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The6061alloymatrix composites reinforcedwith 10 wt.%and15 wt.%of SiCnanoparticleswith
anaverage diameter of ~500 nmwere hot extruded in strip shape fromballmilled powders. The
microstructures and textures of the hot extruded nanocomposites have been investigated by
means of three dimensional orientation distribution functions and electron backscatter
diffraction (EBSD) techniques. Pure Al and 6061 alloy extruded strips from atomised powders
have been produced for comparison purposes. The results show that the non-deformable SiC
particulates have a strong influence on the formation of extrusion textures in the matrix. Pure
Al and 6061 alloy develop a typical β fibre texture after extrusion in strip shape. For 6061/SiCp

nanocomposites, the intensities ofmajor texture components decreasewith increasingamount
of SiC particles. The total intensities of Brass, Dillamore and S components have decreased by
19% for 6061/10 wt.% SiCp and 40% for 6061/15 wt.% SiCp composites when compared with the
6061 alloy. EBSD analysis on local grain orientations shows limited Al grain rotations in SiC rich
zones and decreased texture intensities.
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1. Introduction

Particulate reinforced aluminium alloy composites are attrac-
tive materials for automotive, aeronautic and aerospace
applications due to their low density, high Young's modulus
and strength and high wear resistance [1]. These aluminium
alloy matrix composites can be produced by powder metal-
lurgy routes followed by secondary forming processes, such as
extrusion and rolling [2].

Investigations on the development of crystallographic
texture during extrusion and rolling of aluminium alloy
composites have been carried out since the matrix texture
components produce anisotropy in the mechanical properties
; fax: +44 1865 273789.
ac.uk (X. Jiang), marina.ga
debert).

r Inc. All rights reserved.
09
of the composites [3]. Although there are many evidences that
the addition of reinforcement particles alters the texture
evolution of the alloy matrix, this effect has not been
understood thoroughly yet.

The rolling texture of aluminium alloys has been exten-
sively studied and is well known [4–7]. It is mostly represented
by continuous tubes or fibres of orientations limited to a
single degree of rotational freedom about a fixed axis [4] in
three dimensional Euler space. For cold rolled aluminium, the
texture mainly consists of α fibre which goes from Goss
component ({1 1 0} <0 0 1>) to Brass component ({1 1 0} <1 1 2>)
and β fibre running from Brass component to Copper
component ({1 1 2} <1 1 1>) through S component ({1 2 3} <6 3
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4>) [5]. For hot rolled aluminium alloys, the texture compo-
nents are similar to cold rolled aluminium alloys, however
usually showing increased overall texture intensity, a large
increase of Brass component and the presence of Cube ({0 0 1}
<1 0 0>) or near Cube component when certain temperature
has been reached [8–10].

However, the deformation texture of aluminium alloy
composites has not yet been studied quantitatively. Humphreys
et al. [11] investigated the effect of 7 μm SiC particles on the hot
rolling texture of aluminium and found out that the addition of
10 vol.% SiC particles has led to a considerable reduction in the
intensities of the main textures. Jensen et al. [12] studied the
effect of different particle sizes on the evolution of texture
components and determined a critical particle size of around
0.1 μm, below which the intensities of texture were higher than
unreinforced materials. Other authors [13] found out that the
texture of aluminium alloy composites was also related to
particle concentrations and particle shapes. In addition, the
authors noticed that despite of the increasing number of texture
studies for aluminium alloy composites after secondary forming
processes, most researchers focus on the texture evolution after
coldor hot rollingwhile very limitednumber of papers report the
evolution of texture in hot extruded aluminium alloy based
composites [14]. Even fewer papers report texture studies for
aluminium alloys reinforced with nanosized particles in hot
extruded conditions. He et al. [15] investigated the texture
development in aluminium reinforced with SiC particles of
different sizes (25 nm, 150 nm and 3.5 μm) and different volume
fractions after hot extrusion into rods and found out that the
texture intensities of Al matrix tend to decrease for the
aluminium matrix composite (AlMC) reinforced with 3.5 μm
SiC particles while increase for nanosize reinforced AlMCs.
However, no information is available on texture studies of
nanosize reinforced aluminium alloy composites after extrusion
in strip shape. Compared with the most frequently used rod
extrusion, flat extrusion enables the formation of Al sheets or
strips in only one forming step. Also it makes the subsequent
process, such as rolling, much easier to perform.

