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Abstract: The microstructure and the texture of extruded 6061 Al alloy processed by powder metallurgy (PM), using three different initial powder particle
sizes, have been studied after torsion deformation at 300 °C at strain rate of 6 s~'. The initial extruded microstructure of the three alloys consisted of
elongated grains confining substructure with a typical (1 1 1)+(1 0 0) fiber texture. After torsion deformation, the torque (/") as a function of the
equivalent strain (¢€eq) showed softening and the microstructure exhibited a gradient across the section so that the inner and outer zones contained
sheared-elongated and small-equiaxed subgrains, respectively. It was observed that the equivalent strain to failure for the material processed using
powder particles size of less than 45 wm was of about eq ~ 12, compared to e~ 1 for material processed using powder particles size of less than 25 pm.
The microstructural changes during hot torsion deformation of PM 6061 Al alloy should involve continuous dynamic processes.
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1. Introduction

Hot working at elevated temperature of aluminum (Al) and
Al alloys is of great importance in understanding the materi-als
response to deformation conditions and for predicting the
microstructural evolution during industrial manufacturing process
[1,2]. Hot torsion deformation is used in hot working processes to
make it possible to achieve large deformations and grain refine-
ment through the accumulation of strain without the occurrence
of plastic instabilities [3]. A complex combination of both restora-
tion and strengthening processes were proposed to explain the
microstructural changes at high temperature deformation of Al
alloys [4]. It has been reported that Al alloys exhibit very high rates
of dynamic recovery rather than dynamic recrystallization, how-
ever the formation of new grains during hot deformation has been
frequently observed [5]. Different types of dynamic recrystalliza-
tion, such as discontinuous dynamic recrystallization, continuous
dynamic recrystallization, and geometric dynamic
recrystallization have been found to occur in Al alloys. In general,
highly misoriented subgrains are formed and the misorientation
gradually increases during deformation [6].

The 6xxx Al alloys series are being widely used as structural
material as they show high strength, excellent corrosion resis-
tance, extrudability, and weldability. Specifically, the 6061 Al
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alloy processed via powder metallurgy (PM) exhibits fine-grained
microstructure and better combination of mechanical properties
compared to their ingot counterpart. The stability of the final
microstructure after hot deformation, i.e. grain size, second phase
particles, precipitates and texture, plays a dominant role in control-
ling the materials properties. The creep behavior and deformation
mechanisms of these Al alloys have been extensively studied over
a wide range of temperatures at moderate and low strain rates
[7,8]. However, the deformation behavior at high temperature and
high strain rate has received very limited attention [9,10]. Par-
ticularly, in the PM processing, few studies have been concerned
with the influence of initial powder particle size on the gradient of
microstructure and the properties of processed material by hot
tor-sion deformation [11]. Furthermore, the mechanisms
controlling the changes in the microstructure after large plastic
deformation require further research which would lead to a better
understand-ing of the microstructure-properties relationship.

In this study, the changes in the grain structure and texture of
extruded 6061 Al alloys processed via PM and subsequent torsion
deformation at 300 °C are discussed in the frame of the
deformation mechanisms reported for Al alloys [12,13].

2. Experimental procedure

The materials used in this study were prepared from 6061
Al alloy powder with the following composition in wt%:
97.74A1-0.96Mg-0.45Si-0.15Fe-0.27Cu [14]. The initial powder
was sieved to obtain three different powder particle sizes. Type A
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Fig. 1. (a) Particle size distribution of materials A, B and C and (b) corresponding
volume fraction of alumina.

containing particles size less than 45 um (not sieved material), type
B with powder particles size between 25 and 45 pm (+500 mesh)
and type C with powder particles size of less than 25 wm (—500
mesh). Measurements of particle size distribution for each type
of powder were performed using powder suspension in ethanol
through Mastersizer 2000 applying an impeller speed of 3000 rpm.
Five measurements were carried out for each type of powder and
the corresponding particle size distributions are shown in Fig. 1(a).
Similar particle size distributions were derived from the conven-
tional metallographic method. In this case fifteen images for each
type of powder were used. A stereographic method was used to
estimate three dimensional particle size distributions from the
optical micrographs [15].

