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Abstract: The hot deformation behaviour of 7075 aluminium alloy reinforced with 10% of SiC particles was studied by employing
both “processing maps” and microstructural observations. The composite was characterized by employing optical microscope to
evaluate the microstructural transformations and instability phenomena. The material investigated was deformed by compression in
the temperature and strain rate ranges of 300-500 ‘C and 0.001—1.0 s !, respectively. The deformation efficiency was calculated by
strain rate sensitivity (m) values obtained by hot compression tests. The power dissipation efficiency and instability parameters were
evaluated and processing maps were constructed for strain of 0.5. The optimum domains and instability zone were obtained for the
composites. The optimum processing conditions are obtained in the strain rate range of 0.1-0.9 s™' and temperature range of 390—440

‘C with the efficiency of 30%.
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1 Introduction

FROST and ASHBY[1] and PRASAD[2] were the
first to represent the material response in terms of
processing maps, and they draw plots of true stress vs
temperature showing the area of the different flow
mechanisms in terms of the chosen parameters to
represent the process. A development of the map concept
was obtained by RAJ[3], who examined two important
damage mechanisms such as cavity nucleation at the
interface between the ductile matrix and hard particles,
and wedge cracking at the triple grain boundary joints in
6061 aluminium alloy reinforced with different mass
fraction of SiC and Al,O; particles. Cavitations results in
ductile fracture are the characteristic of high strain-rates
and low homologous temperatures. At high temperature,
the rate of void formation decreases because of the lower
work hardening rate due to the effect of recovery.
Whereas at low strain-rates, diffusion transport promotes
stress relief at the particle interfaces. Using this approach
it is possible to identify the “safe”, regions in which the
material flow takes place without the occurrence of
damage phenomenon.

PRASAD and SASIDHARA[4] and CERRI et al[5]
expressed that, the “Dynamic Material Model”” considers

the work piece as a power dissipater. According to this
model, the system consists of a source of power, a store
of power (tools) and a dissipater (the work piece), which
dissipates the energy while deforming. The total power
dissipated P can be calculated as

P:ag’:jodg'+jgda (1)

where o is the instantaneous flow stress, & 1is the
applied strain rate, and ¢ is the strain. The first integral is
defined as G content and represents the major power
input dissipated in the form of a temperature rise; the
second integral defined as J co-content and represents
the power dissipated by metallurgical processes, such as
recovery, recrystallization, cavity formation, super
plastic flow and phase transformations. The power
dissipation capacity of metals during deformation can be
properly measured by the efficiency of dissipation (#)
defined by
n=JJmax=2m/(m+1) 2
In the previous equation, J=oceém/(m+1) is the
power dissipated by means of microstructural
mechanisms. m is the strain rate sensitivity coefficient of
the material under deformation is given:
m=218% 3)
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where ¢ is the equivalent strain and T is the temperature.

Aluminium is a high stacking fault energy material
and is characterized by easy dislocation climb and cross
slip during deformation. In the past, dynamic recovery
was believed to be the only mechanism producing
softening in deformation processes of aluminium.
Recently, it was observed that dynamic recovery,
dynamic recrystallization or their combination occur
under certain  conditions  during deformation.
CAVALIERE et al[6] studied the combination of
dynamic recovery and dynamic recrystallization during
hot compression of an aluminium alloy. The dynamic
recrystallization occurs under specific conditions of
temperature and strain rate. The aim of the present
investigation is to study the hot deformation behavior of
7075 aluminium alloy reinforced with 10% (volume
fraction) of SiC particles using the processing map
technique and to establish the safe and unsafe domains.
The domains are validated through microstructural
observations.

2 Experimental

Stir casting technique was used to fabricate 7075A1
alloy reinforced with 10% (volume fraction) of silicon
carbide Composites. The matrix material was 7075
aluminium alloy (Cu 1.66, Mg 2.10, Si 0.14, Mn 0.21, Fe
0.40, Cr 0.18, Zn 5.67, Ti 0.01 and balance Al, mass
fraction, %) and the reinforcement was SiC, with
average size of 20 um. The aluminium alloy was melted
by using an electric furnace. Preheated SiC, (250 C)
was added to the melt and mixed by using a rotating
impeller in argon environment and poured in permanent
mould. The cast billets were heated to 400 ‘C and
maintained for 30 min for better transfer, then hot
extruded. The cylindrical specimens of dimensions of 10
mm in diameter and 10 mm in height were machined
from the extruded rods.

