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The effect of Al,O; particulates on the precipitation
behaviour of 6061 aluminium-matrix composites

T. DAS*, P. R. MUNROE, S. BANDYOPADHYAY
School of Materials Science and Engineering, University of New South Wales, Sydney, New
South Wales 2052, Australia

The effect of angular and spherical shaped Al,O; particulates on the precipitation behaviour
of 6061 aluminium-matrix composites has been studied using microhardness testing,
differential scanning calorimetry (DSC) and transmission electron microscopy (TEM). The
evolution of precipitates at each stage of precipitation corresponding to the DSC-peak was
monitored through careful TEM observations. Both the formation and dissolution behaviour
of the precipitates in the ageing process in the composites were compared with the
unreinforced 6061 matrix alloy. Although an overall accelerated ageing response in the
composites was reported, not all stages in the ageing process were influenced by the
addition of particulates. However, the precipitation sequence was not altered by the
presence of the particulates. The degree of acceleration and the relative proportion of the
phase/phases was found to depend on reinforcement parameters such as size, shape and

volume fraction. In the composites, higher dislocation densities were observed in the
immediate vicinity of the ceramic particles which may have formed due to the large
difference in the coefficients of thermal expansion (CTE) between the ceramic particles and
the matrix. These CTE-dislocation effects influence the kinetics of precipitation.

1. Introduction

Alumininm-based metal-matrix composites offer the
prospect of materials with high specific stiffness, which
make them potentially attractive to the aerospace
and automotive industries. Many of these composites
are based upon age-hardenable aluminium alloys
reinforced with ceramic particulates such as SiC and
Al,Os;. Tt 1s well known that these particles may accel-
erate the ageing kinetics of the matnx alloy [1-11].
This acceleration is associated with the higher matrix
dislocation densities observed in these composites
through differential thermal expansion between the
matrices and their ceramic reinforcements. Matrix dis-
locations may act as nucleation sites for precipitates,
and the higher densities commonly observed in such
composites facilitate enhanced precipitate formation.
In addition, the dislocations may act as preferential
paths for solute diffusion further accelerating the age-
ing process. Elastic strains in the matrix, associated
with the presence of the reinforcements may also lead
to stress-assisted solute diffusion.

There have been several studies of the ageing behav-
iour of particulate-reinforced aluminium metal-matrix
composites based on a 6xxx series matrix [1-9]. Most
of these studies have examined the effect of SiC rein-
forcements on the kinetics of precipitation. However,
Dutta et al. [4] investigated the effect of 10 and
15 vol % alumina particulates on the ageing behav-

iour of 6061, and Hadianfard et al. [ 7], Unsworth and
Bandyopadhyay [8] and Edwards et al. [9] studied
the precipitation kinetics of a composite called Com-
ral-85, based on a 6061 matrix reinforced with
20 vol % alumina-based microsphere particulates. In
general, it has been shown that the addition of either
SiC or Al,Oj; particulates accelerates the ageing pro-
cess, but without altering the precipitation sequence.
Furthermore, the presence of the particulates also
increases the peak hardness achieved. Although these
reinforcements do not appear to alter the precipitation
sequence, Dutta et al. [4] showed that the relative
volume fractions of precipitates which formed were
affected by the presence of the reinforcement. How-
ever, the effects of particulate parameters, such as the
volume fraction of reinforcement, particle size and
shape, on the precipitation process have so far re-
ceived little attention.

In this study, the precipitation behaviour of a num-
ber of composites based on an Al-6061 matrix con-
taining a range of volume fractions from 10-20 vol %
Al Oy irregular particulates was studied. In addition,
a composite based upon an Al-6061 matrix containing
a 20% volume fraction of spherical particles (Comral-
85) was studied. This therefore allows the effects of
particulate volume fraction and also the effect of par-
ticle shape on the precipitation behaviour of 6061 to
be studied. The behaviour of all these composites was
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compared with the unreinforced matrix alloy. The
ageing behaviour of these alloys was studied by micro-
hardness, differential scanning calorimetry (DSC) and
transmission electron microscopy (TEM).