Assuming spherical particles of diameter D and an alumina film
of thickness ro = 4 x 10~3 m covering the particles [6], the ratio of
volume of alumina to the volume of the particle was estimated as:

5:1_(1_%?)3 (1)

Evidently, the smaller the powder particle the greater the vol-
ume fraction of alumina present as shown in Fig. 1(b).

The materials were processed via a PM procedure in the same
way as that described in [16]. All the materials were uniaxially
pressed at 400 MPa at a temperature of 100°C and degassed at
about 500°C for 24 h. The resulting compacts A, B, and C were
then extruded at 500°C at 27:1 reduction, leading to bars of 8 mm
in diameter and 1000 mm in length. The same nomenclature as
for the sieved powders was kept for the extruded bars. To avoid
subsequent precipitation during torsion testing, all materials were
over-aged at 300°C during 24 h.

Samples for torsion tests were machined using a gauge length
of 10 mm and a diameter of 5mm. The torsion tests were carried
out at 300°C at a strain rate of 6s~1. The samples were heated
by a high frequency induction furnace in a silica tube in an argon
atmosphere. Two-color pyrometers were employed to measure the
temperature during the torsion test. At the end of each test the
sample was immediately water quenched to retain the deforma-
tion microstructure. The torsion test provides the torque (I") versus
the number of turns (N¢) curves. Then, the equivalent strain (geq)
and the strain rate ( ‘¢) were calculated by means of the following
relationships [17]:

ZJTRN[
Eeq = 2
“4T L3 (2)
. 27RN;
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where R is the sample radius, N; is the number of turns per second
and L is the gauge length.

Texture measurements were carried out by means of the Schulz
reflection method using a Siemens X-ray diffractometer equipped
with a D5000 goniometer. Quantitative three-dimensional orien-
tation distribution functions (ODFs) were obtained using the series
expansion method following the Bunge’s criterion [18,19]. ODFs
were represented with iso-intensity lines at equidistant sections
Ag@, =5° of the Euler’s space defined by ¢, @ and ¢, angles.

For metallographical studies, specimens cut from the processed
materials and deformed samples were successively grounded and
polished and then examined by optical and scanning electron
microscopy on a plane parallel to the extrusion axis direction (ED)
(or torsion axis). Barker’s, Keller’s and Poulton’s reagents were used
to examine the microstructure.

Vickers microhardness measurements were conducted on the
longitudinal section of deformed samples to investigate the hard-
ness gradient resulting after torsion deformation. A microhardness
test equipment Future-Tech-Corp-Model FM-100e applying a load
of 300g during 25s was employed for these measurements. The
hardness of the original powder was determined by applying a load
of 10g.

3. Results and discussion

3.1. Initial microstructure

Fig. 2 shows metallographic sections of types A, B, and C pow-
ders. Type A powder (no sieved powder) contains the whole range
of particle sizes as observed in Fig. 2(a) and (b). The particles are
almost spherical, although some of them show irregular shape.
Type B powder (+500 mesh) is shown in Fig. 2(c) and (d). It is
apparent the presence of particles smaller than 25 pwm that have
not been completely removed after the sieving process. These parti-
cles could have been stuck to other particles that prevent obtaining
the expected powder size range. However, the statistical analysis
reveals that the amount of particles smaller than 25 wm is about
18% less compared to type A powder. In turn, type C powder (-500
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Fig. 2. Powder of the 6061 Al alloy: (a) Type A powder (no sieved), (b) high magnification of (a), (c) Type B powder (+500 mesh), (d) high magnification of (c), (e) Type C

powder (—500 mesh) and (f) high magnification of (e).

mesh) contains fine particles as shown in Fig. 2(e) and (f). Fig. 3(a)
and (b) shows a dendritic structure inside the powder particles,
which appears finer in the small ones. The microhardness inden-
tations performed on a large number of particles (Fig. 3(c) and (d))
lead to a hardness of about ~71 Hv, somewhat higher than the
hardness of pure Al (99.6%), ~23 Hv.

