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Hot deformation characteristics of a 15 vol% SiCp/2009 Al composite fabricated by powder
metallurgy were studied by compressive tests conducted at strain rates of 0.001 to 10 s−1

and temperatures of 350 to 500◦C. A processing map on basis of a Dynamic Material Model
was generated. Different deformation mechanisms such as dynamic recrystallisation (DRX)
and superplasticity interpreted by processing map were validated by microstructure
observation. Adiabatic shear band formation was observed at higher strain rates, thereby
defining the flow instability domain. C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Aluminum matrix composites (AMC) reinforced with
stiff ceramic particulate are recognized as an important
advanced material owing to their desirable properties,
such as low density, high specific stiffness or strength,
low thermal expansion, superior dimension stability, in-
creased fatigue resistance, and availability of cheaper
reinforcement and comparatively low cost, high vol-
ume production methods [1–3]. However, the ceramic
particulates restrict plastic flow of matrix alloy leading
to relative poor formability of composites compared
with that of unreinforced alloys, such as rolling, forg-
ing as well as extrusion. Proper selection of forming
parameters (including forming temperature and speed
represented by strain rate) critically affects the produc-
tion of sound components, which requires abundant
experiment data and numerical models. Hot workabil-
ity of conventionally produced (i.e., ingot metallurgy)
AMCs and alloys has been extensively evaluated in
the past years [4–11], however, limited studies have
reported on the hot deformation behavior and process-
ing parameters of powder metallurgy (PM) AMCs and
alloys [12–16]. It is hard to evaluate workability of
composites fabricated by PM, considering that hot de-
formation characteristics of PM aluminum alloy and
AMCs are quite different from those of similar casting
materials.

The present work is, therefore, in an attempt to study
the hot working behaviors and the effect of hot defor-
mation on microstructure of a PM 2009 Al reinforced
with 15 vol% silicon carbide particulate. Processing
map based on a Dynamic Material Model [17, 18] was
generated as an explicit representation of the response
of composites in terms of microstructure mechanism.
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2. Experimental procedure
The present composite containing 15 vol pct silicon
carbide particulate was fabricated through powder met-
allurgy route. A 2009 Al powder with an average diam-
eter of 30 µm and α-SiC particulate with a nominal size
of 10 µm were initially mixed in a biaxis rotary mixer,
and subsequently cold compacted. The as-compacted
green billet was degassed and consolidated at 550◦C,
followed by hot extruded at 450◦C with a ratio of 15:1.

Cylindrical specimens with 8 mm in diameter and
12 mm in height for compressive tests were machined
from as extrude bar with the axis of specimens parallel
to extrusion direction. Uniaxial hot compressive tests
were conducted on Gleeble 3500 to achieve a constant
strain rate deformation. Specimens were heated to test
temperatures, soaked for 10 min for equilibration. Fluc-
tuation of temperature was controlled within ±1◦C.
The specimens were compressed with a height reduc-
tion of 42%, in isothermal condition at the temperature
and strain rate ranges of 350–500◦C and 0.001–10 s−1,
respectively. The compression direction was parallel
with axis of specimens. Deformed specimens were air
quenched and sectioned parallel to the compression
axis, the cut surface was prepared for microstructure
examination by standard optical and scanning electron
microscopy techniques.

3. Experimental results and discussion
3.1. Initial microstructure
Fig. 1 represents the micrograph of as-extruded 15%
SiCp/2009 Al composite. It reveals fine equiaxed re-
crystallized grain structure formed out of the origi-
nal grains elongated in the extrusion direction due to
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Figure 1 Optical micrograph of as extruded 15%SiCp/2009 Al.

anneal during hot extrusion. Similar results were shown
in the observation of Radhakrishna Bhat et al. [16].
The average grain size is about 13 µm. The coarser
grain size may be attributed to the lower extrusion ratio
(15:1).