2. Experimental procedure

2.1. Materials

The materials used in this paper were composites
based on an Al-6061 matrix. These contained a 10%,
15% or 20% volume fraction-of Al,O4 particulates,
which were non-uniform in shape and had an average
diameter of 12 um. A fourth composite, termed
Comral-85, was based upon an Al-6061 matrix, but
contained 20% volume fraction of fine-grained poly-
crystalline Al,O;-based ceramic microspheres with an
average diameter of 17.4 um. In addition, the unrein-
forced matrix alloy was studied. All materials were
provided in the form of 19 mm diameter extruded rods
by Comalco Research Centre (CRC), Melbourne,
Australia. The unreinforced 6061 aluminium alloy
was direct-chill-cast at CRC and then hot extruded.
The composites containing the alumina particulate,
obtained from Dural Aluminium Corporation, San
Diego, CA, USA, were processed by a proprietary
casting route [12]. Following casting and homogeniz-
ing, the composites were hot extruded at 450°C to
19 mm diameter rods. Comral-85 was also produced
by CRC, Melbourne through a casting route. The
billets were then cut into two halves and hot extruded
at 460 °C using a 3000 tonne extrusion press with an
extrusion ratio 38:1 and a speed 7-20 mmin~! to
form the final 19 mm diameter rods [13]. The com-
positions of the matrices of composites and the mono-
lithic alloy were determined using CAMECA SX50
electron probe micro-analyser (EPMA) on highly
polished surfaces of the specimens. The average com-
position obtained from six different readings for all
materials are listed in Table L

2.2. Methods

The as-received materials were solution heat treated
prior to microhardness testing, DSC or TEM analysis.
All the samples were heat treated at 530 - 1°Cfor2h
and quenched into iced water. They were then stored
at — 15°C before further experiments were per-
formed.

To investigate the age-hardening behaviour of these
alloys, samples from all five materials were heat
treated at 175 £ 1°C for a range of times up to 90 h.
Vickers’ microhardness testing was performed using

a 100 g indentor load; details have been published
elsewhere [14].

DSC experiments were performed on a DuPont 910
DSC unit with a DuPont 2100 thermal analyser. The
samples used were discs ~0.5 mm thick and 5.00 mm
diameter which were electro-discharge machined
(EDM) from the bulk material. The discs were solu-
tion heat treated, as described above, prior to testing.
Annealed high-purity aluminium discs were used in
the reference pan for the DSC runs. All tests were
started at 40 °C and terminated at 540°C, and a con-
stant heating rate of 20°C min~ ' was used. The heat
flow versus temperature data were continuously
stored in a computer interfaced with the calorimeter.
In order to ascertain the reproducibility, at least three
DSC runs were typically made for each type of sample.
The 2 °C variation in peak temperatures falls within
predetermined experimental tolerance of peak-tem-
perature measurements.

TEM studies were performed to correlate micro-
structural changes in these materials with the peaks
obtained in the DSC thermograms. Specimens for
TEM investigation were obtained from a simulated
thermal treatment which consisted of heating the spec-
imens to the peak temperatures of interest, maintain-
ing the same heating rate of 20 °C min~* as employed
in the DSC experimentation. Upon reaching the peak
temperature, the specimens were quenched in iced
water at 0°C to preserve the microstructure. Speci-
mens of monolithic 6061 aluminium alloy and two
composites, one containing angular reinforcements
(15% V; Al,03) and Comral-85 were studied. Thin
slices, 0.5 mm thick, were cut along the cross-section
of the extruded rods using a low-speed diamond saw,
Specimens of 3 mm diameter discs were spark-cut
from those thin slices by EDM. The discs were then
ground to 30-40 pm thickness on 600 grit SiC-paper.
Thin foils were then jet polished to perforation using
a Struers. Tenupol electropolishing unit. A polishing
solution of 20% HNO; in methanol at a temperature
of — 30°C was used. Polishing was carried out under
a voltage of 25 V for the composites and 11 V for the
monolithic alloy. Microstructural studies and phase
identification were carried out using a Jeol 2000FX
transmission electron microscope (TEM) operated at
200 kV furnished with an energy dispersive X-ray
spectrometer (EDS).

