of a X plane and b Y plane after BE-ECAP for 4 pass.
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Figure 8 shows the TEM microstructure of the cross
section after BE-ECAP for 4 pass. It can be seen that the
grains are further refined and the sub grain boundaries inside
the grains are more perfect, because of the dislocations inside
the grains also move to the sub grain boundaries, accumulate,
entangle and annihilate at the sub grain boundaries, the sub
grains are broken and rotated continuously, and the grain size
distribution tends to be uniform. While the grain is relatively
clean with no dislocation was observed and the grain
boundary tends to be flat.

When increasing the number of BE-ECAP passes from 1
to 4, the grains refinement subsequently increase, the first
two passes had the best effect, and the last pass had a weaker
effect. With an increase in the number of BE-ECAP passes
and the cumulative strain, the uniformity and density of the
grain size distribution within the sample were improved, and
the matrix material also presents a higher work-hardening.

a s
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Figure 8. The TEM microstructures at X plane after 4 passes.

3.5. Evolution of Density and Micro-hardness on Each
Pass

The sample cover was peeled off by lathe after each pass,
the density of the materials was measured based on the
Archimedes principle using samples of about 2cm’ in volume
and polished on all surfaces [13]. For mechanical properties,
the Vickers hardness (HV) was measured using 50 g load and
25s loading time. Ten Points were tested for each specimen.

Table 2 shows the density and the HV values of the sample.

It can be seen that the pure aluminum powder was effectively
consolidated and densified after only one pass of
consolidation with the relative density of 97.0% and the
micro-hardness of 38.6 HV, an increase of approximately
18.4%. After that, the material structure was further refined
and dense during the BE-ECAP process, but the increase in
relative density and micro-hardness gradually slowed down,
eventually 99.2% and 44 HV respectively after BE-ECAP for
4 pass. This was consistent with observations in other
investigations [21]. In comparison, the materials did not gain
full density even after multiple passes in ECA deformation
without back pressure [20, 21].

Table 2. Density value and Vickers microhardness of the sample with different
passes.

Density (g/cm’)/Relative

2
Sample density (%) HV (Kg/mm")
Commercial Pure Al 2.67/100 32.6HV

1 pass 2.59/97.0 38.6HV

2 pass 2.62/98.1 41.2HV

3 pass 2.63/98.5 42.1HV

4 pass 2.65/99.2 44HV

The above results show that excellent bonding between
particles can be achieved at room temperatures by forcing them to
undergo severe shear deformation under moderate compressive
stress [22]. Pure Al particles in the caning were displaced and
deformed under the stress, and the density of the sample changed
regularly with the BE-ECAP pass. When the particles had not
entered the corner of the mold, the powder was displaced to fill
the pores due to the stress. The powder's arch bridge effect was
destroyed and the density of the sample increased rapidly. The
particles entered the intersection of the two channels and subjected
to a large shear deformation. When the stress exceeded the critical
stress of the powder, some large particles were crushed and filled
the gaps between the particles. Moreover, the shearing also forced
the surface oxide layers surrounding the metal particles are
ruptured and exposed freshly clean surfaces of the particles,
ensured good bonding between them [19, 23], which resulted in
the density of the sample was further increased. In the subsequent
BE-ECAP passes, although the pores of the specimen further
closed and the density was further increased, the increase range
was inferior to the first pass. After BE-ECAP for 4 pass, the
density of the sample was close to the theoretical density of pure
aluminum. It has demonstrated that this process can achieve
extremely ideal powder compacting effect. The plastic
deformation of the particles and the effect of the back pressure
block caused the metal in the deformation zone to have a large
compressive stress, which promoted the consolidation and
alloying of the aluminum powder.

4. Conclusion

(1) With the application of a back pressure, which can
make the pure Al powder plastically deform and consolidate
under the hydrostatic pressure, and full density and good
bonding throughout the volume was reached after the very
first passage at room temperature.

(2) In the process of powder consolidation, the powder was
displaced and filled with pores undergo severe shear
deformation. When the powder was subjected to the stress
exceeding the critical stress, it began to deform and the arch
bridge effect of the powder was destroyed. The effect of the
filled pores effect enhanced the density of the sample, which
was approach to the theoretical density of pure Al after
BE-ECAP for 4 pass.

(3) The grain was severely refined from ~35pum
as-received state to 10.62um just one pass of BE-ECAP.
After BE-ECAP for multiple passes, although the powder
was further refined, the increased magnitudes seemed to be
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small. The grain refining mechanism was the deformation
process of BE-ECAP, which caused the dislocations
generated inside the grains to continuously move to the grain
boundaries, accumulation, entanglement and annihilation at
the grain boundaries, made the grains constantly broken and
the grain structure significantly refined.
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