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Formation of ultrafine scale structures in
aluminium containing small amounts of particles
by conventional rolling deformation
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The development of deformation microstructures during rolling has been studied in
polycrystalline aluminium containing 0.8 vol.% of small Al,O3 particles and 2 vol.% of SiC
whiskers. The morphology, size and misorientation of the ultrafine scale structures as a
function of the imposed strain were characterised using transmission electron microscopy
(TEM) technique. The observations were compared to those of cold rolled particle-free pure
aluminium reported in the literature. The presence of particles enhances the rate and
changes the nature of the development of the overall microstructure in comparison with
pure aluminium. With the addition of second phase to pure aluminium, the ultrafine scale
microstructure with its size less than 0.5 um and a fraction of high angle boundaries greater
than 30% can be obtained at a comparatively low strain of 2.7. In contrast, complicated
processes or severe deformation with a strain of more than 5 are required for obtaining
such structures in pure aluminium. The results indicate that there is a considerable
potential for extending the present investigation to other particle-containing materials. By
selecting second phases with suitable particle size and volume fraction and deformation
processes one can expect to develop composites with ultrafine scale microstructure at a
comparatively low strain. © 2001 Kluwer Academic Publishers

1. Introduction

Among all the strengthening methods for metallic ma-
terials, the microstructural refinement appears to be
the most promising to increase both the room temper-
ature strength and ductility. Moreover, some specific
features of mechanical behaviours, e.g. extremely high
hardness and strength, lower temperature superplas-
ticity and deviation from the Hall-Petch relationship,
can be achieved by microstructural ultrafining. A lot of
world-wide interest has been focused on how to obtain
such ultrafine microstructure. Recent efforts, for exam-
ple the application of inert gas condensation, mechan-
ical alloying, heavy or severe plastic deformation and
crystallisation from amorphous solids, have resulted in
developing ultrafine grained (less than 1 pum) materials
[1-7]. However, some difficulties still remain for these
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techniques to be used in industry on a large scale be-
cause of their limitations and high cost. It is very intrigu-
ing that in the latest years a ferrite grain around 1 um
has been obtained in plain carbon steels by a conven-
tional rolling process (close to industrial production)
with the usage of alloying, strain induced transforma-
tion and dynamic recrystallization of ferrite [8, 9].

It was reported that the existence of the particles
in aluminium not only introduces structural inhomo-
geneities but also enhances the overall microstruc-
tural evolution when the material is deformed [10, 11].
This implies that the microstructural refinement can be
attained in such particle-containing aluminium at a
comparatively low strain by a conventional rolling pro-
cess, while the same is difficult for pure aluminium
unless special deformation processes and very high
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TABLE I Microstructural parameters for the materials used

Particle shape Particle size

Particle spacing®

Volume fraction of particles (%) Initial grain size (um)

d =52 nm
Al O3 Plate
t =8 nm
. . d=1pm
SiCy Cylinder
[ =6pum
Al-Al,O3 Aly03: 0.24 um Al,03: 0.8 1116+ 113
Al-Al,03-SiC SiCy: 3.4 SiCy: 2
203-SiCy, 1Cws 5.4 pm 1w 560 =42
Al,O3: 0.24 um Al;03: 0.8

Acalculated value, d: diameter of plate or cylinder, #: thickness of plate, /: length of cylinder.

strains are applied. In an attempt to explore this possi-
bility, the present work is carried out to investigate the
microstructural evolution of two commercially pure
aluminium alloys containing small amounts of parti-
cles, i.e. fine Al;O3 and large SiC,, whiskers, during
cold rolling to a true strain up to 2.7. The deformation
microstructure was characterized by trasmission elec-
tron microscopy (TEM). A Kikuchi pattern technique
developed in recent years was applied to quantify the
distribution of boundary misorientation [12].

2. Experimental procedures

The materials used were fabricated by powder route
from Al powder with and without the addition of 2%
by volume of SiC,,. The atomised aluminium powder
had an average particle size of 6.4 £ 0.2 um and was
commercially pure containing no more than 0.26 wt%
Fe and 0.18 wt% Si. The oxide from the surface of
the Al powder appeared in the material as small Al,O3
particles of 0.8% by volume. The SiCy,, supplied by
Mandoval Ltd., UK, had a mean diameter of 1 um and
a mean aspect ratio of about 6—7 in the composites.