3. Results and discussion
Results from microhardness measurements as a func-
tion of ageing time at 175 °C for the monolithic alloy

TABLE I Chemical compositions of the monolithic 6061 aluminium alloy and the matrices of composites as determined by EPMA

Materials Chemical composition (wt%)

Mg Si Fe Cr Cu Mn Ti Al (bal.)
6061 0.690 0.549 0.022 0.065 0.168 0.094 0.017 98.835
10% Al,O, 0.819 0.507 0.037 0.083 0.173 0.009 0.007 98.472
15% Al,O5 0.752 0.490 0.040 0.098 0.320 0.012 0.004 98.332
20% Al,O3 0.756 0.508 0.066 0.119 0.282 0.004 0.001 98.197
Comral 85 0.704 0.569 0.057 0.090 0.322 0.007 0.010 98107
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and two composites, one containing 15% V; Al,O;
angular reinforcements and the other containing 20%
V¢ Al,O5 spherical reinforcements (Comral-85), are
shown in Fig. 1. Previous study {14] on these com-
posites showed that the presence of particles makes
a contribution to the hardness of the composite
matrix, the degree of which depends on the size and
distribution of the particles and also the indentation
load. An indentation load of 100 g was found suitable,
and matrix regions free from clusters of particles were
selected for indentation to minimize the scatter in the
microhardness results. Some scatter in the hardness
results could not be avoided because of the presence of
particles below the surface of indentation.

From the three curves in Fig. 1, differences in the
behaviour of the composites and the monolithic alloy
were observed. The solution-treated and as-quenched
microhardness of both composites were higher than
the monolithic alloy, and hardness also increased with
increasing reinforcement volume fraction. The time to
reach the maximum hardness was less in both com-
posites (8 h) as compared to the monolithic alloy
(10 h). Moreover, the differences between the hardness
of the composites and the monolithic alloy were larger
prior to the hardness maxima; beyond this peak, as the
materials overaged, the differences in hardness became
smaller. These observations are broadly consistent
with the work of Badini et al. [3] and Dutta et al. [4]
on similar materials. Some differences between this
current work and previous studies in the peak ageing
times and maximum hardness achieved are probably
attributable to the different solution-treatment and
ageing temperatures, matrix composition and the size
and type of the reinforcements used.

Prior to ageing, the alloys were solution heat
treated and quenched into iced water. During quench-
ing, the differential coefficient of thermal expansion
{CTE) between the matrix and the reinforcements re-
sulted in the formation of regions of high dislocation
density in the matrix, especially in regions adjacent to
the reinforcement particles. Fig. 2a shows the matrix
regions adjacent to a spherical particulate in Com-
ral-85. A region of high dislocation density
(2 x 10" m™?) was observed in the matrix region ad-
jacent to the particle. However, the density of dis-
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Figure 1 Microhardness as a function of ageing time at 175 °C for
() the monolithic 6061 aluminium alloy, (<) 15% Al,O; and (@)
Comral-85.

locations was observed to decrease with increasing
distance from the particle-matrix interface. Similar
behaviour was also observed in the 15 vol % Al,O;5
composite. The average dislocation density
(1.4 x10'* m~?) throughout the Comral-85 matrix
was found to be significantly higher compared to the
monolithic alloy (1 x 10** m™~?) (Fig. 2b), but slightly
lower than the 15%  Al,O; composite
(1.6 x 10** m™2). It is believed that the slightly higher
dislocation density in the 15% Al, O3 composite was
associated with the non-uniform shape of the partic-
ulates in that material where the more angular rein-
forcements may lead to locally higher dislocation
densities. The dislocation densities calculated for the
materials studied here are about two orders of magni-
tude higher than those reported by Dutta et al. follow-
ing a similar heat treatment [4]. However, dislocation
density analysis of the micrographs presented by these
workers indicate the dislocation densities are qualitat-
ively similar to those observed here. Because the dislo-
cation densities reported by these workers are similar
to that expected in well-annealed materials, it is sug-
gested that these workers may have erred in their
calculations.

Figure 2 Bright-field transmission electron micrographs of (a) an
area of the matrix adjacent to the particle in Comral-85 following
solution treatment and quenching showing a high dislocation den-
sity, and (b) the matrix of the monolithic 6061 aluminium alloy
following the same heat treatment.