The hot compression tests were performed on a
10T servo controlled universal testing machine for
different strains (0.1-0.5), strain rates (0.001-1.0 s ")
and temperatures (300—500 °‘C). Temperature of the
specimen was monitored with the aid of a chromel/
alumel thermocouple embedded in a 0.5 mm-diameter
hole drilled half the height of the specimen as stated by
SIVA[7] and PRASAD et al[8]. The thermocouple was
also used for measuring the adiabatic temperature rise in
the specimen during deformation. The specimens were
effectively lubricated with graphite and deformed to a
true strain of 0.5. After compression testing, the
specimens were immediately quenched in water and the
cross section was

examined for microstructure.

Specimens were deformed to half of the original height.
Deformed specimens were sectioned parallel to the
compression axis and the cut surface was prepared for
metallographic examination. Specimens were etched
with Keller’s solution. The microstructure of the
specimens was obtained through Versamet 2.0 optical
microscope with Clemex Vision Image Analyser, and the
mechanism of deformation was studied. Using the flow
stress data, power dissipation efficiency and flow
instability were evaluated for different strain rates and
temperatures at a constant strain of 0.5. The processing
maps were developed for strain of 0.5 for 10%
SiC,/7075Al composites.

3 Results and discussion

The hot compression tests were performed on 7075
aluminium alloy reinforced with 10% of SiC, composites
with temperature range of 300—500 ‘C and strain rate
range of 0.001-1.0 s ' in different strains (0.1-0.5).
Flow stress data have been obtained from the load—
stroke data.

NARAYANA MURTY et al[9] expressed that in
metal-forming process, the forming loads and stresses
depend on part geometry, friction and the flow stress of
the deforming material. The flow stress of material is
influenced by factors unrelated to the deformation
process such as chemical composition, metallurgical
structure, phases, grain size, deformation, prior strain
history and factors explicitly related to the deformation
process such as temperature of deformation, degree of
deformation or strain and the rate of deformation or
strain rate. The input for generating a processing map is
the experimental data of flow stress as a function of
temperature, strain rate and strain. As the map generated
will be only as good as the input data, it is important to
use accurate, reliable and yet simple experimental
technique for generating them. In general, the material
starts “flowing” or deforming plastically when the
applied stress (in uniaxial tension without necking or in
uniaxial compression without bulging) reaches the value
of the flow stress. While hot tensile, hot torsion or hot
compression testing techniques may be used for this
purpose, hot compression test has decisive advantages
over others. In a compression test on a cylindrical
specimen, it is easy to obtain a constant true strain rate
using an experimental decay of the actuator speed. It is
convenient to measure the adiabatic temperature rise
directly on the specimen and conduct the test under
isothermal conditions. PRASAD and SASIDHARA[10]
have provided copious and high quality flow stress test
data on several materials which are useful for the
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numerical analysis and simulation of deformation
processes.

3.1 Interpretation from flow stress— flow strain

curves

Flow curves (true stress—true strain) facilitate
complete understanding of plastic behaviour of materials.
The flow curves are used to interpret the type of
mechanism involved in deformation under particular
condition. GANESAN et al[11] stated that the shape of
stress—strain curves is considered to contain some
related to the of hot
deformation. The steady state flow curve at lower strain

information mechanisms
rate and temperature represents dynamic recovery. The
dynamic recrystallization is associated with single peak
or multi peak flow curves at comparatively higher strain
rates and temperature. ZHANG et al[12] and MANISH
et al[13] explained that flow stress reaches steady state
following the initial steep rise; however, it exhibits
continuous flow softening till the end of deformation at
low temperatures which represents flow softening.

The flow curves obtained for 10% SiC,/Al
composites deformed in compression at 450 ‘C and at
different strain rates ranging from 0.001 to 1.0 s ' are
presented in Fig.1. The flow stress is significantly low at
lower strain rates whereas the work hardening rate is
relatively high. Hence, the flow stress is found to
increase with increase in strain. At lower strain, it is
adiabatic. The increase in strength is attributed to
dispersive hardening effect of SiC particles. The matrix
around the SiC particles presents much higher
dislocation density than that of normal alloy.
RADHAKRISHNA BHATT et al[14] explained that the
high dislocation density regions restrict the plastic flow
and contribute to the strengthening and strain hardening.
ZHANG et al[15] explained that the strain softening
behaviour of the composite is related to the presence of
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Fig.1 True stress vs true strain of 10%SiC/7075A1 composite at

450 C

concurrent matrix deformation mechanisms such as
dynamic recovery and recrystallization, which are
commonly observed in hot deformation of aluminum
alloys. The flow stress—strain curves exhibit flow
softening at higher strain rates. The rise in temperature
leads to the decrease in work hardening rate.