A general view of the microstructure of the extruded PM 6061
Al alloy is shown in Fig. 4. It is important to emphasize that the
microstructure of the three materials shows similar characteris-
tics, though the initial particle sizes are different. Fig. 4(a) is a low
magnification picture of the microstructure of material A. The orig-
inal powder particles have undergone plastic deformation during
extrusion leading to elongated grains with the long axis parallel

to the ED [20]. A uniform banded structure is developed during
extrusion, showing a substructure formed at the expenses of a
dendritic structure developed inside the elongated grains. Details
of the substructure within the elongated grains are visible, as
indicated by arrows in Fig. 4(b). Similar observations are made
for material B in Fig. 4(c) and (d) and for material C in Fig. 4(e)
and (f).

The second phase particles and the precipitates are found inside
the grains and at the grain boundaries aligned with the ED [21]. In
addition to these particles, a fine dispersion of alumina parti-cles
should be present in all materials. These particles result from
alumina covering the original powder particles. The amount of alu-
mina is significant in small powder particles, in accordance with
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Fig. 3. Dendritic structure inside the powder particles: (a) medium magnification and (b) high magnification. Microhardness indentations: (¢) medium magnification and

(d) high magnification.

Fig. 1(b). Thus, it is expected that material C contains higher amount
of alumina particles than materials A and B.

The texture for all materials is described by (11 1)+(1 00) fibers,
with the fiber axis parallel to ED. The initial deformation texture is
more effectively retained in materials A and B than in material C,
since material C presents a lower texture intensity (I=17.5) than
that of materials A (I=29) and B (I=32).

3.2. Torsion tests

The results of the torsion tests for all materials are summarized
in the plot of Fig. 5. In this figure, the torque (I") is represented as
function of the equivalent strain (geq). As is shown, the I vs. geq
curves for materials A and B have a similar peak torque (1), but the
equivalent strain to failure of material A is twice that of material B,
geq ~ 6 (which corresponds to number of turns of N¢ ~ 5.8) against
geq~ 12 (N¢~11.3). The I'p for material Cis slightly higher whereas
the equivalent strain is lower geq ~ 1 (N; ~ 1). Two important con-
clusions can be drawn from Fig. 5, one concerns the softening
observed in the I" vs. geq curves and the other is that the geq at
I'p for material C is 3.4 times smaller than the observed value for
materials A or B.

The slight increase of I' in material C should be related to the
initial notable presence of alumina introduced during PM process
as illustrated in Fig. 1(b). The interaction of the substructure with
the precipitates and oxides can boost strengthening of the material.
But, unfortunately, such interaction could also trigger stress con-
centration, leading to premature failure [22,23]. Similarly, material

B may contain enough coarse subgrains (developed from powder
size between 25 and 45 pm) whereas material A may contain both
coarse and fine subgrains, associated with the whole range of par-
ticle sizes of this material (see Fig. 2(a) and (b)). This suggests that
the presence of a type C substructure (—500 mesh) in material A
may improve the plastic compatibility leading to the observed large
plastic flow stability and, therefore, to a high geq. In summary, the
type C substructure should play a crucial role in accommodating
grain fragmentation which is the final microstructural feature for
controlling the mechanical characteristics of this material.

3.3. Grain structure after torsion deformation

The microstructures of the torsioned materials are shown in
Fig. 6(a)-(c) for materials A, B and C, respectively. In all three cases,
a microstructural gradient is developed with two distinguishable
regions marked as zone 1 and zone 2, which correspond to the outer
(surface) and the inner region (centre), respectively. In zone 1, a
homogeneous distribution of small equiaxed subgrains less than
1 wm in size is visible. The subgrain at the upper side of the micro-
graphs, close to the grip region, is somewhat coarser than the one
in the region near the fracture (bottom side). In zone 2 recrys-
tallization does not take place. The grains are only twisted and
become thinner. It is worth noting that the unrecrystallized zone
in material C extends from the grip to the fracture region, Fig. 6(c),
whereas in material A it becomes less apparent toward the frac-
ture region, Fig. 6(a). Furthermore, shearing in zone 2 of material A
seems to be progressive, according to the angle between the long
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Fig. 4. (a) Microstructure of material A showing elongated banded structure parallel to ED, (b) high magnification of (a). Similar banded microstructure is also apparent for
material B: (c) low magnification, (d) high magnification of (c) and for material C: (e) low magnification and (f) high magnification of (e). The arrows indicate the substructure

inside the banded structure.