53563



In addition, a small number of undissolved particles
(~0.5 um diameter) were observed in all three mater-
ials studied in the solution-treated and quenched
condition. EDS analysis indicated that they were rich
in iron, silicon, magnesium and aluminium. This
suggests that they are constituent intermetallics which
are commonly observed in as-cast 6xxx series mater-
ials. However, no other particles were observed in
these materials.

Thermograms were obtained from DSC scans of
both the monolithic alloy and the composites on
samples which were solution-treated and quenched.
A detailed description of these thermograms has been
published elsewhere [6]; however, a typical thermo-
gram of the unreinforced 6061 Al alloy is shown in
Fig. 3. The temperatures of all the peaks, whether
exothermic or endothermic, for all five materials were
identified and are summarized in Table II.

A typical DSC thermogram is given in Fig. 3,
which is the thermogram for the monolithic alloy.
Five exothermic peaks were observed: peak 1 at
102°C, peak 2 at 172°C, two overlapping peaks 4
and 5 at 272 and 322 °C, respectively, and peak 7 at
498 °C. In addition, three endothermic peaks were
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Figure 3 DSC thermograms of the monolithic 6061 aluminium
alloy in the solution-treated condition.

observed: peak 3 at 225 °C, peak 6 at 438 °C, and peak
8 at 530 °C. The thermograms obtained from the com-
posites exhibited the same general form as this ther-
mogram, except that the peaks occurred at slightly
different temperatures and were of differing intensity.

Exothermic peak 1 appeared at the same temper-
ature of 102 °C for all five materials. In each case this
peak was very small, and no obvious change in inten-
sity was noted between any of the materials. Fig. 4
shows transmission electron micrographs of samples
of both the monolithic alloy and the two composites
heated to 102°C. In all three materials a number of
very small precipitates arc the characteristic feature
of these micrographs. These precipitates were fully
coherent with the matrix and they were visible only
through strain contrast. The image characteristics
of such precipitates were found to be similar to the
coherent silicon clusters observed in Al-Si alloys by
Ozawa and Kimura [15] and Dutta ef al. both in
6xxx-based composites and the monolithic 6061
aluminium alloy [4, 16].

It was also noted that there were fewer silicon clus-
ters in the composite matrices, and that these particles
were slightly bigger than those observed in the mono-
lithic alloy. Furthermore, the clusters in the composite
appeared to form preferentially in regions of high
dislocation density compared with a more even distri-
bution of relatively finer silicon clusters in the mono-
lithic alloy. Interestingly, Dutta et al. [4,16] noted in
their composites that silicon clusters formed during
quenching from the prior solution-treatment temper-
ature, but this did not occur in their monolithic alloy,
and that during subsequent heat treatment, the pres-
ence of alumina resulted in a reduction in the intensity
of the DSC peak associated with silicon cluster forma-
tion, such that it was no longer observed in the com-
posite containing 15vol % alumina. Furthermore,
neither Papazian [1] nor Badini et al. [3] in similar
studies observed a discrete peak associated with the
formation of silicon clusters. Dutta et al. [4] suggested
that the nucleation of silicon clusters is associated
with the presence of quenched-in vacancy loops and

TABLE II Analysis of DSC scans of the monolithic 6061 aluminium alloy and composites in the solution-treated condition

Materials Temperature of the peaks (°C)

Peak-1 Peak-2 Peak-3 Peak-4 Peak-5 Peak-6 Peak-7 Peak-8

Si* GP-1* DGP-I¢ pre g DB’ (e Dg*
6061 102( + ) 172(+) 225(—) 272(+) 322(+) 438(—) 498( +) 530(—)
10% Al O, 102( +) 172(+) 225(—) 272(+) 308(+) 440( —) 492(+) 522( =)
15% AlLO; 102(+) 172(+) 225(—) 272(+) 305(+) 440(—) 485(+) 522(—)
20% Al,O; 102(+) 160(+) 225(—) 270( +) 298( +) 440(—) 485(+) 522(—)
Comral 85 102(+) 160( +) 225(—) 270( +) 305(+) 440( —) 488( +) 522(—)

2 Formation of Si-clusters.
®Formation of GPI-zones.

¢ Dissolution of GP-I zones.
4Formation of B precipitates.
¢ Formation of ' precipitates.
" Dissolution of ' precipitates.
¢ Formation of B precipitates.
" Dissolution of B precipitates.
{Exothermic peak.

i Endothermic peak.
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Figure 4 Bright-field transmission electron micrographs of (a) 6061
monolithic alloy, (b) 15% Al,O; and {¢) Comral-85 corresponding
to peak 1 of the DSC thermogram.