The flow curves for different temperatures at
constant strain rate of 0.1 s 'are shown in Fig.2. At
lower temperatures, the strain hardening is more and
steady state is obtained between 300 and 400 ‘C. The
matrix around the SiC particles would increase the
dislocation density. The true stress increases to a peak
value and then falls down, suggesting flow softening
between 450 and 500°C. The high dislocation density
regions restrict the plastic flow and contribute to the
strengthening and strain hardening. As the temperature
increases, the strengthening effect of SiC particles is
considerably diminished so that the material shows a
similar softening behaviour of the pure metals.
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Fig.2 True stress vs true strain of 10%SiC/7075A1 composite at

strain rate of 0.1 s~

3.2 Microstructures analysis

The DRX is limited to FCC metals that have
relatively low yield strength. This in principle leads to
decrease in flow stress by about 50% when it is in
periodic type or gain coarsening type. However, the
relative flow softening is limited to 20% partially in
composite materials because of inhomogeneities and the
grain boundary drag under normal testing conditions.
Fig.3 shows the processing map (power dissipation
efficiency contours and the instability regions) plotted
against the temperature and strain rate for strain of 0.5.
The efficiency represents the relative rate of entropy
production during hot deformation and characterizes the
dissipative microstructure under different temperatures
and strain rates. XIA et al[16] and HUANG et al[17]
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Fig.3 Processing map for 10% SiC,/7075Al at strain of 0.5

discussed that the maximum efficiency of power
dissipation in the domain of DRX is about 30%—40% for
low SFE materials and 50%—55% for high SFE materials.
contours in this domain are generally widely spaced.
Thus, the power dissipation map may provide an initial
idea of the domain of DRX. However, detailed
microstructure  examinations will be needed for
confirmation. In the stable domain, a high efficiency
indicates better processing conditions.

Thus, power dissipation map obtained can help in
optimizing the process. The shaded region in the map
denotes flow instability. The region in which the values
of flow instability parameter are negative is characterized
by the possibility of unstable flow. The efficiency value
in the instable region is less. The optimum range of
processing conditions are in the strain rate range of
0.1-0.9 s and temperature range of about 390440 °C
with the efficiencies of 26%—30%.

The microstructure analysis shows that the initial
structure has been replaced by recrystallized structure at
400 ‘C and 0.1 s'. The grain boundaries are irregular in
shape. The first domain, therefore, can be interpreted to
represent the region of possible DRX. Dynamic
recrystallization (DRX) is a beneficial process in hot
deformation since it not only gives stable flow and good
workability to the material by simultaneously softening it,
but also reconstitutes the microstructure. In comparison
with initial microstructure, the DRX microstructure
exhibits considerable and dynamically recrystallized
grains. The grain boundaries are irregular and wavy in
nature. Hence, this domain represents the DRX process.
DRX may be considered for formation of nucleation and
migration of interfaces (growth). The nucleation consists
of the formation of grain boundary due to dislocation
generation simultaneous recovery and rearrangement.
This interface will become a nucleus for DRX when it
attains a critical configuration of that of a large angle

boundary. The nucleus will grow by the process of grain
boundary migration, since under hot working conditions,
the materials act as essentially as a dissipator of power
and the driving force for the migration of interface is
reduction of total interface energy. When nucleation and
growth occur simultaneously, the slower one of these will
control DRX.

So, the DRX domain is chosen for optimizing the
hot working conditions and it is a safe domain for bulk
metal working as explained by HUANG et al[18]. The
dynamic recrystallized zones obtained at the temperature
of 400 ‘C with strain rate of 0.1 s™' and strain 0.5 are
shown in Fig.4.

Fig.4 DRX microstructures in 10%8iC,/7075A1 composite at
400 ‘C with strain rate of 0.1's™'

The DRX domain generally occurs in the
homologous temperature range of 390—400 °‘C and
strain rate range of 0.1-1.0 s~' in low stacking fault
energy materials. The strain rate range is still lower for
high stacking fault energy materials. The maximum
efficiency of DRX domain is 30%—40% for low stacking
fault energy materials and 50%—55% for the high
stacking fault energy materials. The contour in DRX
domain will be normally wide spread representing a
steep hill and present a fairly wider window.

The grain elongation is identified at the temperature
of 500 C and at a strain rate of 0.01 s ', which is
shown in Fig.5. A particle free region in this material can
be seen. Inhomogeneity in this specimen showing an
abnormally elongated grain indicates the effective grain
boundary pinning achieved by the presence of SiC, in
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Fig.5 Grain elongation in 10%SiC,/7075Al composite at 500
°C with strain rate of 0.01 s’

these composites. PRASAD et al[19] explained that the
materials with stable fine-grained structure when being
deformed at slow speeds and high temperature exhibit
abnormal elongations and the process is called super
plasticity.

