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Isothermal uniaxial compression tests were conducted on aluminum alloy AA2219 to study the evolution of
microstructure over a wide range of temperatures (300-500 �C) and strain rates (0.001-100 s21) with a view
to study the flow behavior and concurrent microstructural evolution. True stress-true strain curves showed
only a gradual flow softening at all temperatures except at 300 �C where strain hardening was followed by
severe flow softening. Processing map delineating the stable �safe� and unstable �unsafe� regions during hot
working is developed and validated by comparing the microstructures observed in the deformed com-
pression specimens. Optimum processing parameters (temperature 450 �C and strain rate 0.001 s21) for
hot deformation of AA2219 were proposed based on contour maps of efficiency of power dissipation and
strain rate sensitivity parameter. The activation energy value (Qavg) of AA2219 for hot working was
computed to be 169 kJ/mol. Finally, a constitutive equation for hot working of AA2219 was established as:
_e ¼ 4:99� 109 � expð0:06149rÞ � exp �168:958=RTð Þ.
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1. Introduction

2xxx series aluminum alloys are the material of choice for
fabrication of aerospace structures owing to the combination of
high strength, high toughness and damage tolerance they possess
(Ref 1-3). Among the 2xxxAl alloys, Al-Cu-Mn (AA2219) alloy
is utilized primarily in manufacture of cryogenic stage propellant
tanks. This alloy possesses excellent mechanical properties at
liquid hydrogen (fuel, boiling point 20 K) and liquid oxygen
(oxidizer, boiling point 90 K) temperatures. Propellant tanks are
fabricated by welding together the plates/sheets with ring-
s/domes. These semi-products, plates, sheets and rings are
realized through thermomechanical processing of direct chill cast
billets of the alloy. Thermomechanical processing is used not
only to impart the dimensional changes but also to impart the
desired microstructural changes resulting in required mechanical
properties (Ref 4-6).

Thermomechanical processing in the �unstable� region can
lead to flow localization/fracture leading to rejection of material
during quality inspection. Therefore, optimization of bulk hot
workability is of paramount importance in view of the
economical and technical aspects involved. In recent years,

process modeling techniques have been commonly used to
foresee the possibility of flow localization which can lead to
fracture during hot working of materials (Ref 7, 8).

Modeling of thermomechanical processing is a powerful
tool that aids in taking important decisions concerned with
setting of the initial process parameters. One of the require-
ments for modeling of any hot deformation process is the
knowledge of material flow behavior over a range of temper-
atures and strain rate regimes. The alloy behavior when
subjected to hot working is represented through processing
maps that demarcate �safe� and �non-safe� working regimes (Ref
9, 10). The processing conditions for stable and unstable defor-
mation are denoted in these maps on axes of temperature and
strain rate. Constitutive equations expressing flow stress as a
function of process parameters (e, �e and T) are utilized for
modeling any thermomechanical processing technique. These
equations permit the extrapolation of stress data to strain rates
experienced in any hot working operation on the shop floor that
are beyond the laboratory test capabilities (Ref 11, 12).
Therefore, understanding the constitutive alloy flow behavior
under the conditions as encountered during hot working is
important to exploit the benefits of processing techniques. In
process modeling of any metal working operation through finite
element analysis, it is essential to input a constitutive equation
to obtain the flow stress values at any given location in the
work piece.

In the study of hot workability of materials, it is a standard
practice to conduct hot compression testing in fixed intervals of
temperature (such as 50 �C intervals in the range of 0.5-0.8 Tm)
and in the strain rates (in the range of 10�3-102 s�1)
experienced in different metal working operations. This ensures
the usefulness and applicability of the generated processing
maps for any thermomechanical working operation. Further, the
laboratory generated test data can be represented through a
constitutive equation suitable for input in the finite element
analysis software. These relationships are also useful in
estimating the parameters such as stress exponent (n), activa-
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tion energy for hot working (Q), temperature-compensated
strain rate (Z) which give an insight into the material behavior
at elevated temperatures.