CTE dislocations following the solution heat treat-
ment. They suggested that larger numbers of CTE
dislocations in the composite materials may have led
to the formation of the silicon clusters during the
quench in these materials. In the alloys studied here,
silicon clusters were not observed in the as-quenched
material. However, a smaller number of larger clusters
was noted in the composites compared with the
monolithic alloy.

It is clear that the conditions of formation of these
silicon clusters is subject to considerable variation. It

is known that the ageing behaviour of 6xxx alloys is
highly sensitive to composition, especially the silicon
and magnesium concentrations, and also the heat-
treatment regimes used. Slight compositional differ-
ences between the materials studied here and those
studied by other workers are apparent. Furthermore,
other workers used a higher solution-treatment tem-
perature than that used here which might be expected
to produce both a higher vacancy concentration and
a higher density of CTE-induced dislocations. These
differences in material composition and heat treat-
ment may account for any differences in behaviour
which were observed.

Exothermic peak 2 appeared at 172°C for both
10% and 15% Al,05 6061 composites and the mono-
lithic alloy. However, this peak appeared at a much
lower temperature of 160 °C when the reinforcement
content was increased to 20% for both the 20% Al, O,
and the Comral-85 composites. Furthermore, the
peaks for both 10% and 15% Al,0; 6061 composites
and the monolithic alloy were significantly smaller
than those observed for the two composites which
contained 20% Al,Oj. Prior studies showed that this
peak is associated with the formation of Guinier—Pres-
ton (GP-I) zones [3-6], and it can be inferred that
a higher degree of reinforcement can both accelerate
the kinetics of formation of GP-1 zones and increase
the proportion of this phase formed. However, it
would seem that the shape and size of the reinforce-
ments exerted little influence on the precipitation
process at this stage as peak 2 occurred at the same
temperature for both in 20% Al,O; and Comral-85.
These data are again in contrast to the work of Dutta
et al. who demonstrated that additions of only 10%
and 15% Al,0; to 6061 decreased the peak temper-
ature for GP-1 formation although in their study the
peak temperatures for formation of GP-I and GP-11
zones were not clearly quantified because of obtaining
an unresolved doublet for such formation.

Fig. 5 shows the microstructure of both the mono-
lithic alloy and composites heated to the condition
corresponding to peak 2 of their respective DSC ther-
mograms. Two kinds of precipitates were noted. First,
fine particles, which were believed to be the silicon
clusters (labelled A, for example) associated with peak
1, and second a smaller number of particles (labelled
B, for example), which exhibited strong strain con-
trast, with a line of no contrast normal to the diffrac-
tion vector operating on the foil plane. From the
previous study on the DSC thermograms of these
materials [3-6] and from prior studies of the precipi-
tation sequence in Al-Mg-Si alloys [17-19], it can be
inferred that these second particles are GP-I zones.
Somewhat surprisingly, no clear difference in the den-
sity of the GP-1 zones was noted in the three materials
examined by TEM, although the relative proportion
of GP-I zones in each material was generally low,
making comparison difficult.

The endothermic peak 3, which from prior studies
was thought to be associated with the dissolution of
GP-1 zones, appeared at the same temperature,
225°C, for all materials. This is in contrast to the work
of Badini ef al. [3,20] who showed that the addition of
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Figure 5 Bright-field transmission electron micrographs of (a) 6061
monolithic alloy, (b) 15% Al,O; and (c) Comral-85 corresponding
to peak 2 of the DSC thermogram.

about 17 vol % SiC whiskers and also 14 vol % SiC
particulates to 6061 reduced the temperature of this
peak from 228 °C to 200 °C. Again it is probable that
differences in material composition and heat treat-
ments given between this work and the work of Badini
et al. may contribute to such differences. Fig. 6
shows a bright-field micrograph of the monolithic
alloy heated to a temperature corresponding to the
endothermic peak 3. Very few precipitates were
observed, even under strong two-beam diffracting
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Figure 6 Bright-field transmission electron micrograph of 6061
monolithic alloy corresponding to peak 3 of the DSC thermogram.

conditions, suggesting that the dissolution of GP-1
zones occur at this peak. However, a small number of
GP-I precipitates (labelled A, for example) were still
visible, indicating that the dissolution process was not
complete. Similar microstructures were observed in
both of the composite materials studied.