In order to understand the effect of hot extrusion and
nanosize reinforcements to the texture development of
aluminium alloy matrix composites, in the present work, the
6061 aluminium alloy was reinforced with different weight
fractions of 500 nm SiC particles by powder metallurgy routes
and followed by hot extrusion into strip shape. The texture
development in the composites after extrusion was compared
with the texture in an unreinforced alloy. Both the orientation
density functions (ODF) and the electron backscatter diffrac-
tion (EBSD) techniques were applied to fully understand
texture evolution in macro- and micro-scales.
2. Experimental

The 6061 alloy matrix composites reinforced with 10 wt.% and
15 wt.% of SiC nanoparticles with an average diameter of
around 500 nm were received from an industrial collaborator
in the form of billets. The billets were fabricated by high
energy ball milling followed by solid state compaction and
hipping. For comparison purposes, 6061 alloy atomised
powder of an average size of 10 μm and pure aluminium
atomised powder of an average size of 4 μm were cold
compacted into 30 mm diameter billets with a load of
350 kN. All the billets were extruded at 375 °C to obtain strips
of rectangle cross section with a thickness of 6 mm and width
of 20 mm. The extrusion ratio (ER) was 6:1 which produced a
true strain of 1.8 ε ¼ ln Ainitial

Afinal

� �� �
. Microstructural characteri-

zation of as-received and as-extruded materials was carried
out in a JSM-6300 scanning electron microscope (SEM).
As-extruded samples were cut from strip sections parallel to
the extrusion direction.

The crystallographic texture of as-extruded samples was
measured by X-ray diffraction on a Philips X'pert MRD system.
All samples used for texture analysis were taken from the
intermediate section of the strips. In order to maximise the
reflexion area themeasurementswere carried out on the ED–TD
plane (ED: extrusion direction; TD: transverse direction). Four
incomplete pole figures {1 1 1}, {2 0 0}, {2 2 0} and {3 1 1} were
measured up to a maximum tilt angle of 85° by the Schulz
back-reflection method using Cu–Kα radiation. Orientation
distribution functions (ODFs) were then calculated from the
pole figures after background and defocusing corrections by
means of Matlab software toolbox MTEX [16]. ODFs were
presented in plots in constant φ2 sections with iso-intensity
contours in Euler space. A three dimensional Euler space is
defined by Euler angles φ1, Φ, and φ2 which describe the three
rotations to overlap the sample reference framewith the crystal
reference frame. Although every orientation can be precisely
represented by a point in Euler space, sometimes it is difficult to
interpret a 3D graph. Hence, ODF, a 2D representation of Euler
space constructed by dividing into slices at constant intervals, is
commonly used for texture analysis [4].

The electron backscatter diffraction (EBSD) technique was
used to investigate the microscopic texture of as-received and
as-extruded samples. EBSD sample preparation for samples with
multiple phases is always quite difficult due to surface relief,
especially for areas in thevicinity of secondaryparticles.Different
polishing techniqueshave been tried out; the technique that gave
the best pattern was to perform the final surface treatment in a
Precision Ion Polishing System (PIPS) Gatan Model 691 after
standard mechanical grinding and polishing. Ar+ ions polished
the surface of a rotating sample at a very lowbombardment angle
(1°) at a voltage of 4 kV, lowering the height differences between
the matrix and SiC particles, and greatly reducing the surface
roughness in theAl/SiC interface [17]. For as-received 6061Al/SiCp

billets, EBSD scans were conducted on the longitudinal planes of
the billets by means of automated acquisition and indexing
of Kikuchi patterns in a TSL system interfaced to a JSM-6300/
JSM-840A SEM with a scan step of 100–200 nm. For a better
comparison of the texture results, EBSD scans on the as-extruded
samples were performed at the same areas (ED–TD planes)
used for crystallographic texture analysis carried out by X-ray
diffraction.
3. Results and Discussions

3.1. Microstructure

Fig. 1 shows secondary electron images of as-received and
as-extruded 6061/SiCp nanocomposites. It can be seen from
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Fig. 1(a) and (b) that the SiC particles are not homogeneously
distributed in the as-received billets. There are some areas
free of SiC particles. After extrusion, those areas are observed
as particle free bands with a width of 5–10 μm along the
extrusion direction, leading to a macroscopic anisotropy in
the extruded strips. This banded structure, with particle free
zones, has been observed previously for this type of composites
[2,18–21]. Sun et al. [20] studied the microstructure of Al/SiCp

composites after hot extrusionwith different extrusion ratios
ranging from 11:1 to 39:1 and found out that there were many
dark bands (SiC rich areas) and bright belts parallel to the
extrusion direction. The boundaries between bright and
dark bands became diluted with increasing extrusion ratio.
Similar results were also reported by Wang et al. [21]
indicating a less uniform distribution of SiC particles when
the extrusion ratio was 5:1 and the particle distribution was
significantly improved when the extrusion ratio increased to
12:1. Therefore, the banded structure observed in the present
work after extrusion, with a ER of 6:1 (see Fig. 1(c) and (d)) is in
agreement with those results found by Sun et al. [20] and
Wang et al. [21].