axis of deformed grains and the torsion axis. This angle is low at the
proximity of the grip region but it increases along the gauge, reach-
ing the maximum value at the fracture region. This indicates the
increasingly deformed microstructure and shearing change with
the fragmentation process through zone 2. This results in a more
effective refinement of the microstructure. These effects are clearly
revealed in material A where the angle in the grip region is of
about 45° and increases to 90° near the fracture. The microstruc-
ture gradient developed in PM 6061 Al alloy is commonly observed
in materials deformed in torsion, which is associated with inhomo-
geneous deformation or strain rate through the radius, maximum
at the surface and minimum at the centre [24].

The evolution of the deformed grain structure is also observed
from the change in the alignment of the second phase particles as
shown in Fig. 7. This figure illustrates the alignment of these
particles on a longitudinal plane of materials B and C. In the grip
regions the particles are aligned with the ED, as observed in Fig.
7(a) and (d). However, in the deformed regions the particles
alignment changes dramatically from zone 2 to zone 1. In zone 2,
the second phase particles reorient as shown in Fig. 7(b) and (e). In
contrast, such alignment is broken up in zone 1 by shear
deformation, and the particles become uniformly distributed in
the matrix, Fig. 7(c) and (f). Similar changes in the alignment of
particles in zone 1 and 2 are also found in material A.
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Fig. 5. Torque as function of equivalent strain curves of materials A, B and C.

3.4. Microhardness measurements

Fig. 8 shows the hardness along ED in zone 2 of deformed
materi-als. It can be seen that the hardness along the torsion axis
increases from the grip to the fracture region. This is consistent
with the deformation gradient observed along this direction. The
hardness along the diameters d;, d, and d3 of deformed samples
are shown in Fig. 9(a)-(c) for materials A, B and C, respectively. For
compari-son, the hardness at the grip regions and the hardness of
the 6061 Al powder particles are also included. As observed, the
powder has higher hardness than any of the three materials. This is
due to the high amount of atoms in solid solution in the dendritic
structure. Furthermore, it is remarkable that the material C reveals
a low hard-ness in spite of its high content of alumina particles
(see Fig. 1(b)). This material, however, has the lowest texture
intensity of all three materials [25]. Then, their difference in
hardness should be due to the texture rather than to the presence
of the oxides. However, under torsion deformation at 300 °C the
thermally activated pro-cesses become more important and, thus,
the strengthening due to oxide-dislocation interactions should be
more pronounced in material C than in materials A and B, as
revealed by the increase of I'pin the I"vs. geq curves.

An important consideration arising from Fig. 9 is the hardness
decrease from the outer region towards the inner region of the
torsioned samples. This variation in hardness across the radius is
noticeably more marked for material C (N~ 1) than for material A
(Nt~ 11.3), compare Fig. 9(a) and (c). It is related to the gradient of

Fig. 6. Deformed microstructures (longitudinal section) in the gauge region of: (a) material A, (b) material B, and (c) material C.



5 l..
. ! Joupac-R 2Pl
o B i 1 . i
i I J 4 . Pl : .
1 S [ PR )

. I e S b
ig ' 0 'y
jiiithiy B G ?

] : 1 alt:r

! Y o ! Lo e ’

. ' J [A 1: iy
VP fLe ] e

’ Tl I
I, & I
L fd K h
1’ ] I
8’1 3
. Fr f F
o : 3.
Y ’ ‘
. i { L
P 7 f
3 0% V2
g ;,. I‘ .
i 7 7
. / , /7 Loty
Y 0y ’ ,
e ’
¢, / !I J'i ]
L4 Vs
! / + / B |
/ . Vi
¢ S 7
/ / 7 » 5
oA P
' Y ,’ . -4 /
II ! &
‘ 7 ‘
,1: W W 2l ‘
7 9 . ' 10 pm
2 i ‘s ! .