The third exothermic peak 4, associated with GP-1I
zone (or ") formation, appeared at 270 °C for both
20% Al,03/6061 and Comral-85 as compared with
272 °C for the monolithic alloy, 10% Al,O5 and 15%
AL, O,. It was also noted that there was little difference
in peak intensity for the five materials studied. How-
ever, peak 5, associated with formation of B’ appeared
at 308, 305, 298 and 305 °C for 10%, 15%, 20% Al,O;
and Comral-85 composites, respectively, as compared
to 322°C for the monolithic alloy. It was also noted
that as the volume fraction of reinforcement increased
the intensity of this peak (4) decreased and the degree
of overlap between peaks 4 and 5 increased. Thus, it is
evident that the kinetics of formation of GP-II zones
are little affected by the addition of reinforcements
and the shape and size of the reinforcements appear to
have no significant role in this type of precipitation.
This is in contrast to Dutta et al. [4] who showed
that increasing the volume fraction of reinforcement
decreased the temperature of the GP-II zone peak,
although they did not observe any clearly defined
peak for GP-II zones as stated earlier. However, it is
quite clear that the alumina particles accelerated the
kinetics of B formation, which is consistent with the
work of Dutta et al. Furthermore, the significantly
lower temperature (298 °C) peak for the 20% Al,O;
composite, compared with the peak temperature
(305°C) for Comral-85, suggests that the smaller,
angular-shaped reinforcements in this material may
have exerted greater influence on the kinetics of pre-
cipitation of B’ phase. The relative decrease in the size
of the B’ peak as the volume fraction of reinforcement
increased, suggests that the slightly accelerated pre-
cipitation of B” in the heavily reinforced composites
may have inhibited the subsequent formation of .

Fig. 7 shows bright-field micrographs of samples
heated to temperatures corresponding to peak 4 of the
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Figure 7 Bright-field transmission electron micrographs of (a) 6061 monolithic alloy, (b) 15% Al,O3 and (¢) Comral-85 corresponding to peak
4 of the DSC thermogram; (d) <001 selected-area diffraction pattern from the matrix of the 6061 monolithic alloy.

DSC-thermograms of both the monolithic alloy and
composites. The principal feature of these micro-
graphs is needle-shaped precipitates about 20-25 nm
long and 5-6 nm diameter aligned along the <100)
matrix directions. These needles exhibited a line of no
contrast under strong two-beam diffraction condi-
tions normal to the diffraction vector. Selected-area
diffraction patterns (SADP) exhibited streaking paral-
lel to the {001} planes (Fig. 7d), consistent with the
observations of Dutta et al. [4], and other studies of
6xxx series precipitation sequences [21]. TEM exam-
ination of these alloys suggested that the " precipi-
tates in Comral-85 were slightly larger than both the
15% Al, O3 composite and the monolithic alloy. This
is consistent with the accelerated precipitation -
dicated by the DSC.

Fig. 8 shows transmission clectron micrographs of
the monolithic alloy and composite samples heated to
peak 5; it is clear that the needles which appeared at
peak 4 have coarsened to rods 150-200 nm long and
about 10 nm diameter. Fig. 8d shows a <001> SAD
pattern which again shows streaking parallel to
{001}. Similar coarse rod-like precipitates have been
identified as the metastable B’ by other workers
[4,7,21]. Examination of the microstructures of these
materials suggested that some of the B’ precipitates
were slightly coarser in the composite compared with

the monolithic alloy. This is consistent with the accel-
erated precipitation indicated by the DSC.