AA2219 is a widely used material for aerospace structures,
yet few efforts have been made to study its constitutive flow
behavior (Ref 1, 13). In order to obtain a desired microstructure
with repeatable mechanical properties in the thermomechani-
cally processed materials, it is essential to study the alloy
behavior and to represent it using processing maps for the
process metallurgist concerned with designing the process.
Hence, this paper attempts to not only study the constitutive
behavior of AA2219 but also to construct the deformation maps
of the same since there is no reported literature correlating the
two.

Therefore, the aim of the present study is to (a) generate
high temperature stress-strain curves as a function of temper-
ature and strain rate and (b) to construct processing maps for
optimization of hot workability providing better microstructure
control and (c) the constitutive relationship for the hot
deformation of aluminum alloy AA2219.

2. Experimental Details

The raw material AA2219 (6.3Cu-0.3Mn-0.3Fe-0.2Si-
0.18Zr-0.06Ti-0.1V and balance aluminum, all in wt.%) was
in the form of a hot rolled plate of 40 mm thickness heat-treated
to T87 temper. The microstructure of starting material consisted
of coarse grains elongated in the rolling direction (RD) as
shown in Fig. 1.

Hot compression test specimens with 10 mm diameter and
15 mm height were machined for compression testing from as-
received hot rolled plate. Machining was done such that
compression axis coincided with the RD. The cylinder edges
were chamfered to prevent fold over during the initial stage of
compression test. Flat surfaces of the cylinders were provided
with concentric grooves to ensure lubrication while testing. The
lubricant used was borosilicate glass. A thermocouple was
implanted in a 0.8-mm hole drilled at half the specimen height

to monitor the temperature. Hot uniaxial compression was
carried out in a servo-hydraulic testing machine at constant true
strain rates of 0.001-100 s�1. The entire assembly of the
specimen, platens and push rods was heated to the testing
temperature in a resistance furnace. Compression tests were
performed over the temperature range 300-500 �C with an
interval of 50 �C between successive testing temperatures. The
temperature control attained was ±2 �C. Tests were carried out
to cause a 50% reduction in the initial height; the load–stroke
curves of which were converted to true stress–true strain
curves.

For microstructural observations, hot compression tested
cylinders were cut along the center as per the sectioning plan
shown in Fig. 2. Further the mechanical polishing of sectioned
samples was done using emery papers of varying grit sizes
(220-800) with water. Subsequently, the specimens were
polished to a mirror surface using alumina (0.3 lm) paste
and 0.5 lm diamond paste. The freshly polished specimens
were etched with Keller�s reagent (2 mL HF, 3 mL HCl, 5 mL
HNO3 and 190 mL H2O). The etched specimens were
observed, and photomicrographs were recorded using an
Olympus GX 71 metallurgical microscope. The microstructures
were recorded at the center of the sectioned plane of the cut
cylinders as shown in the sectioning plan (Fig. 2).

3. Theoretical Considerations

3.1 Modeling of Dynamic Material Behavior Through
Processing Maps

Processing maps are representations of alloy behavior in
terms of its microstructural evolution under different sets of
process parameters such as e, �e and T. They consist of power
dissipation map, strain rate sensitivity contour map and an

Fig. 1 Optical photomicrograph of the initial microstructure of
AA2219-T87 plate used in the present study. The plate rolling and
normal directions are shown. The microstructure consists of grains
with clear grain boundaries that are slightly elongated in the direc-
tion of rolling

Fig. 2 Schematic of the experimental plan (with heating, soaking,
deformation and cooling sequence) adopted in the present study. The
sectioning plan for microstructural observation is also shown
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instability map. Instability in metal flow (for example, localized
flow, adiabatic shear or cracking) is observed if the rate of
entropy production in an alloy system does not constitutively
match with the rate of entropy input by imposed process
conditions. The dynamic material model (DMM) was devel-
oped by Prasad et al. (Ref 9) which considered the work piece
as a dissipator of power.