3.2. Flow curves
Typical flow curves (for 450◦C and each test strain rate)
are shown in Fig. 2a. The flow stress rises with increase
of the strain rate. A maximum flow stress value fol-
lowed with flow softening is observed at higher strain
rates while it is absent at strain rates below 0.1 s−1.
Deformation at higher strain rates is almost adiabatic
as consequence of the inadequate heat transmission
due to insufficient durations. In addition, lower rate of
dislocation generation at higher strain increases the dy-
namic yield stress. This lead to a peak stress value and
flow softening. Further, a fluctuant curve at compara-
tively high strain rate (>0.1 s−1) is observed in Fig. 2a,
the same phenomenon is shown in Fig. 2b at each test
temperature. These results indicate that flow softening
behavior occurs in matrix. Traditional dynamic recrys-
tallisation (DRX) occurs in low stacking fault energy
(SFE) metals during hot deformation. Prasad and Se-
shacharyulu [19] opined that recrystallinsation did not
occur in aluminum in view of its high SFE and the pri-
mary softening mechanism was only dynamic recovery
except for high pure aluminum and some particle con-
taining alloys. However, many authors demonstrated

that DRX was more likely to occur due to high-density
dislocation formed by addition of a large fraction of
hard particle. Recently, Garnesan et al. [20] indicated
that flow stress curves corresponding to DRX region
of processing map did oscillate. It can be inferred that
DRX is likely to occur in present composites. The oscil-
lations of flow curves may be attributed to insufficient
strain values in present test before achieving steady
state. These would be discussed later with observation
of microstructure.

An early attempt [21] to evaluate the mechanisms
of hot working, that is, the steady flow stress in hot
deformation is related to strain rate and temperature by
Arrhenius relationship:

ε̇ = Aσ n exp(−Q/RT ) (1)

where ε̇ is the strain rate, A the constant, σ the steady
flow stress, n stress component, Q the activation en-
ergy, R the gas constant and T is the absolute tempera-
ture. An effective stress equal to difference between ap-
plied stress and threshold stress may substitute the flow
stress σ . On the basis of an apparent energy, deforma-
tion mechanisms may be evaluated and microstructure
correlations obtained with a temperature compensation
strain rate parameter, Z defined as:

Z = ε̇/A exp(Q/RT ) = σ n (2)

The kinetic analysis is applicable for pure metals and
dilute alloys but when extended to commercial alloys
and AMC with complex microstructures, the apparent
activation energy values become too complex to inter-
pret in terms of a single mechanism [22]. In addition,
tests at very low strain rates are absent. It is hard to
calculate values of threshold stress. Thus, a processing
map is generated for understanding the response of the
composite to deformation.

3.3. Processing maps
A processing map is obtained by superimposition of the
variation of the efficiency of forming parameter with
temperature and strain rate and the variation of instabil-
ity parameter as a function of the same variables. The
approach follows the Dynamic Material Model [17, 18]

Figure 2 Flow stress curves at (a) variation strain rate (b) variation temperature.
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that considers the machine as a source of power and the
material as a power dissipator. The power dissipation
maps are continuum maps and are interpreted in terms
of the microstructural processes making use of the ideas
discussed in the processing maps reported earlier by
Gandhi and Raj [23–25], which are developed on the
basis of an atomistic approach. These maps reveal the
limiting temperature and strain rate conditions for the
occurrence of fracture and instability processes. For
metal matrix composites, voids usually form at inter-
faces when deformed at lower temperatures and higher
strain rates [20, 22], whereas wedge cracking occurs at
grain boundary triple junctions at higher temperatures
and lower strain rates. Flow instability is likely to occur
at very high strain rates, typically represented by the
formation of adiabatic shear band (ASB). The flow of
metal matrix composites is controlled by two main pro-
cesses [26]: the transfer of load from ductile matrix to
hard particles and the microstructural transformations
such as recrystallization or damage phenomena; in this
case the material can present decohesion at matrix–
particles interfaces or several particle cracking. When
the material is able to dissipate applied power through
the load transfer or through metallurgical transforma-
tions, it does not reach high levels of damage [27–29]. A
processing map gives safe “processing windows” [22]
in which the processes of dynamic recovery and DRX
occur. Dynamic recovery and DRX are main mecha-
nism of flow softening to keep flow stresses and rates of
work hardening considerably low [25]. Although these
maps give the general guidelines, the interpretation of
domains in the map will have to be microstructurally
validated.