The strain fields associated with the formation of
GP zones in 6061 aluminium alloys become progress-
ively relieved during the precipitation process
[21-24]. In composites, the high matrix dislocation
density associated with differential thermal contrac-
tion increases with increasing reinforcement content.
It was suggested by Dutta et al. [4] that the coherent
and semi-coherent precipitates orient themselves such
that the direction of maximum strain coincides with
the Burgers vector of the host dislocation, which leads
to a reduction in the associated strain energy. Because
of the high dislocation density in the composite mater-
ials, a high fraction of the precipitates nucleate at
dislocations, resulting in the acceleration of precipita-
tion. Fig. 9 shows B’ precipitates in Comral-85 which
have formed heterogeneously on dislocations, consis-
tent with the suggestions of Dutta et al.

Peak 6, associated with the dissolution of B’ precipi-
tates, showed similar behaviour to that for peak 3.
That is, it appeared at 438 °C for the monolithic alloy
as compared with 440°C for all the composites.
Fig. 10 shows bright-field micrographs of samples
heated to peak 6 of their respective DSC thermograms.
These micrographs show a duplex precipitate mor-
phology consisting of relatively small B’ precipitates
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Figure 8 Bright-field transmission electron micrographs of (a) 6061 monolithic alloy, (b) 15% Al,O; and (c) Comral-85 corresponding to
peak 5 of the DSC thermogram (d) <001) selected-area diffraction pattern from the matrix of 6061 monolithic alloy.

Figure 9 Bright-field transmission electron micrograph of a ' pre-
cipitate associated with a dislocation in Comral-85 heat treated to
conditions corresponding to peak 5 of the DSC thermogram.

and a limited number of large plate-like equilibrium
B precipitates, suggesting that some of the
rod-shaped B’ precipitates have started to grow into
platelets of equilibrium B, whilst other B’ precipitates
dissolve. In general, the precipitates in Comral-85
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were larger than those in either the monolithic alloy or
the 15% Al,O; composite. This would suggest that
the growth process is accelerated for Comral-85 com-
pared with the other materials.

Peak 7, which is due to the formation 3 precipitates,
appeared at 492, 485, 485 and 488 °C for 10% Al,Os,
15% Al,03, 20% Al,0; and Comral-835, respectively,
as compared to 498 °C for their monolithic counter-
part. Hence, the precipitation of  phase is also signifi-
cantly accelerated by the reinforcement volume
fraction, although the shape of the reinforcement does
not seem to influence greatly this type of precipitation.
Fig. 11 shows the bright-field micrographs of samples
of the monolithic alloy and composites heated to peak
7 of their respective DSC thermograms. Plate-like
precipitates 500-600 nm in length and 50-60nm
width, formed due to lateral coarsening of B' precipi-
tates, are the characteristic feature of these micro-
graphs. Again, larger precipitates were observed in
Comral-85. Jacobs [21] described such incoherent
equilibrium precipitates as f phase having an fcc unit
cell attice with a parameter of a = 0.639 nm and sim-
ilar to the CaF, structure. However, such precipitates
were confirmed to be composed of magnesium and
silicon by EDS analysis and this suggested the
chemical formula of Mg,Si [21, 23]



Figure 10 Bright-field transmission electron micrographs of (a)
6061 monolithic alloy, (b) 15% Al,O; and (c) Comral-85 corres-
ponding to peak 6 of the DSC thermogram.

Peak 8, associated with the dissolution of incoher-
ent P precipitates appeared at 530 °C for the mono-
lithic alloy, whereas the same peak appeared at
a much lower temperature of 522 °C for all composites
irrespective of the size, shape and volume fraction of
the reinforcements. Hence it can be inferred that the
dissolution of the B precipitates in the composites is
accelerated due to addition of reinforcements in the
matrix alloy. This is consistent with the DSC data of
Dutta et al. [4], who suggested that dissolution occur-
red at a lower temperature for the composites than the
monolithic alloy. Fig. 12 shows a bright-field micro-
graph of the monolithic alloy heated to the endother-
mic peak 8. No precipitates were observed at this
stage, only some undissolved particles were present in
the micrographs, which EDS analysis suggested were
the constituent intermetallic phases described earlier.
Similar microstructures were observed for both the
composites studied.

