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a b s t r a c t

The hot deformation behaviour of Stir cast 7075 alloy was studied using processing map technique. The
map has been interpreted in terms of the microstructural processes occurring in situ with deformation,
based on the values of a dimensionless parameter � which is an efficiency index of energy dissipation
through microstructural processes. An instability criterion has also been applied to demarcate the flow
instability regions in the processing map using another parameter (�). Both the parameters (� and �) were
computed from the experimental data generated by compression tests conducted at various temperatures
eywords:
rocessing map
ot deformation
ynamic recrystallization
low curve

and strain rate combinations over the hot working range (300–500 ◦C and 0.001–1.0 s−1) of the present
material. The processing map exhibits one distinct � domains without any unstable flow conditions under
the investigated temperature and strain rate conditions. The dynamic recrystallization zone and instable
zones, i.e. adiabatic shear band formation, interface crack, and wedge cracking, were identified in the
processing map. Microstructural examination was performed for validation. The processing maps can be

train
used to select optimum s

. Introduction

High strength to weight ratio aluminium (Al) and its alloys find
heir potential application in various automobile and aerospace
omponents [1,2]. The mechanical properties are closely related
o the microstructure of these alloys, which are greatly influ-
nced by thermo mechanical processing. So it is necessary to
esearch the effects of thermo mechanical parameters, such as
eformation temperature and strain rate, on the microstructure of
igh-strength aluminium alloy. During high-temperature deforma-
ion of aluminium alloys with high-stacking fault energy, boundary

isorientation angle is an important characterization parameter of
icrostructures [3].
Bulk metalworking processes are carried out at elevated tem-

eratures where the occurrence of simultaneous softening process
ould enable the imposition of large strains in a single step or
ultiple steps. Hot working also causes a significant change in the
icrostructure of the material and this contributes to one part of
orkability generally referred to intrinsic workability [4], which

s sensitive to initial conditions and the process parameters. The
orkability may be improved to facilitate further processing. An

nderstanding of constitutive behaviour of the material is essen-
ial for the optimization of the intrinsic workability and control of

icrostructural evolution during hot working. This is done using
rail and error techniques which are both expensive and time con-
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rates and temperatures for effective hot deformation of 7075 alloy.
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suming and may not lead to successful solution or optimization.
Hence, the trial and error techniques are replaced with material
modeling which are developed on science based principles [4].

Dynamic materials modeling, first developed by Prasad and
Sasidhara [5], is based on fundamental properties of continuum
mechanics of large plastic flow, physical system modeling, and irre-
versible thermodynamics. In this model, the work piece during hot
deformation is considered to be a dissipater of power. The dissi-
pated power is converted into thermal and microstructural forms.

The processing map technique has been widely used to
understand the hot workability of many materials in terms of
microstructural processes operating over a range of temperatures
and strain rates [6,7]. The processing map technique is based on
the dynamic materials model (DMM), which considers the com-
plementary relationship between the rate of visco-plastic heat
generation induced by deformation and the rate of energy dissi-
pation associated with microstructural changes occurring during
deformation. A systematic understanding of its effects on hot defor-
mation behaviour will enable processing with microstructure and
property control. The processing window for a given material is
conventionally established on the basis of workability parameters
such as ductility, efficiency of power dissipation, flow localization
parameter, instability criteria, apparent activation energy, and/or
existence of favorable microstructural mechanisms like dynamic

recrystallization (DRX), dynamic recovery (DRY), or super plastic-
ity. The deformation process is considered to be stable if it does not
cause inhomogeneous flow or instabilities (e.g. flow localization,
dynamic strain aging, adiabatic shear banding, and macro/micro
cracking).

dx.doi.org/10.1016/j.jallcom.2010.09.139
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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The present work is initiated to study the hot working charac-
eristics of 7075Al alloy at different temperatures and strain rates.
he processing map was generated.

. Experimental studies

.1. Stir casting of Al alloy

Stir casting technique was used to fabricate 7075Al alloy. The material was 7075
luminium alloy (composition in wt% Cu 1.66, Mg 2.10, Si 0.14, Mn 0.21, Fe 0.40, Cr
.18, Zn 5.67, Ti 0.01 and rest Al). The aluminium alloy was melted by using an
lectric furnace and poured in permanent mould. The cast billets were soaked in
he temperature of 400 ◦C for 30 min and hot extruded. The cylindrical specimens
f dimensions, 10 mm in diameter and 10 mm in height were machined from the
xtruded rods.