In this study, processing map based on Dynamic Ma-
terials Model [17, 18] is generated by the procedure as
follows: flow stress values are corrected for adiabatic
temperature rise during testing, using log σ vs. 1/T
plots at constant strain rate. The flow stress values at
intermediate temperatures are obtained by linear inter-
polation from the same plots. The log σ vs. log ε̇ data
at a constant temperature and strain are fitted using a
cubic spline, and the strain rate sensitivity m is calcu-
lated as function of strain rate at each temperature. The
efficiency of power dissipation through microstructure
changes [22],

η = 2m/(m + 1) (3)

is then calculated from values of m at constant strain.
A dimensionless parameter denoted by ξ (ε̇), given by

ξ (ε̇) = ∂ ln
(

m
m+1

)

∂ ln ε̇
+ m > 0 (4)

is used to be criteria for obtaining instability map.
Typical processing maps generated using the preced-

ing test data at a strain of 0.3 and 0.5 are presented in
Fig. 3a and b. The contour numbers represent power
dissipation efficiency and the shaded domains indicate
the regions of flow instability. No obvious differences
are observed in both of maps except for the efficiency
slightly increasing with the true strain.
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Figure 3 Processing map at strain of (a) 0.3, and (b) 0.5.

The map at strain of 0.5 can be divided into three
main regions. The first region is in top left corner of the
map and is almost superimposed with the instability
region. There is a steep hill of efficiency that increases
from 0.11 to 0.21. It implies a damage process that
interfacial crack occurs and the energy dissipation in-
crease is through the formation of new surfaces [20].
In this study, no obvious crack in grain boundaries or
interfaces is observed. However, flow instability like
ASB is found in specimen tested at 350–500◦C and
strain rate from 0.3 to 10 s−1, as shown in Fig. 4. Thus,
this region of parameters corresponding to flow insta-
bility is undesirable for processing and hence should
be avoided.

The second region is in midst of the map having the
maximum efficiency of 0.31 increasing from 0.23. The
flow stress curves show oscillation at higher temper-
atures (400–450◦C) and strain rates (>0.01 s−1). The
microstructure of specimens is shown in Fig. 5 with
the structure having the three features as followed: (1)
equiaxed grain formed in the band structure by ex-
trusion, (2) grain size is fine (about 7 µm) compared
with initial grain size (as extruded), it is indicative of
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Figure 4 Microstructure of specimen tested in 350◦C and 10 s−1.

Figure 5 Microstructure of specimen tested in 450◦C and 0.1 s−1.

refinement of grain, and (3) grain boundaries are ir-
regular or wavy in nature. These features agree well
with DRX [22]. Moreover, high-density dislocation
and developed subgrain in the vicinity of SiC particles
were found through transmission electron microscopy
(TEM) as shown in Fig. 6. It is well known that during
the deformation of composites, enforced strain gradi-
ent in the vicinity of a non-deforming particle creates a
region of high dislocation density and large orientation

Figure 6 TEM micorgraph of specimen tested in 400◦C and 0.1 s−1.

gradient, which is an ideal site for the development
of a recrystallisation nucleus [28]. Further, subgrain
boundaries formed by dynamic recovery progressively
transform at large strains into new high angle grain
boundaries [30]. At a critical strain, which is a function
of the flow stress and the initial grain size, the spacing
of the high-angle boundaries is reduced to the dimen-
sions of the subgrain size, the high angle boundaries
begin to touch with each other and a new microstructure
of mainly high angle boundaries is effectively formed
[31–33] and evolve into a very fine grain structure
classified as “continuous recrystallization” [30]. Many
authors have widely confirmed that the addition of ce-
ramic reinforcements to aluminum alloys promoted the
initiation of DRX during hot deformation by increas-
ing dislocation density in the matrix [15, 34]. It had
also been proven that during hot deformation, DRX
indeed occurred in AMC whether fabricated by cast
or PM method. Grain refinement by DRX is advanta-
geous for improvement of mechanical properties es-
pecial for cast composite usually having coarse grain
microstructure. However, the critical strain (at which
DRX occurs) as mentioned previously maybe differ-
ent for casting and PM composites. It can be found
in Fig. 2b that the oscillations of flow curves appear
at initial stage (about strain value of 0.1). The result
indicates that DRX occurs at lower strain. Compared
with casting composites, many nano-scale oxide parti-
cles have been incorporated in PM composites during
fabrication process. These particles pinning up dislo-
cation during hot deformation decreases the restoration
rate. It results in higher dislocation density at a certain
strain (assumed the reinforcement and initial grain size
of two kinds of composites were same). DRX instead
of dynamic restoration hereby occurs with high driven
force. The critical strain of DRX for present composite
is thus lower than that of casting composites reported
by other authors [22].