It is clear from this study, that the trends observed
here are broadly similar to those noted by other
workers. That is, alumina reinforcements accelerate
the ageing in 6xxx matrices, but that the precipitation
sequence is the same for both the composites and the
monolithic material. However, many slight differences
in peak temperatures and the relative acceleration of

. / : :‘ | q

400 nm

O i

Figure 11 Bright-field transmission electron micrographs of (a)
6061 monolithic alloy, (b) 15% Al,O; and (c) Comral-85 corres-
ponding to peak 7 of the DSC thermogram.

various precipitation processes between this study and
related studies on similar materials were noted. These
inconsistencies regarding the peak temperatures for
formation and dissolution of precipitates recorded by
various workers may be attributable to the different
processing history of the materials and also the differ-
ent solution-treatment temperatures and quenching
rates employed. Furthermore, slight differences in
the chemical compositions of the matrices as well as
differences in the size, shape and composition of the
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400 nm

Figure 12 Bright-field transmission electron micrographs of 6061
monolithic alloy, corresponding to peak 8 of the DSC thermogram.

reinforcements, may have led to further differences in
behaviour. In this respect, Papazian [1] showed that
the precipitation behaviour of powder-metallurgy
processed 6061 aluminium alloy and its composites is
different compared to the wrought alloy.

The composites studied here contained a range of
volume fractions of particulates from 10-20 vol%. In
general, it was noted that any acceleration of the
precipitation process was greater in the composites
with the higher particulate content. This is in agree-
ment with the work of Dutta et al. [4].

Dutta et al. [25] studied the effect of particle shape
on precipitation and showed that the plastic strain
and, consequently, the ageing rate increases as the
reinforcing particulate aspect ratio increases and so
spheres generate the lowest plastic strain compared
to long cylinders, suggestive of whiskers or fibres.
Although a slightly higher dislocation density was
observed in the composite containing angular par-
ticulates rather than microspheres, no significant
differences in the precipitation behaviour of these
composites were observed except in the formation of
B" precipitates. Although any other differences may
have been masked by differences in the average partic-
ulate size.

Recent work has been performed by Unsworth and
Bandyopadhyay [8] and Hadianfard et al. [7] with
composites . containing spherical Al,O5 reinforce-
ments. Unsworth’s work, based on hardness measure-
ment and TEM studies, showed the accelerated ageing
phenomenon for the composite and a dual precipitate
morphology consisting of GP zones and B’ precipi-
tates at peak-aged (8 h at 175°C) condition was ob-
served. In another observation based on resistivity
studies, Hadianfard et al. suggested that the acceler-
ated precipitation in composites was due to the
increased rates of nucleation and growth, and the
nucleation is accelerated due to the reduction of incu-
bation time for coherent precipitates at the initial
stage. Also, it was reported in their study that the
reinforcement addition can decrease the relative
amounts of GP-I and GP-II zone formation with
increased amounts of B’ and B precipitates, although
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no detailed microstructural observations were made
in this study. This, however, contradicts the observa-
tions of Dutta et al. [4] and the present DSC study,
where it was found that the proportions GP-1 and
GP-II zones increased with increasing reinforcement
volume fraction, showing larger peak arecas of such
precipitates in the DSC thermograms. The intensities
of the peaks for the formation of ' and P precipitates
decreased with increasing reinforcement volume frac-
tion suggesting the decrease in the volume fraction of
the respective phases with addition of reinforcements.
This is consistent with the study made by Dutta et al.
[4], but contradicts with the observation made by
Hadianfard et al. [7].

4. Conclusion

A comprehensive calorimetric (DSC) investigation in
conjunction with transmission electron microscopy
(TEM) has been conducted on the precipitation and
dissolution behaviour of Al,O; particle-reinforced
6061 aluminium matrix composites. The presence of
both angular and spherically shaped particles was
observed significantly to accelerate age-hardening
kinetics of the aluminium matrix alloy, although the
precipitation sequence was not altered. Comparison of
the data obtained here with similar studies by other
workers, suggest that the ageing processes of these
composites are highly sensitive to matrix composition
and heat-treatment conditions as well as the reinforce-
ment type.
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