The hot compression tests [8] were performed on a 1OT servo controlled uni-
ersal testing machine for different strains (0.1–0.5), strain rates (0.001–1.0 s−1) and
emperatures (300–500 ◦C). Temperature of the specimen was monitored with the
id of a chromel/alumel thermocouple embedded in a 0.5 mm hole drilled half the
eight of the specimen as stated by Prasad and Rao [9]. The thermocouple was also
sed for measuring the adiabatic temperature rise in the specimen during deforma-
ion. The specimens were effectively lubricated with graphite and deformed to a true
train of 0.5. After compression testing, the specimens were immediately quenched
n water and the cross section was examined for microstructure. Specimens were
eformed to half of the original height. Deformed specimens were sectioned par-
llel to the compression axis and the cut surface was prepared for metallographic
xamination. Specimens were etched with Keller’s solution. The microstructure of
he specimens was obtained through Versamet 2.0 optical microscope with Clemex
ision Image Analyser and mechanism of deformation was studied. Using the flow
tress data, power dissipation efficiency and flow instability were evaluated for dif-
erent strain rates, temperatures at a constant strain of 0.5. The processing maps
ere developed for 0.5 strains for 7075Al alloy.

.2. Determination of deformation parameters

The deformation behaviour of any metallic material is governed by the inter-
al constitution of the material and the rate of strain hardening. The strength of
aterials increases with increase in the plastic strain rate. The rate sensitive flow

ehaviour is given by [10,11]

= Kέ
m

(1)

here K is a parameter that depends upon structure of the material and temperature
nd, m is the strain rate sensitivity parameter. The value of m is determined by a
ariant of Eq. (1) given at a constant strain and temperature [12]

= ∂ log �

∂ log ε
|ε,T (2)

The deformation behaviour of composites is influenced by the complexity of
he dynamic microstructural processes. This can be understood by using activa-
ion energy (Q) for microstructural mechanisms that relates the steady state flow
tress (�) with applied strain rate (ε) and temperature (T) by an Arrhenius-type rate
quation given as [13,14]

´ = A�ne−Q/RT (3)

here A is a constant, n the stress exponent, that is also equal to 1/m [14], R the gas
onstant and Q the activation energy. At a given strain rate, the slope of the log �
nd log(1/T) gives the activation energy.

The deformation process is accompanied by two power dissipation routes (1)
he power required to bring in microstructural changes in the work piece and (2) the
issipation in heat generation during deformation. For an ideal plastic flow, the flow
tress is proportional to the strain rate at any strain and temperature. The efficiency
s defined as the ratio of the heat dissipated in the microstructural changes and the

aximum dissipation possible the efficiency of deformation is thus given by [10,12]

= 2m

m + 1
(4)

here ‘m’ is the strain rate sensitivity of the material, which is a function of
eformation temperature and strain rate. The iso-efficiency contour plot on the
emperature–strain rate field constitutes the processing map. Several domains can
e identified in the map based on the � contours (i.e. power dissipation character-

stics), each of them representing a dominant deformation mechanism. The peak
fficiency condition of the domain corresponds to the optimum deformation con-
ition. In addition to the � contours, the instability criterion given by the following

quation (5) [15]:

(έ) = ı ln(m/m + 1)

ı ln έ
+ m < 0 (5)

s applied to delineate the temperature strain rate regimes of flow instability on the
rocessing map.
Fig. 1. The flow curves for different strain rates at constant temperature of 350 ◦C.

3. Results and discussion

The hot compression tests were performed on 7075 aluminium
alloy with temperature range of 300–500 ◦C and strain rate range
of 0.001–1.0 s−1 in different strains (0.1–0.5). Flow stress data has
been obtained from the load–stroke data.

The rate at which strain is applied to a specimen can have an
important influence on the flow stress. The flow stress decreased
with an increase in temperature and a decrease in strain rate. For
different strain rates, the configuration of each flow curves is dif-
ferent. The flow stress is affected by many factors, such as alloying
composition, microstructure, deformation mode, temperature and
deformation by power expression of the form in Eq. (1).