Another notable feature in Fig. 5 is that the equiaxed
grains are fine even in SiCp free region. However, the
status is quite different at 500◦C and 10 s−1 while val-
ues of efficiency keep same moderate. Coarse grain is
found especially in the particle free region (Fig. 7).
Compared with high strain rate, density of dislocation
is relatively uniform at moderate strain rate. In ad-
dition, the precipitation as well as oxide particles in
matrix of PM materials that plays an important role
in creep deformation is helpful for increasing the den-
sity hence the recrystallisation occurs in the particle-
free region. During hot deformation of composites at
high strain rates, temperature has been raised by in-
sufficient heat transmission compared with that at low
strain rate. As the result, flow localization occurs lead-
ing to the formation of non-uniform slip band even
ASB while the non-uniformity may be expanded with
the non-uniform distribution of SiC particle. Moreover,
the generation rate of dislocation is comparatively low
during work hardening stage. Thus, the density of dis-
location may be lower than that at low strain rate in the
region of particle free region. The above factors will
reduce the nucleation hence subsequent recrystallisa-
tion thus is inadequate. Further, precipitation particles
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Figure 7 Microstructure of specimen tested in 500◦C and 10 s−1.

Figure 8 Microstructure of specimen tested in 500◦C and 0.001 s−1.

may dissolve or coarsen in the matrix due to increase
of temperature by deformation besides test tempera-
ture. The grain boundaries migration therefore pro-
motes growth of grain without fine particles effectively
pinning grain boundaries.

The third region is in bottom right corner of the map
corresponding to the highest temperature and lowest
strain rate, in which (1) the flow curves are smooth and
flow stress is low, (2) value of efficiency is highest, (3)
gain size is close to initial size (Fig. 8). Further, an al-
ternate test with load axis perpendicular with extrusion
direction at same temperature and strain rate shows a di-
amond configuration in grain shape. The result is indi-
cation of grain boundaries sliding. These features agree
well with that of superplastic deformation [22, 35]. PM
alloys and composites with fine initial grain size ex-
hibit abnormal high elongation rate in tension at higher
temperatures and strain rates than traditional casting
metals. A tensile test of present composite shows a
elongation of 30% at 500◦C and an initial strain rate
of 0.0005 s−1. The strain rate of superplastic deforma-
tion for the tensile test seems to be lower than that of
other superplastic PM composites [35, 36]. In fact, (1)
the strain rates corresponding to maximum superplas-
tic elongation increase with decrease of initial grain
size, (2) elongation rate decreases large if wedge crack
occurs [22]. The wedge crack due to low rate of dif-

Figure 9 Microstructure of specimen tested in 500 and ◦C and 0.001 s−1

(compress axis parallel to normal of extrusion direction)

fusion at the grain boundaries triple junctions during
grain boundaries sliding (GBS) could be prevented by
reducing GBS. Coarse grain or high strain rate and low
temperature can effectively lower GBS. Therefore, fine
grain alloy and metal matrix composites fabricated by
PM can be processed at high strain rate by superplastic
deformation. It is benefit for mass production of com-
ponent. For aluminum matrix composite, mechanism of
superplastic deformation is main GBS. Flow softening
in superplastic deformation region of processing map is
resulted from GBS instead of DRX. Thus obvious grain
refinement is absent at superplastic deformation condi-
tion. In other words, secondary processing at the case
can hardly refine coarse grain by primary processing.
Detailed microstructure investigation on superplastic-
ity of present composites should be conducted in future
work.

4. Conclusion
The hot working characteristics of a 15 vol%
SiCp/2009 Al composites were identified by process-
ing map based on a Dynamic Materials Model with mi-
crostructure validation. Dynamic recrystallisation oc-
curred at moderate values of dissipation efficiency (ex-
cept for flow instability) in processing map leading
to flow softening. At higher temperature (∼500◦C)
and lower strain rate (0.001 s−1) corresponding to
highest value of efficiency, superplastic deformation
occurred.
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