Other authors [2,19,21] have analysed the effect of the
extrusion temperature on the microstructure of Al alloy
matrix composites and found out a more uniform particle
Figure 1 – Secondary electron images of as-received and as-ext
distribution with increasing extrusion temperature up to a
certain value. If the temperature is not high enough, it cannot
facilitate the flow of the matrix alloy under the applied stress
resulting in a non-homogeneous distribution of the particles.
If extrusions are carried out at a relatively high temperature,
partial melting of the matrix alloy at the grain boundaries
happens causing the particles to get suspended in the melt
matrix near the grain boundaries [2]. In the present work, both
composites were extruded at 375 °C which is lower than the
average extrusion temperature (~500 °C) for 6061 alloy matrix
composites reinforced with similar amount of SiC particles
reported in the literature [19]. The combined effects of a small
extrusion ratio and a low extrusion temperature will certainly
lead to a non-sufficient flow of the matrix alloy, resulting in a
non-uniform distribution of SiC particles among the Al alloy
matrix leading to a banded structure.

Extrusion is always reported to effectively decrease the
number of pores and improve the interfacial bonding strength
between matrix and reinforcement particles [2,22]. Despite
the reduced amount of porosity compared to as-received
samples, a certain amount of voids remained after the
extrusion, as can be observed in Fig. 1(c) and (d) (see arrows).
A higher extrusion ratio and temperature would facilitate the
flow of the matrix alloy filling the voids and break up the
ruded 6061/SiCp nanocomposites. Arrows indicate porosity.
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oxide layers on the surface of Al alloy powders, enhancing
the bonding strength between powder particles. However,
high temperature and extrusion ratio can lead to dynamic
recrystallization losing the strength gained by work hardening
during the extrusion process [23].

3.2. Crystallographic Texture Study by ODFs

Fig. 2 shows the ODFs of pure Al, 6061 alloy and 6061/SiCp

nanocomposites after extrusion at 375 °C. It can be seen that the
texture can be described by a β′ fibrewhich is close to the typicalβ
fibre from cold rolled aluminium alloys. For pure Al, the β′ fibre
mainly contains the components of B′—{0 10 10} <10 7 7> (φ1 = 45°,
Φ = 45°,φ2 = 0°), S′—{2 2 5} <10 9 7> (φ1 = 40°,Φ = 70°,φ2 = 20°) and
D′—{2 5 10} <10 7 6> (φ1 = 65°,Φ = 30°, φ2 = 65°). For 6061 alloy, the
β′ fibre contains the orientations of B′—{0 8 10} <10 6 5> (φ1 = 40°,
Φ = 40°,φ2 = 0°), S′—{2 3 5} <10 6 7> (φ1 = 30°,Φ = 60°,φ2 = 20°) and
D′—{3 6 10} <10 6 7> (φ1 = 60°, Φ = 35°, φ2 = 65°). All of the
components are totally different from the typical axial fibre
textures obtained in aluminium alloys after extrusion into
rods [19,24], however, very similar to the results reported for
aluminium alloys extruded in strip shape [25,26].

The β′ fibre textures obtained are quite close to the major
orientations of typical textures observed in cold and hot rolled
aluminium, which are Brass component ({0 1 1} <2 1 1>), S1
component ({1 2 4} <2 1 1>) and Dillamore component ({4 4 11}
<11 11 8>) [4]. In the present work, the extruded specimens
have been compressed in the normal directions of the strips
and elongated along the extrusion directions. Hence, it is not
surprising that a β′ fibre texture has formed after extrusion
since the deformation state during extrusion of a circular bar
to a flat strip is very similar to the plane strain hot rolling
process [26]. It is suggested that with further deformations,
the texture components for pure Al and 6061 alloy will
Figure 2 – ODFs of as-extruded Al, 6061 alloy and 60
gradually rotate to those standard orientations and develop
a typical β fibre texture in the end.

For 6061/SiCp nanocomposites, the texture components are
quite similarwith each other. Besides the randomtexture, there
are three moderate strong texture components, which are B′—
{0 10 10} <5 3 3> (φ1 = 40°, Φ = 45°, φ2 = 0°) with a scatter along α
fibre, S′—{2 2 5} <10 9 7> (φ1 = 40°, Φ = 70°, φ2 = 20°) and D′—{2 5
10} <10 7 6> (φ1 = 65°,Φ = 30°,φ2 = 65°), and aweak scatter of the
cube orientation. The three moderate strong texture compo-
nents are near the typical texture components in both cold and
hot rolled aluminium within several degrees' tolerance.