The aluminium powder, both with and without SiC,,,
was cold and hot compacted, then extruded at 500°C
with an extrusion ratio of 15:1. The starting materi-
als were made by cold rolling to 50% reduction in the
original extrusion direction followed by annealing at
600°C for 24 h in vacuum. This treatment brought the
materials to recrystallization [13].

The SiCy,, present as single whiskers and as small
groups, was fairly uniformaly distributed and highly
aligned with the extrusion-rolling direction. The Al,O3
particles were uniformly dispersed but a fraction of
them was present in stringers approximately aligned
with the extrusion-rolling direction. The parameters
of the second phases and the initial grain sizes
of the AI-Al,O3; and Al-Al,03-SiC,, are given in
Table L.

The starting materials were then deformed by cold
rolling to 50% and 90% reduction in thickness, cor-
responding to the von Mises strain 0.8 and 2.7, re-
spectively. Foils taken from longitudinal sections were
prepared for TEM using a standard window electropol-
ishing technique. TEM was performed using a JEOL
2000FX. The microstructure on the longitudinal plane
was observed. Subgrain aspect ratio (dimension par-
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allel to the rolling direction/dimension normal to the
rolling direction) and size were measured on the micro-
graphs. More than two hundred subgrains, including the
subgrains near SiC,, and in the matrix, were analyzed.
Crystallographic orientations of the subgrains were de-
termined by the Kikuchi pattern techniques in the TEM
[12], and then the misorientations across the subgrain
boundaries were calculated as angle/axis pairs. About
100 to 150 boundaries were analyzed for each speci-
men. The subgrain boundaries analyzed included those
near particles and those in the matrix.

3. Results

3.1. Al-Al,03

For the specimen strained to 0.8, the structures (Fig. 1a)
consist of cells/subgrains. Some of them are nearly
equiaxed while others are elongated in the rolling
direction. The average aspect ratio is 1.41 (Table II).
Most of the Al,Os particles lay on dislocation walls
indicating that the position of the walls is influenced by
the presence of the Al,O3 particles. Extended disloca-
tion boundaries such as microbands characteristic for
the structure of cold rolled pure Al are not found in the
present specimen. The subgrain size distribution ranges
from 0.2 to 1.6 um. Large and small cells/subgrains are
randomly distributed through the structure. The distri-
bution of the misorientation across the subgrain bound-
ary is below 14° with a single peak at 3° (Fig. 2a). There
is no indication of the formation of the ultrafine grain
at this strain (0.8).

In the specimen strained to 2.7 the structures (Fig. 1b)
are comparable to those observed in the specimen
strained to 0.8 (Fig. 1a). The differences are: the sub-
grain walls are sharper, subgrain size is smaller, size
distribution is narrower and the misorientation is larger
(Table II and Fig. 2a and 2b). The misorientation

TABLE II Average subgrain aspect ratio, size and misorientation

Subgrain Misorientation
aspect Subgrain across
Materials Strain ratio size (um)  sub-boundary (°)
Al-Al, 03 0.8 1.41 0.76+£0.02 4.5+0.3
2.7 1.51 0.44+0.01 15.0+2.5
Al-AlL03-SiC,, 0.8 1.37 0.45+0.02 124+1.8
2.7 1.69 0.394+0.01 21.3+2.3




Figure 1 TEM micrographs showing the microstructure of the cold
rolled Al-Al,O3, (a) ¢ = 0.8, and (b) ¢ = 2.7. The rolling direction
(RD) is marked on the micrographs using an arrow.

distribution with an average of 15.0 £ 2.5° becomes a
bimodal type and the fraction of high angle boundaries
(>15°) is 17%, indicating that a fraction of ultrafine
grains may form (hereafter, this part of microstructure
with a misorientation more than 15° is termed ultrafine
grained microstructure). The average subgrain aspect
ratio is slightly increased (Table II). Most of the elon-
gated subgrains are associated with the highly aligned
bands of Al,Os3 particles. The formation of such elon-
gated subgrains may be attributed to: 1) the increasing
deformation, bands of Al,O3 particles becoming more
highly aligned, and 2) the interaction between disloca-
tion walls and Al,Oj3 particles. However, the chance of
finding high angle boundaries in line-scan parallel to the
rolling direction equals to that normal to the rolling di-
rection, indicating that the structure is non-directional.