s . -

g
2. y ”
f 4 - ’ £ -
L ] ’
’ ‘
A ’ -
¢ ¢ g
: o 3
e ' ’ >
v . iy 1 .
'L
. S s ;
’ ; z [ g
8¢ o
—', i '

’ PR
FS e . o o2 =4,
;
L é
_ ’ A s
& o 1
3
3
s o " A v
:
e - -
LY \ - - i
¥ + i : '\.
’ ‘ ' -’ - ’
S i : 10 ym
bt - ¥ ' e s il . 5]

Fig. 7. Alignment of second phase particles after torsion deformation (longitudinal section): (a)-(c) correspond to: grip region, zone 2, and zone 1, respectively, of material

B and (d)-(f) correspond to the same regions of material C.

the microstructure shown in Figs. 6 and 7; i.e. the grain refinement
increases from grip towards the fracture region and decreases
from the surface towards the centre of the strained samples.
Similar changes in hardness across the radius of deformed sample
were observed in a series of Al alloys processed by high pressure
torsion (HPT), as for example pure Al, 6061 Al alloy, and
strengthened Al-Mg alloy [26-29]. Then, there is clear evidence for
evolution towards a more homogeneous microstructure with
increasing equivalent strain (or Ny).

If the average hardness at d; (1 <i <3) of materials A, B and C is
plotted as a function of the corresponding equivalent strain (or as a
function of the number of turns N;) then the data will lie on a single
curve, which should be described by three main stages, I, I and III,
as shown in Fig. 10. In stage I the hardness increases until reaching
amaximum located at geq between ~1 and ~6 (extrapolated point)
and then decreases in stage Il with a further strain up to 12. A very
large strain is expected in stage III, where the hardness should be
constant. This hardness variation with geq at room temperature of
PM 6061 Al alloy is in good agreement with the softening observed
in I"vs. geq curves in Fig. 5. On the basis of this representation, it is
reasonable accepting that the hardness of sample C belongs to stage

I (strengthening), where the recrystallized microstructure is low
compared to materials A and B, which belong to stage Il (softening).
The microstructure in stages Il and IIl should be characterized by a
progressive increase in the recrystallized microstructure and then
an equilibrium grain structure should be achieved. It is proposed
that the strengthening and softening of PM 6061 Al alloy during
torsion deformation is controlled by the fragmentation process,
depending on the change in the recrystallized volume.

The evolution of hardness with the number of turns during HPT
has been studied in numerous materials, and different views have
been proposed to determine the softening mechanism [30-32]. It
was suggested that the average size of grains with highly mis-
oriented boundaries is the important parameter influencing the
softening and strengthening during the HPT process [32]. Also, the
higher the homologous temperature, Ty (Ty = T/Ty, where T is the
temperature test and Ty, is the melting temperature), and/or the
stacking fault energy, the more predominant the dynamic soften-
ing processes. On the contrary, the PM 6061 Al alloy treated in
this study exhibits softening even though it was reported that the
stacking fault energy is lower than that of pure Al [34]. However,
softening and hardening have been observed in 6061 Al alloy under
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torsion deformation at high homologous temperatures of Ty =0.72
and 0.81 [24] and under HPT and ECAP at Ty = 0.32 [33,34] whereas
the grain size increases with increasing Ty. Further studies are,
hence, needed to understand the microstructural changes involved
during torsion deformation and the relationship between softening
processes and Th.

3.5. Texture after torsion deformation

Fig. 11 represents the ODFs through ¢,-sections and the spa-tial
arrangement of the fibers in the Euler’s space of materials A (Fig.
11(b)), B (Fig. 11(c)) and C (Fig. 11(d)) after torsion deforma-tion. It
is important to note that the texture measurements were
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carried out on the longitudinal plane of deformed samples, includ-
ing zone 1 and zone 2. For comparison, the ODFs and Euler’s space
evaluated in the grip region of sample C are also introduced in Fig.
11(a). This texture should be considered as the initial one for all
torsion tests since the pre-annealing treatment does not affect the
microstructure. It can be described by a set of orientations start-
ingat(011)[111]andextending from (110)[111] to(101)[111],
i.e. (111) fiber orientations. After torsion deformation, this fiber is
found in the gauge region of all the deformed materials. However,
itsintensity decays. This texture appears similar to the one obtained
in pure Al deformed in torsion up to 31 equivalent strain at 400 °C, at
strain rate of 5 x 10~2s~! and in 1050 Al alloy deformed in torsion

