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The high temperature deformation behavior of Al 6061 composites reinforced with SiC and
Al2O3 particles has been studied in the temperature range of 300–550◦C and the strain rate
range of 0.1–3.0/sec by hot torsion test. The deformation efficiency η, given by (2m/m + 1),
where m is the strain rate sensitivity, is calculated as a function of temperature and strain
rate to obtain iso-efficiency contour map. The composite reinforced with SiC particle
exhibited a domain of dynamic recrystallization (DRX) with a peak efficiency of ∼40% at the
temperature range of 450–500◦C and strain rate range of 0.2–0.5/sec. On the other hand, the
composite reinforced with Al2O3 particle showed the DRX domain at the temperature
range of 450–480◦C and strain rate range of 0.1–0.2/sec. The characteristics of these domain
have been investigated with the help of microstructural observation and hot ductility
measurements. C© 2002 Kluwer Academic Publishers

1. Introduction
Discontinuously reinforced metal-matrix composites
(MMCs) based on Al are recognized as important struc-
tural materials because of its superior properties such
as high specific strength, high-temperature resistance,
and reduced thermal expansion coefficient [1, 2]. Also,
these MMCs have the advantage of amenability to sec-
ondary metal working processes like extrusion, rolling,
and forging compared to continuously reinforced com-
posites [3]. However, the MMCs show a lower hot duc-
tility than the monolithic alloy owing to the presence of
reinforcements during hot working. Thus, to improve
the hot workability of the Al-based composites, it is
necessary to understand the hot deformation behaviors
and the effects of deformation conditions on deformed
microstructure and hot-ductility during the processing.

The aim of this work is to study the hot working
behavior of two types of Al matrix composites con-
taining different ceramic particles and to generate a
iso-efficiency contour map for the optimization of hot
workability. The map, which is based on dynamic ma-
terials model (DMM) [4], shows materials behavior
under hot working and was established to reveal the
relationship between deformation efficiency and their
microstructure. For example, Prasad et al. has suggested
the optimum hot working condition for Al-based com-
posites and other materials by using deformation effi-
ciency and its corresponding microstructure [5, 6]. In
this model, the workpiece was considered as a dissi-
pator of power and at any instant the total power dis-
sipated consisted of two parts: G content representing
the temperature rise and J co-content representing the
dissipation through microstructural changes.

The J co-content is given by

J = σ ε̇m/(m + 1)

where σ is the flow stress and ε̇ is the strain rate.
For an ideal linear dissipator, J = Jmax = σ ε̇/2.

The variation of deformation efficiency parameter,
η = J/Jmax with ε, ε̇, and T represents the character-
istics of power dissipation of the workpiece occurring
through microstructural changes. The major advantage
of this model is that it helps to establish the materials be-
havior under “dynamic” conditions since the efficiency
represents the instaneous power dissipation characteris-
tics. In this study the hot workability of the composites
is evaluated by correlating deformation efficiency with
microstructural changes during hot deformation.

2. Experimental procedure
The materials used in this work were 8 µm size of SiC
and Al2O3 particles and Al 6061 alloy powders. The
composites were fabricated by powder metallurgy. For
the fabrication of the composites, the Al alloy pow-
ers and SiCp were ball-milled for 72 hours and the re-
sulting mixtures were compacted by hot pressing at
520◦C and 120 MPa in vacuum before cooling. The
hot-pressed billets with a diameter of 50 mm and length
of 50 mm were hot-extruded with an extrusion ratio of
25 : 1 at 430◦C. The Al 6061 composite reinforced with
Al2O3 was fabricated by the same process mentioned
above. The torsion specimens with a gauge length of
10 mm and a diameter of 7 mm were machined from
the extruded composite bars. The torsion test specimens
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were heated to 300–550◦C using a dual elliptical radi-
ant furnace and then held for 10 min. The torsion tests
were conducted in the temperature range of 300–550◦C
and strain rate range of 0.1–3.0/sec.

The effective stress σ and effective strain ε of the
composites were calculated from the torque moment
and angular displacement measured from the torsion
tests using the von Mises criterion [7].

Deformation efficiency was calculated from the cal-
culated values of strain rate sensitivity and was used
to plotting an iso-efficiency contour map. The mi-
crostructures of the as-extruded and fracture surface
were examined by the scanning electron microscopy
(SEM). Transmission electron microscopy (TEM) was
also used to examine the microstructures of the hot-
deformed composites. The TEM specimens were me-
chanically ground to ∼60 µm and then jet-polished
with a solution of 25% nitric acid and 75% methanol
under a condition of 30 V and 60 mA at about −40◦C.

3. Results and discussion
The flow stress–strain curves for Al 6061 composites
reinforced with Al2O3 and SiC particles are shown
in Fig. 1. The flow curves show a greater hardening
behavior compared to the monolithic alloy. This is
because of high densities of dislocations created by the
difference in coefficients of thermal expansion (� CTE)
between reinforcements and matrix alloy (Table I) [8].

Figure 1 Effective stress and effective strain curves of Al 6061 compos-
ites reinforced with (a) SiC and (b) Al2O3 particles.