Comparing the main texture components in the four
as-extruded samples, the main textures in 6061/SiCp nano-
composites are weaker than those in pure Al and 6061 alloy.
Fig. 3 shows the maximum texture intensities for the three
dominant texture components near Brass (B′), Dillamore (D′)
and S1 (S′) positions. From the figure, it can be seen that for all
the as-extruded samples, the texture intensities near Brass
component are higher compared to D′ and S1′ components.
This observation is similar to the results obtained by hot
rolling carried out byMaurice and Driver [8,9], Contrepois et al.
[10] and Bate et al. [27]. These authors found that at elevated
temperature and certain strain levels, there were significant
increases of Brass component at the expense of the other β
fibre components. It is also noticeable that the maximum
texture intensities of pure alloy are higher than those in the
6061 alloy and the nanocomposites at all three orientations
and with the additions of SiC particles, the intensities of the
major textures become weaker.

The above difference in texture intensities among pure Al,
6061 alloy and nanocomposites is mainly due to the additions
of non-deformable SiC particles. For both pure Al and 6061
alloy, during extrusion, the aluminium grains should be
elongated along the extrusion direction and a strong
61/SiCp nanocomposites in constant φ2 sections.



Figure 3 – Maximum intensity of main texture components
near Brass (B′), Dillamore (D′) and S1 (S′) positions.
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deformation texture should develop. For 6061/SiCp nanocom-
posites, however, the texture formation would be limited to
some extent. As a consequence of the formation of deforma-
tion zones around the particles where very high density of
dislocations and strong lattice rotations are being built up,
grain rotations will be restricted [11,28]. As a result, the grains
in these regions cannot rotate to the same orientations as the
rest of the matrix, resulting in a weaker deformation texture
in the nanocomposites than that of pure Al or 6061 alloy. With
the additions of SiC particles, more deformation zones will be
formed resulting in more reductions in the intensity of the
main textures.

3.3. Crystallographic Texture Study by EBSD

Fig. 4 shows the inverse pole figure (IPF) maps of as-extruded
samples with respect to the normal direction. Each point is
painted with a colour according to the crystal orientation. As
can be seen in Fig. 4(a) and (b), hot extrusion of pure Al and
6061 alloy has led to the formation of a fibrous deformation
structure and elongated grains aligned along the extrusion
direction. The scattered IPF data shows a typical β′ fibre
texture which is consistent with the ODF results. Images
below also show misorientation distributions of Al grain
boundaries after extrusion. As can be seen from the misori-
entation distribution plot, grain boundary populations are not
uniformly distributed. Two peaks existed in the range of 0–10°
and 50–60°. A large fraction of low-angle (<10°) grain bound-
aries (25%–30%) was located within the elongated grains. The
range of 50–60° corresponds to the grain misorientation
between {1 1 0} and {1 1 2} which is consistent with the ODF
results that show the texture mainly consists of Brass and
Copper orientations.

Fig. 4(c) and (d) shows the Al IPF maps for 6061/SiCp

nanocomposites after extrusion. The EBSD scans were done
on both particle free bands and particle rich zones which were
separated by dash lines. The EBSD maps show that the Al
grain alignment near SiC particles is different from those in
the particle free bands. Most of the Al grains in the particle
free bands have been rotated to typical Brass or Copper
orientations within several degrees' tolerance. Fig. 4(c) and (d)
shows {1 1 2} and {1 1 0} planes nearly parallel to the extrusion
direction (ED) in the particle free bands, respectively.
However, in the particle rich zones, the Al grains are much
smaller compared to the grains in the particle free bands. In
addition, the orientations of the grains in this region have
continuous orientation gradients and are far away from their
stable positions near β′ fibre. Most of the grains are equiaxed
instead of elongated toward ED. These observations are
consistent with ODF results and prove that the additions of
SiC particles will lead to local Al grain rotations and weaken
the amount of major textures. Compared with the literature
with larger SiC particles, in addition to the formation of large
deformation zones, lensoid distortions were also found
around large SiC particles after plastic deformation, since
large particles are highly likely to disturb the slip patterns in
the matrix, resulting in a lensoid distortion of the slip planes
and sub-structure around the particles [11]. For the present
nanocomposites with 500 nm particles, only small volumes of
deformation zones associated with local lattice rotations close
to the particles were observed and no lensoid distortions have
been found.