a) 75 ‘ b) 75 c) 75
(@) powder particle | (b) ! Material B © : Material C
: | T-d, : Td,
or | Material A or 1 R Bl 70 | gauge J @~
| -d, “ 3 | O d
= 65 I gauge  @—d, - 65 ! < 65 I
5 : &dz, :|>: O\o : o0—0 1>:’ :
? | ] B /.?\ o : /o—o/ 4 -® a2 |
® 60| | L 60f g Ta |7 o-e O & 60f |
£ ! c O-—  e--eoF--e~ c !
= I ° I o B I
s o. I o 5 ooy o I !
S 551 e. © I 7 ee £ 55¢ T — o £ 55¢ I
= ) _o.! o o I o 1
L oo TeR_ oo oo 5 i 5 3 |
£ - \.» [ — | — -—0. | o
o 50f  Fo-g Mo E sof | £ 5o} \@\\&\O‘\D =S
= | AT
S 45} | £ 45F : £ 45} peRar
| -/ |
| | grip |
40 | grip 40| | 40 |
| | |
: : | grip
35 Il Il Il Il Il 35 Il Il Il Il Il 35 Il Il Il Il Il
2 1 0 1 2 2 1 0 1 2 2 1 0 1 2

Distance from center (mm)

Distance from center (mm)

Distance from center (mm)

Fig. 9. Microhardness profiles across diameters denoted as dy, d2, and ds in Fig. 6 of (a) material A, (b) material B, and (c) material C.



Initial

Material A

Material B

Material C

¢ =0
—
o005

Sl

Fig. 11. Texture represented as ODFs sections (¢, = cte) and spatial arrangement of the fibers in the Euler’s space: (a) initial, and gauge region of (b) material A, (c) material

B and (d) material C.

atastrainof 7 at450°C at strainrate of 0.1 s~1[35,6]. Asimilar result
was also found in Al strained by HPT at room temperature [36]. Fur-
thermore, for ¢, =0° it can be seen the emergence of (012)[100]
orientation for samples A and B and the (0 1 3)[1 O O] orientation
for sample C, Fig. 11(b)-(d), respectively. These orientations are
related to a rotation about (1 00). Therefore, the cube orientation

{100}(100) evolves towards the Goss orientation, {110}(100)
(G), during torsion deformation.

The intensity of the global texture after torsion deformation
is low (I~ 3), compared to the initial one, despite the difference
observed for the equivalent strain to failure. For example, the tex-
ture intensity in sample C decreases dramatically, from I~17 to



close to I~3 in a short strain interval of about ~1, while sample
A exhibits large equivalent strain to failure, geq ~ 12, and the final
texture intensity approaches 3. This means that (i) the premature
failure of sample C is not caused by texture softening, and (ii) the
texture decrease, as well as most microstructural changes should
occur in a strain interval below 2. On the other hand, it is observed
that the fibers orientations persist in zone 1 even after a large strain
isachieved. This indicates that the fragmentation of the microstruc-
ture does not randomize the texture in the recrystallized regions,
i.e. a fraction of subgrains which accommodate the deformation
with respect to their neighbors should maintain their orientation.

3.6. Hot deformation behavior

In accordance with the microstructure developed after torsion
tests (Fig. 6), it seems that the softening observed in I" vs. geq
curves (Fig. 5) cannot be explained in terms of discontinuous or
geomet-ric dynamic recrystallization. This is because neither
signal of grain boundary migration nor serrated grain boundaries
are observed in the deformed microstructures [37-41]. Moreover,
deformation shear bands associated with adiabatic heating are not
observed under the testing conditions of this study, which
generally should produce softening [42]. It is the initial banded
structure which frag-ments during torsion deformation, assisted
by continuous dynamic processes. During early stages of
deformation, up to a strain of less than ~2 (stage I in Fig. 10), the
texture vanishes and small subgrains develop, especially at the
outer region of the deformed samples. Since materials A and B
develop similar end texture, whereas eeq differs by a factor of two,
it is expected that the texture remains constant in the progress of
shearing beyond I (stage Il in Fig. 10).