3.2. AlI-Al,03-SiC,,
The large amount of cells and subgrains, and small
amount of dislocations which tangle each other within

100

{(@)

80 —
60 4
~ Mean=4.5+0.3°
> -
[S]
c
[5)
3
o
o
uw

0 2 4 6 8 10 12 14 16 18 20
Misorientation (Degree)
100
1(b)

80 —
;\3 60
5 B Mean=15.0+2.5°
& 40 -
3
o
&) -
w

20

0 } } } t .l-.—

0 10 20 30 40 50 60

Misorientation (Degree})

Figure 2 Distribution of misorientation across subgrain boundary in the
cold rolled Al-Al,O3, (a) ¢ = 0.8, and (b) ¢ = 2.7.

the cells/subgrains coexists in the specimen deformed
to 0.8 (Fig. 3a). The region of well defined subgrains
extends out from SiC,, into the matrix. The subgrain
size near SiC,, is smaller (0.2-0.3 um) than that in
the matrix which consists of a random mixture of large
and small cells/subgrains (Fig. 3b). The average size is
0.45 £0.02 pm (Table II). The cells/subgrains have an
aspectratio of 1.37. They appear to be more equiaxed in
regions near SiCy, and SiC,, groups than in the matrix.
Similar to Al-Al,O3 no extended boundary is found in
the structure. The misorientation distribution with an
average of 12.4 £ 1.8° appears a bimodal type (Fig. 4a).
The fraction of the high angle boundaries with the mis-
orientation more than 15° is about 22%. In contrast to
Al-Al,O3; materials deformed to the same strain, the
high angle boundaries can be formed at a lower strain
in Al-Al,03-SiCy, and they are frequently found in the
regions near SiCy, indicating that the addition of large
size SiC,, promotes the formation of high angle bound-
aries. But at this stage their spatial distribution is not
homogeneous.

At the strain of 2.7, the well-defined subgrains with
sharp boundaries dominate the microstructure (Fig. 3c).
As compared with the specimen strained to 0.8, the
subgrain size near SiC,, is basically unchanged, the
subgrain size in the matrix decreases and the variation
in subgrain size throughout the material becomes less
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Figure 3 TEM micrographs showing the microstructure of the cold
rolled Al-AlO3-SiCy,, (a) ¢ = 0.8, the general microstructure,
(b) ¢ = 0.8, the subgrains near SiCy, and in the matrix, and (c) ¢ = 2.7.
The rolling direction (RD) is marked on the micrographs using an arrow.
SiC,,: SiC whisker.

significant. The average size is decreased to 0.39 +
0.01 um. The subgrain aspect ratio is increased to 1.69
(Table II). The considerably elongated subgrains are
usually found in the regions free of SiC,, and are asso-
ciated with the highly aligned bands of Al,O; particles.
In this deformed specimen the fraction of high angle
boundaries is increased to 35%. The average misorien-
tation is 21.3 £ 2.3° (Table II and Fig. 4b). Unlike the
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Figure 4 Distribution of misorientation across subgrain boundary in the
cold rolled Al-Al,03-SiCy, (a) ¢ = 0.8, and (b) ¢ = 2.7.

specimen deformed to 0.8, many high angle boundaries
are also found in the matrix.

The misorientation measurement further confirms
that the structure is non-directional at the strains of 0.8
and 2.7. The average misorientation in line-scan paral-
lel to the rolling direction equals to that normal to the
rolling direction.