The flow instability occurs in two different zones.
The instability has occurred at higher strain rate of 1.0
s ' at a temperature in the range of 300-340 ‘C and the
second zone has occurred at lower strain rate of 0.001 s~
in temperature range of 480—500 C.

At higher strain rates, heat generated due to local
temperature rise by plastic deformation is not conducted
away to the cooler regions of the body since the available
time is too short. DIGHE et al[20] explained that the
flow stress in deformation will get lower and further
plastic flow will be localized. The band gets intensified
and nearly satisfies adiabatic conditions. Such bands are
called adiabatic shear bands, which exhibit cracking and
recrystallization along macroscopic shear planes.
HUANG et al[l17] discussed that during hot
compression at higher strain rates, the heat generated by
deformation is not conducted away due to insufficient
time and low thermal conductivity, which reduces the
local flow stress (broad oscillations) and causes flow
localization bands (adiabatic shear bands). Fig.6
represents the formation of shear bands at a high strain of
1.0 s 'and a temperature of 350 “C for strain of 0.5.

The presence of SiC particles in aluminium matrix
during deformation causes the interface to crack and
debond. Since the matrix undergoes plastic flow while
the particles do not deform. When the accumulated
stresses become large, the interface may separate or
particles itself crack at lower temperature and higher
strain rates. This may lead to the creation of
microstructural damage due to cavity formation,
ultimately contributing to ductile fracture. Voids
generated by particles cracking and debonding causes
macroscopic crack propagation from the surface to the
interior by linking the voids. Debonding of SiC particles
observed at 1.0 s ' and 450 °C is shown in Fig.7.

Fig.6 Adiabatic shear band in 10%SiC,/7075A1 composite at
350 ‘C with strain rate of 1.0 s '

Fig.7 Particle debonding in 10%SiC,/7075A1 composite at 450
‘C with strain rate of 1.0 s

The mechanism of crack propagation was explained
by YANO et al[21] and CHENGA et al[22] that the voids
are generated by cracking of the reinforcement particles.
Almost all particles near the surface are cracked and
accompanied by voids with a few interior particles
cracked. The difference in thermal expansion coefficients
between the matrix and SiC particles necessitates the
generation of dislocations in matrix vicinal to SiC
particles to accommodate thermal strain. They have
studied the effects of particle shape on thermal residual
strain field in SiC,/Al composites and indicated that
there exists a residual plastic strain concentration in the
matrix around a pointed particle corner and a strong
stress concentration (450—1 250 MPa) in the pointed SiC
particle corners. The microscopic crack propagation from
the surface to the interior is caused by linking of voids
generated by the cracking of reinforcement particles. The
specimen changes its shapes from cylinder to barrel. The
change in shape brings about the generation of
circumferential stress at the surface.

ZHANG et al[l12] and KIM and SHERBY[23]
expressed that the elongation increases with increasing
temperature, even up to temperatures higher than its
liquid phase temperature for the super plastic aluminum
matrix composites. High elongation results from the
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presence of excessive liquid phase at grain/interface
boundaries. In addition to grain boundary sliding,
extensive interfacial sliding also takes place. The basic
mechanisms involved are grain boundary sliding and
diffusion accommodated flow at grain boundary triple
junction, resulting in the formation of wedge crack. The
presence of SiC particles in aluminium matrix in
deformation causes the interface to crack and debond of
SiC particles at higher temperatures. Crack propagation
due to wedge cracking is observed at 500 ‘C and a
strain rate of 1.0 s ', as shown in Fig.8.

7o S
Fig.8 Matrix cracking in 10%8SiC,/707Al at 500 ‘C with strain
1

rate of 1.0 s~
4 Conclusions

1) The flow stress was evaluated for a temperature
range of 300500 ‘C and a strain rate range of 0.001—
1.0 s”'. The flow stress is significantly low at lower
strain rates whereas the work hardening rate is relatively
high. Hence, the flow stress is found to increase with
increase in strain.

2) The power dissipation efficiency and instability
parameters were evaluated and processing maps were
constructed for strain of 0.5. The optimum domains and
instability zone were obtained for the composites. The
domains for hot working significantly differ from those
of pure aluminum. The super plastic deformation and
recrystallization corresponding  to
optimum working regions were identified. The optimum

dynamic zones
processing conditions are the strain rate range of 0.1-0.9
s ' and temperature range of about 390-440°C with the
efficiencies of 26%—30%.

3) The flow instability occurs in two different zones.
At higher strain rate of 1.0 s, the instability occurred at
a temperature in the range of 300-340 C and the
second zone occurred at lower strain rate of 0.001 s at
temperature between 480 and 500 C.

4) The microstructure evaluation leads to particle
fracture, debonding, adiabatic shear band formation and
matrix cracking, which lead to flow instability of the

composites.
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