The input to generate 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 experimen-
tal technique for generating them. In general, the material starts
“flowing” or deforming plastically when the applied stress (in uni-
axial 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 actu-
ator speed. It is convenient to measure the adiabatic temperature
rise directly on the specimen and conduct the test under isothermal
conditions.

3.1. Interpretation from flow stress–flow strain curves

Flow stresses to divide the characteristics of metal flows
occurred for dynamic recovery and recrystallization, counting ini-
tial austenite grain size obtained from numerous experiments.
When the material is able to dissipate the provided power through
the load transfer or through metallurgical transformations it does
not reach high levels of damage [16].

The flow curves obtained for 7075Al alloy deformed in com-
pression at 350 ◦C at different stain rates ranging from 0.001 to
1.0 s−1 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 rates, the deformation is isothermal but at
high strain rates it is adiabatic. At lower strain rates, oscillations are

observed in the flow stress. The oscillations are not readily apparent
since the noise in the data sometimes proved to be of larger ampli-
tude than the oscillations themselves [17]. The flow stress–flow
strain curves exhibit flow softening at higher strain rates. The rise
in temperature leads to decrease in work hardening rate.
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ig. 2. The flow curves for different temperatures at constant strain rate of 0.1 s−1.

The flow curves for different temperatures and constant strain
ates at 0.1 s−1 are shown in Fig. 2. It can been seen that the true
tress–true strain curves exhibit a peak stress at certain strain, fol-
owed by dynamic flow softening until the end of compression. The
eak stress and flow stress increase with increasing strain rate and
ith decreasing deformation temperature. The strain correspond-

ng to the peak stress increases with increase in strain rate and/or
ith decrease in deformation temperature due to the high harden-

ng rate at initial deformation stages. The flow softening is probably
ubjected to the dynamic recovery and recrystallization, as well
s dynamic coarsening of precipitates during hot deformation of
luminium alloys [18,19].

.2. Interpretation from processing map

Material flow behaviour for defining deformation processing
aps that delineate “safe” and “nonsafe” hot working conditions.

hese maps show in the processing space, i.e. on the axes of tem-
erature and strain rate, the processing conditions for stable and
nstable deformation. The large stable region compares well with
he ‘safe’ processing region for commercial purity aluminium in
aj’s atomistic mechanism map [20]. The processing map obtained

t a strain of 0.5 (steady state plastic flow) is shown in Fig. 3. The
umbers against each contour represent the efficiency of power
issipation as percent. The thick line represents the boundary for
he regime of flow instability as per the criterion given in Eq. (5). The

ap exhibits a single domain in the temperature range 350–395 ◦C

Fig. 3. Processing map for 7075 alloy at 0.5 strain.
Fig. 4. Dynamic recrystallization at 350 ◦C at a strain rate of 0.1 s−1.

and strain rate range 0.013–0.12 s−1 with a peak efficiency of about
28% occurring at 350 ◦C and 0.1 s−1. The stable efficiency value as
a function of strain indicates that the power dissipation is through
equilibrium microstructural processes occurring during deforma-
tion, namely the dynamic restoration processes such as DRX, DRV
and extended DRV.

3.3. Microstructural examination

The deformation process is said to be “stable” if the deform-
ing material does not exhibit any inhomogeneous deformation and
flow instability. Since the deformation is uniform in the stable
regions the behaviour of the materials is deterministic and can be
modeled accurately. These microstructural models can be used for
microstructural control during the manufacture of the components.