4. Discussion

In the range of true strains investigated, the subgrains,
cells and ultrafine grained microstructure coexist in
both the Al-Al,O5; and Al-Al,03-SiC,,. With increas-
ing strain the structure is rapidly refined and the fraction
of high angle boundaries is increased. An ultrafine scale
structure with a spacing less than 1 yum and a fraction
of high angle boundaries greater than 30% is obtained
by a strain of 2.7. It was reported that to obtain a similar
ultrafine microstructure in pure Al, Cu, Fe, Ni, Mg, Ti
and single phase Al-0.13% Mg, complicated deforma-
tion path (fx. by equal-channel angular pressing) and
higher strains of 5 or more are required [2, 4, 6, 7].
The present work demonstrates that the presence of
0.8 vol% Al,Os particles or of a combination of
0.8 vol% Al,0O3 and 2 vol% SiCy, is rather efficient in
refining the microstructure of the Al matrix during cold
rolling. The introduction of 0.8 vol% Al,Oj3 particles in



pure aluminium is beneficial to obtaining a uniformly
distributed ultrafine grained microstructure at a strain
of about 2.7. The addition of 2 vol% SiC,, further low-
ers the strain to about 0.8 at which the ultrafine grained
structure forms.

4.1. Microstructural evolution

In the following paragraphs the microstructural evolu-
tion of the two materials studied is dicussed in respect
to the rate and morphology as compared to pure alu-
minium.

The measured mean subgrain size, the mean mis-
orientation and the fraction of high angle boundaries
as functions of the von Mises strain for the two mate-
rials studied are summarised in Figs 57, respectively.
The data for aluminium reinforced with particles Al,O3
and SiC,, cold rolled to 0.2 and pure Al [14—18] is also
included for comparison. It is clearly shown that the
presence of Al,O3 particles reduces the subgrain size
and increases the mean misorientation and the angu-
lar spread at a given strain. The addition of SiCy, fur-
ther changes the microstructure in the same direction.
The effects on enhancing microstructural evolution of
these two particles are attributed to the higher disloca-
tion density introduced as thermal dislocations in the
starting materials and introduced during deformation
[19, 20].

It is noted that the effects of Al,O3 particles and
SiCy on reducing subgrain size are more significant in
the low strain range (<0.8) and become smaller with
increasing strain (see Fig. 5). In fact, the subgrain size
of the Al-Al,03-SiC,, appears to have reached a lim-
iting value (0.4 pm) at the strain of 0.8. Subgrain size
saturation has also been observed in a cold rolled Al-
3.8 vol% Al,0Os3 [21], whereas no limiting value of the
spacing between lamellar boundaries was reported in
a commercially pure Al cold rolled up to a very large
strain of 5.0 [18]. The subgrain size saturation at rela-
tively low strains is characteristic in particle-containing
materials. This phenomenon is believed to be related to
higher recovery rates in these materials as a result of
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Figure 7 Fraction of high angle boundaries (>15°) as a function of von
Mises strain in the cold rolled Al-Al,O3 and Al-Al,03-SiCy,. The data
of cold rolled pure Al is included for comparison.

more dislocation interaction, higher point defect den-
sity and higher diffusion rates [21, 22].

It is known that the misorientation in cold rolled
pure Al increases continuously with strain up to very
large strains. The addition of Al,Oj3 particles and SiC,,
increases the rate of the misorientation development
(Figs 6 and 7). But, unlike the development of sub-
grain size, no saturation value of misorientation has
been found in the strain range investigated. The strong
effect of SiC,, is indicated by the fact that the presence
of SiC,, lowers the strain level at which high angle
boundary starts to form. At the strain of 0.8, the angu-
lar spread in the Al-Al,O3-SiCy, (high angle boundary
fraction is 22%) is comparable to that of AI-Al,O3 and
of pure Al at the strain of 2.7 (high angle boundary
fraction is 17-18%) (Figs 2, 4, 6 and 7). It is also noted
that the presence of Al,O3 and SiC,, changes the spatial
distribution of high angle boundaries. There does not
seem to be a correlation between the boundary misori-
entation and the geometrical orientation of the bound-
ary within the sample. This contrasts with the observa-
tions in pure Al, where most of high angle boundaries
are associated with the lamellar boundaries parallel to
the rolling plane [14—18].
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As mentioned above, the microstructure of cold
rolled Al-Al,O3 and AI-Al,O3-SiC,, in the whole
strain range studied is characterised by the forma-
tion of a mixed structure of cells/subgrains with ran-
domly distributed high angle boundaries. These struc-
tures are strikingly different from those of the cold
rolled particle-free pure Al. In the latter structural fea-
tures with preferential directions such as microbands
(MBs) and lamellar structures are dominating [14—
18]. These band structures are indications of a long
range slip pattern. They are typical resulting from
deformation with a reduced number of slip systems
in single-phase polycrystals, in which strain compat-
ibility is achieved by subdividing individual grains
into cell blocks with deformation induced dislocation
boundaries.