TABLE I The mean coefficient of thermal expansion of aluminum
alloy and Al2O3 and SiC particles

CTE(10−6/◦C)

25–100◦C 25–200◦C 25–300◦C 25–400◦C 25–500◦C

6061 23.4 24.3 25.3 25.4 25.5
Al2O3 6.4 6.9 7.2 7.4 7.5
SiC 3.3 3.8 4.1 4.4 4.7

Figure 2 Iso-efficiency maps of Al 6061 composites reinforced with
(a) SiC and (b) Al2O3 (c) matrix alloy obtained at the strain of 0.4.
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The � CTE dislocations are created during fabrica-
tion, heating and cooling stages. In addition, it has been
known that the hardening behavior of the composites
strongly depends upon strain rate and temperature. As
the temperature rising, the increase of flow stress caused
by particle strengthening diminished to smaller values
as that of the monolithic alloy [9]. The strengthening
of the composites is due to the geometrical constraint
of hard rigid particle during plastic flow as well as the
increased dislocation density. The reinforcements used
in this experiment are angular Al2O3 and SiC particles,
so the difference in flow stress between the compos-
ites has been obtained at the efficiency value of 42%
(Fig. 2). Also, the hot deformed microstructure at 480◦C
and 0.1/sec of Al2O3/Al 6061 composite is shown in
Fig. 3b. It is also found that equiaxed dynamic recrys-
tallized grains were obtained in the composite during
hot deformation.

The instability map, which is developed by Kumar
and Prasad [13], is used for evaluating the regimes of
microstructural instabilities for the composites. The
metallurgical instability will occur when d D/d ε̇ <

D/ε̇ . D, which is related to microstructural changes,
is equivalent to J co-content (J = σ ε̇ m/(m + 1)), so

Figure 3 TEM bright field images of (a) SiCp/Al 6061 composite
deformed at 480◦C, 0.5/sec and (b) Al2O3/Al 6061 composite deformed
at 480◦C and 0.2/sec.

Figure 4 Instability maps of (a) SiC and (b) Al2O3 particles reinforced
Al 6061 composites and (c) matrix alloy obtained at the strain of 0.4.

the upper equation becomes

∂ ln(m/m + 1)

∂ ln ε
+ m < 0

The left hand side of this equation is represented by
ξ (ε̇), which negative, indicates microstructural insta-
bility in the material. The variation of instability pa-
rameter ξ (ε̇) with temperature and strain rate is shown
in Fig. 4 obtained at the strain of 0.4. The instability
regime of Al2O3/Al 6061 composite is wider than that
of SiCp/Al 6061 composite. This is due to the difference
of the extent of bonding between matrix and reinforce-
ments. The SiC has well-bonded properties compared
to Al2O3 [13]. Therefore, it would be expected that
fewer voids would be attached to SiC particles dur-
ing deformation. In Fig. 5a, the round shaped voids
were easily formed at the matrix/Al2O3 interface than
SiC, indicating that interfacial debonding which lead to
local cracking in the end. In Fig. 5b, as a result of ob-
servation by SEM, the manifestation of microstructural
instability could be known from the formation of crack-
ing due to flow localization. Therefore, the regime of
microstructural instability should be avoided to obtain
the composites with sound microstructure during hot
deformation.
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Figure 5 SEM micrographs of Al2O3/Al 6061 composite deformed at
550◦C and 0.1/sec.

Figure 6 Variations of failure strain and deformation efficiency with
temperature for (a) SiC and (b) Al2O3 particle reinforced Al 6061
composites.

Figure 7 Fracture surface image (SEM) of (a) SiCp/Al 6061 composite
deformed at 480◦C, 0.5/sec and (b) Al2O3/Al 6061 composite deformed
at 450◦C and 0.2/sec.

The variation of failure strain and deformation effi-
ciency for both composites with strain rate and temper-
ature is shown in Fig. 6. In both cases, the regimes of
high failure strain are nearly coincided with the DRX
occurrence. The microstructure of fracture surface
for Al6061 composite reinforced with (a) SiC and
(b) Al2O3 obtained at 480◦C, 0.5/sec and 450◦C, 0.2/sec
respectively are shown in Fig. 7. It showed ductile-
fractured surface with prolonged formed dimples along
the deformation direction. The variation of failure strain
with temperature and strain rate showing DRX behav-
ior similar to that of the deformation efficiency. But
in Fig. 6b, the deformation efficiency obtained at high
temperature (>500◦C) is higher than that of obtained
at DRX domain. It has been reported that the damage
process such as void formation, wedge cracking and
grain boundary cracking are very efficient in dissipat-
ing power as well as superplasticity and they were char-
acterized by a steep rise in efficiency with decrease of
strain rate [15]. In order to confirm the superplasticity, it
is important to measure failure strain of the composites.
Normally, large strains are obtained during superplastic
deformation. In this experiment, the composites exhib-
ited small strains less than 260% resulting from the
generation of voids due to flow localisation. Therefore,
to obtain DRX microstructure and good ductility of the
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composites, the deformation efficiency should be con-
sidered including the microstructural changes under the
considered deformation conditions.

4. Conclusions
The hot deformation behavior of Al 6061 composites
reinforced with 15v.%SiC and Al2O3 particles is stud-
ied in the temperature range 300–550◦C and strain rate
range 0.1–3.0/sec by using deformation efficiency and
the following conclusions are drawn from the results.

1. There is no significant effect of strain on iso-
efficiency map for the composites unlike temperature
and strain rate.

2. The SiCp/Al 6061 composite showed an effi-
ciency of ∼40% at the DRX domain of 450–500◦C and
0.2–0.5/sec, while for the Al2O3/Al 6061 composite,
DRX domain occurs at 450–480◦C and 0.1–0.2/sec
showing an efficiency of ∼35%.

3. The instability regimes of Al2O3/Al 6061 com-
posite are wider than those of SiCp/Al 6061 composite
because of difference in strength of reinforcements.

4. The variation of failure strain as a function of
temperature and strain rate is similar to that of the
deformation efficiency.
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