A closer lookof theparticle rich zones in Fig. 4(c) and (d) shows
the presence of a small amount of the Al grains having {0 0 1}
planes nearly parallel to the ED, which is consistent with the
ODF results of a weak scattered cube component for 6061/SiCp

nanocomposites. The cube texture is known as the most
common recrystallization texture for Al alloys [23]. In order to
find out if any dynamic recrystallizationhappened for 6061/SiCp

nanocomposites during hot extrusion, EBSD scans were per-
formed on the SiC rich areas of as-received and as-extruded
6061/10SiCp nanocomposites (Fig. 5). From Fig. 5, it is quite clear
that the Al matrix was made up of equiaxed grains with
high-angle grain boundaries for as-received 6061/10SiCp sample
while after hot extrusion, a fibrous deformation structure with
slightly misoriented sub-grains was developed. The EBSD grain
size measurement was presented in Fig. 6. The average Al
matrix grain size is 1.26 μm and 1.43 μm for as-received and
as-extruded 6061/10SiCp nanocomposites respectively. Dynam-
ic recrystallization and the effect of second phase particles have
been extensively studied inAlmatrix composites [23,29–32]. It is
generally known that large (above 1 μm)widely spaced particles
promote rapid nucleation due to the formation of large
deformation zones around the particles. While fine closely
spaced particles can pin the sub-boundaries and stabilize the
sub-structure, nucleation and subsequent growth are retarded
and recrystallization is therefore low [23,29,30]. In the present
work, the extrusion temperature was very low (375 °C) and the
SiC reinforcements have an average diameter of 500 nmwhich
is likely to retard particle stimulated nucleation (PSN). In
addition, the comparison of Al grain size between as-received
and as-extruded 6061/10SiCp samples shows no sign of grain
refinement due to PSN in the particle rich zones. It is therefore
concluded that there is hardly any dynamic recrystallization
due to PSN for the nanocomposites during extrusion.

Another possible explanation for the presence of near cube
component is the stability of the cube orientation during
plastic deformation at high temperatures. Quantitative anal-
yses on hot deformation textures of Al alloys suggest that the
cube orientation is stable during large plane strain reductions
at high temperatures [8,9,33–35]. Maurice and Driver [8,9,35]
have studied and simulated the stability of cube component
of Al alloys by channel die compression tests at different



Figure 4 – EBSDmapswith IPF andmisorientation distribution of as-extrudedAl, 6061 alloy and 6061/SiC
p
nanocomposites in ED–

TD section. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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Figure 5 – EBSD maps with IPF of as-received and as-extruded 6061/10SiCp nanocomposites in SiC rich zones.
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temperatures. Their results show the appearance of a
significant cube component after plane strain compression
at 400 °C. It is suggested that at deformation temperatures
above 300 °C and high strain rates, the original {1 1 1} <1 1 0>
slip systems are replaced by {1 1 0} <1 1 0> type. The onset of {1
1 0} <1 1 0> non-octahedral slip systems stabilizes the cube
component which would otherwise rotate towards other
more stable orientations. Both experimental results and
numerical simulations have verified the active non-octahedral
slip systems for cube and near cube orientations and the
stability of cube orientation during high temperature deforma-
tions. In the as-extruded 6061/SiCp samples studied in the
present work, it is possible that the near cube component is
actually the cube orientation in as-received samples which
has survived through hot extrusion at 375 °C with just an ER
of 6:1.
Figure 6 – Al matrix grain size distribution of as-received and
as-extruded 6061/10SiCp nanocomposites in SiC rich zones.
4. Conclusions

(1) 6061/SiCp nanocomposites were produced by powder
metallurgy using ball milling process followed by
extrusion into strip shape. SiC particles showed a
non-homogeneous distribution within the matrix due
to a combination of the inhomogeneity in as-received
materials, lower extrusion ratio and extrusion temper-
ature. Banded structure composed by particle free
bands and SiC rich bands was formed in both extruded
nanocomposites.

(2) The extrusion texture of 6061/SiCp nanocomposites
consists of three moderate strong texture components,
which are {0 10 10} <5 3 3> with a scatter along α fibre, {2
2 5} <10 9 7>, {2 5 10} <10 7 6>, and a weak cube
component {0 0 1} <1 0 0>. The three moderate strong
texture components are close to the typical β fibre in
deformed fcc metals.

(3) Compared to pure Al and 6061 alloy, the intensities of
extrusion texture of 6061/SiCp nanocomposites de-
crease with increasing volume fractions of SiC particles
due to the limited grain rotations around SiC particles.
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