Under room temperature deformation the mi-
crostructural transition from a band structure to an
equiaxed structure is generally a consequence of an in-
crease in the number of simultaneously active slip sys-
tems [23]. The present work shows that the presence
of 0.8 vol% Al,O3 particles alone and the presence of
0.8 vol% Al,O3 + 2 vol% SiC,, change the slip pat-
tern and break down the band structures. For Al,O3
particles this may be a consequence of the secondary
slip which takes place near the particles. The secondary
dislocations act as obstacles to primary slip and cause
a change in the overall deformation pattern compared
with the behaviour of the particle-free material [21].
Adding 2% SiC,, may further increase the number of
active slip systems required for strain accommodation
in the vicinity of SiCy,.

4.2. Industrial relevance

There is considerable interest currently in refinement
of deformation microstructures in order to optimise the
yield stress without impairing toughness. Although the
ultrafine grained microstructure has been achieved in
pure metals or single-phase alloys by severe deforma-
tions, the technical processes involved are very costly
from energy and productivity point of view. The present
investigation supplies an alternative approach to ob-
tain the ultrafine scale microstructures at a compar-
atively low strain. This could open the way to low-
cost production of these highly refined materials. It can
be expected that the combination of the suitable ad-
ditions of fine second phases in aluminium with the
conventional process, such as rolling, will permit us
to obtain new alloys of unusual composition and to
produce new ultrafine scale metal-ceramic composites.
It is also believed that the fraction of the high an-
gle grain boundaries increases in the overall deformed
microstructure and the strain needed to obtain the
ultrafine scale microstructure decreases with increas-
ing volume fraction of the second phase. In fact, the
average misorientation increases up to around 30° for
an aluminium containing 3.8 vol.% fine alumina par-
ticles at the strain range from 2.3 to 3.0 with a frac-
tion of high angle boundaries about 60%. The average
size of the ultrafine microstructure is about 0.15 um
[21, 22].
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5. Conclusions

1. An ultrafine scale microstructure in aluminium con-
taining 0.8 vol% of Al,O3 and 2 Vol% of SiCy, is
achieved by cold rolling to a strain of 2.7. This struc-
ture is defined as a mixture of small cells and subgrains
(<0.5 um) with many randomly distributed high an-
gle boundaries (fraction 17-35%). To obtain a similar
structure in pure aluminium, complicated processes and
severe plastic deformations are required. The different
behaviour is attributed to the following:

e The microstructural evolution is accelerated by the
presence of Al,O; particles and further by the com-
bination of Al,O3 and SiC,,. Such acceleration is
nonexistent in particle-free aluminium. In the Al-
Al,03-SiC,, a limiting subgrain size is reached by
the strain of about 0.8 indicating higher disloca-
tion density, more pronounced recovery and a faster
trend of attaining low-energy states. But a steady
state has not been reached in the strain range in-
vestigated as the average misorientation continues
to increase with strain.

e The presence of the small Al,Oj3 particles and SiC,,
changes the slip pattern of the matrix and the result-
ing microstructure is different by nature from that
of particle-free aluminium. Instead of developing
bands and lamellae, the microstructure is rapidly
broken up and refined.

2. The present investigation provides an alternative
approach to obtain ultrafine scale microstructures at a
comparatively low strain. This could open the way to
low-cost production of these highly refined materials.
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