There is lack of data about the texture of PM Al alloys after tor-
sion deformation, whereas texture of cast Al and Al alloys after hot
working has been reported [3,35]. It was observed that the texture
often becomes weak after large torsion deformation, similar to that
observed in the PM 6061 Al alloy of this study, and in 6061 Al alloy
processed by ECAP [34,43]. Furthermore, the effect of rotation of
cube orientation on softening is insignificant, although the Taylor’s
factor due to the evolution of texture during torsion can decrease
[44,45]. This effect can contribute only partially to the softening
[46,47]. As anticipated in Section 3.5, we can conclude, therefore,
that softening of PM 6061 Al alloy cannot be due to the texture.

On the other hand, neither dynamic subgrain growth nor
agglomeration of second phase particles is observed in PM 6061
Al alloy after torsion. Both can also promote softening [34]. The
microstructure in the recrystallized regions may remain constant in
the softening stage beyond I (stage Il in Fig. 10). This is supported
by the fact that the subgrain size of material C in the recrystallized
region is similar to that of materials A and B. However, if the mate-
rial A, supposedly, had the capacity to deform above a strain of 12,
then the microstructure could have been totally recrystallized in
stage III, and no sheared zone 2 would be apparent. This result is
consistent with that obtained in Al and Al alloys after large tor-
sion deformation [3]. Under these conditions, an equilibrium grain
structure independent of the initial grain size is developed [24,48].
The same tendency was observed in materials processed by ECAP
and HPT. For example, small grains of about 0.9 and 1.2 pum were
developed in Al-Li and Al-Cu alloys deformed by ECAP up to strain
12 via route A at 300 and 250 °C, respectively [49,50]. Also,
ultrafine grains of 0.25 pm in size were developed under HPT after
20 turns at room temperature [33].

There is an agreement that the grain fragmentation in Al and
Al alloys processed by different thermomechanical routes, such
as torsion, compression, ECAP, or HPT is usually accompanied by
a decrease of the initial texture, and an increase of the average
misorientation between neighbors; low angle boundaries gradu-
ally transform into high angle boundaries [49,50,41]. Nevertheless,

there is a difference in the strain conditions for the onset of the
formation of the new substructure, at least under torsion defor-
mation conditions. For example, it has been reported in several
studies that the substructure develops during the early stages of
deformation up to the peak stress [6,51,52]. By contrast, it has been
concluded in an early study that subgrain boundaries in Al do not
form until I"pis reached [38,53]. Furthermore, new subgrains were
not developed in a 6061 Al alloy until certain strain beyond the
peak stress was attained [24]. Grain rotation, grain boundary
sliding and diffusion creep can also operate during torsion deforma-
tion that would hide the main deformation mechanism responsible
for softening. More microscopic observations and mechanical tests
are needed to deepen our knowledge of the correlation between
softening, grain structure, texture-microtexture, and homologous
temperature during hot torsion deformation.

4. Conclusions

The microstructure and the texture of three extruded 6061 Al
alloys processed by powder metallurgy route using different par-
ticle sizes have been studied after torsion deformation at 300 °C at
strain rate of 6 s~1. The main findings of this study are as follows:

1. The extruded 6061 Al alloys showed a banded structure, con-
sisting of elongated grains confining a fine substructure. The
texture was described by (11 1)+(1 00) fibers, typical of extruded
Al alloys.

2. The torsioned samples developed a gradient of microstructure
through the diameter: the inner zone contained sheared grains
and the outer zone contained new small recrystallized subgrains
inferior to 1 wm, formed by the fragmentation of the original
grains. The initial texture intensity decreased dramatically.

3. The I" vs. geq curves of all deformed materials reveal softening.
The alloy processed from powder particle of less than 45 pm in
size showed €eq ~ 12, whereas the alloy processed form powder
particles of less than 25 um in size showed geq ~ 1. This result
was associated with the fragmentation of the banded structure
assisted by a continuous dynamic process.
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