DRX, DRY processes involve in situ dislocation generation and
annihilation with deformation, which attain equilibrium state with
strain. As these processes are less effective in dissipating power
compared to fracture processes, the efficiency associated with the
plateau domain is comparatively less. DRX takes place at lower
temperatures or/and higher strain rates. After reaching the crit-
ical strain the nucleation and growth of the small and equiaxed
grains take place. In the initial stage of hot formation process,
the sub grains grow by boundary migration and coalescence. With
increasing strain, new recrystallized grains deform by high-angle
grain boundary migration. Under this condition, it takes a longer
time (and the greater strain) to accumulate the critical disloca-
tion density needed to trigger recrystallization. Recrystallization
“waves” pass through the material. As a low dislocation density is
the characteristic of each individual grain, the overall stress level
corresponds to the lower line approximately [21]. The DRX zone
obtained during testing at a temperature of 350 ◦C and strain rate
of 0.1 s−1 is shown in Fig. 4. These observations reveal that the range
from 0.013 to 0.12 s−1 is the DRX domain. It is safe for bulk metal
processing. The optimum range for bulk metal processing in the
safe domain as obtained from the processing map is 360–460 ◦C
at the strain rate of 0.01–0.1 s−1. Prasad et al. [22] explained that
the materials with stable fine-grained structure when deformed at
slow speeds and high temperature exhibit abnormal elongations
and the process is called super plasticity. The grain elongation is
identified at the temperature 350 ◦C and at a strain rate of 0.1 s−1,
which is shown in Fig. 5.
The phenomena which cause inhomogeneous deformation dur-
ing forming can be termed as “flow instabilities” and the regimes
of temperature and strain rate where deformation is not homoge-
neous can be termed as “unstable” or “instability” regions.
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Fig. 7. Interface crack at 500 ◦C and at a strain rate of 1.0 s−1.
Fig. 5. Grain elongation at 350 ◦C and a strain rate of 0.1 s−1.

At higher strain rates, adiabatic deformation heat generated dur-
ng hot working is not conducted due to insufficient time and low
hermal conductivity, inducing highly localized flow along the max-
mums hear stress plane [23]. That process is called as adiabatic
hear band formation. It is being observed at an angle of about 45◦

o the compressive axis. The shear band formation alignment along
he shear directions are observed in Fig. 6 at the temperature of
00 ◦C and strain rate of 1.0 s−1.

Super plastic deformation may cause interface cracking. This
ay lead to the creation of microstructural damage due to cavity

ormation ultimately contributing to ductile fracture. The energy
issipation is through the formation of new surfaces and in general
his is highly efficient, though not desirable, process. This influence
f temperature and strain rate is greater in this process, and this
omain is undesirable for processing and hence should be avoided
24]. This type of observations is seen in Fig. 7 (interface crack)
temperature of 500 ◦C and strain rate of 1.0 s−1).

Materials with a stable fine grain structure when deformed at
levated temperatures and slow speeds, exhibit abnormal elon-
ation. The process is termed as super plastic deformation which
asically consists of grain boundary sliding with a simultaneous
ccurrence of diffusion, accommodated flow at a rate that can repair
he wedge cracks forming at grain boundary triple junctions. Prasad
t al [25] reported that the wedge cracking occurs at higher temper-

ture and lower strain rate. The consequence of the grain boundary
liding process depends upon the accommodation mechanism at
he grain boundary triple junctions, where considerable stress con-
entration is caused by the sliding of the neighboring grains. If the
ate of stress concentration is beyond the rate of matching and the

ig. 6. Adiabatic shear band formation at 300 ◦C and at a strain rate of 1.0 s−1.
Fig. 8. Wedge cracking at 450 ◦C and at a strain rate of 0.001 s−1.

rate of grain boundary sliding, wedge cracking will occur. Fig. 8
shows the microstructure of wedge cracking at a temperature of
450 ◦C and strain rate of 0.001 s−1.

4. Conclusions

The hot deformation behaviour of 7075 aluminium alloy has
been studied by employing hot compression tests in the tempera-
ture and strain ranges of 300–500 ◦C and 0.001–1.0 s−1 respectively.
The processing map is used to select optimum domains for effective
hot deformation of 7075 alloy.

Dynamic recrystallization occurs in the temperature range of
340–390 ◦C and strain rate range of 0.013–0.12 s−1. The optimum
processing parameters for hot working of 7075 aluminium alloy is
350 ◦C and 0.1 s−1 having efficiency of 28%, is identified.

At higher strain rate, the material exhibits flow instability such
as adiabatic shear band and matrix cracking in the temperature
range of 300–380 ◦C and 440–500 ◦C respectively. Also wedge
cracking is obtained in the higher temperature range of 490–500 ◦C
and lower strain rate. These temperatures and strain rates should
be avoided in processing the material.
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