The total power dissipated by the workpiece is given as

P ¼ r_e ¼
Z _e

0

rd_eþ
Zr

0

_edr ¼ Gþ J ðEq 1Þ

The first integral (G) in Eq 1 is the power input dissipated
simply as a rise in temperature while the second integral (J)
gives the power dissipated by metallurgical processes and its
relationship with G is given by

dJ

dG
¼ _edr

rd_e
¼ dðlnrÞ

d ln _eð Þ ¼ m strain rate sensitivityð Þ ðEq 2Þ

Deformation of an alloy should be ideally carried out in
regions that exhibit maximum efficiency of power dissipation
(g), except when microstructural inhomogeneities occur. g is
given by the equation:

g ¼ J

Jmax
¼ 2m

mþ 1
¼ 2J

P
ðEq 3Þ

Locations of microstructural instability are predicted on the
principles of maximum rate of entropy production (Ref 14, 15)
and is found by plotting the instability parameter n (_e) given by

nð_eÞ ¼ @ ln½m=ðmþ 1Þ�
@ ln _e

þ m< 0 ðEq 4Þ

Negative value of instability parameter nð_eÞindicates that the
material flow is instable in that particular region. The efficiency
of power dissipation (g) as seen in Eq 3 represented exclusively
as a function of the strain rate sensitivity parameter (m) holds
true only when the (r)–(_e) curve at any given e and T obeys the
power law (r ¼ k _em). For alloy systems that do not follow the
power law relation, the computation of g in terms of m from
Eq 3 and the flow instability condition given in Eq 4 becomes
incorrect.

Therefore, a modified DMM approach proposed by
Narayana Murty et al. (Ref 15-20) has been used in the present
study as it can be used for all types of flow stress–strain
relationship. In this approach, the condition for the metallur-
gical instability is given as

n ¼ mP

J
� 1 ¼ 2m

g
� 1 < 0 ðEq 5Þ

which can also be written as 2m < g:
For materials insensitive to strain rate changes, i.e., m fi 0

or J = 0. As J = 0, G = P and the entire power input would
only dissipate as heat leading to plastic instability by a
continuum process such as adiabatic shearing. Hence,

J ¼ 0 ) g ¼ 0 ðEq 6Þ

From Eq 5 and 6, the condition for metallurgical instability
for materials exhibiting any type of flow stress distribution can
be written as

2m < g � 0 ðEq 7Þ

The instability criterion (Eq 7) is valid for any type of r � e
curve. For a material whose stress-strain curve follows the
power law, g ¼ 2m=ðmþ 1Þ, which is always less than 2m for
0<m � 1, and hence, the material flow is stable.

3.2 Modeling of Hot Deformation by Constitutive Analysis

3.2.1 Types of Constitutive Equations. Thermomechan-
ical processing of a material involves hot working operations
such as rolling, forging and extrusion. Hot workability is the
ability of a material to be deformed under conditions of high
temperature (greater than 0.6 Tm where Tm is the absolute
melting temperature in degrees Kelvin) and relatively high
strain rates (10�1-102 s�1) (Ref 21, 22). Hence, the field of
hot working appears to be similar creep as both share
identical temperature ranges that involve thermally activated
mechanisms (Ref 12). The primary difference between creep
and hot working is the strain rate as hot working involves
much higher strain rates as compared to those observed in
creep. Hot working proceeds to very high strains as a result of
the high strain rates with an objective of reducing the flow
stress, whereas in creep there is a curtailment of total strain as
a result of the low strain rates (10�2-10�6 s�1) (Ref 23).
Thus, the same relationships between stress, strain rate and
temperature have been employed in both, i.e., creep and hot
workability studies.

The constitutive equations used in hot workability studies
and creep analysis include the following (Ref 12):

Apr
np ¼ _e expðQp=RTÞ ¼ ZpðpowerÞ ðEq 8Þ

Agðr=GÞng ¼ _ekT=ðbGD0ð�QD=RTÞ ðEq 9Þ

AE exp br ¼ _e expðQE=RTÞ ¼ ZE ðEq 10Þ

Aðsinh arÞn ¼ _e expðQ=RTÞ ¼ ZðsinhÞ ðEq 11Þ

where Ap, Ag, AE, A, a, b, np, ng, ns, D0, Qp, QD, QE and Q
are empirical constants, R is the gas constant, k is the Boltz-
mann constant, b is Bergers vector and G is the shear modu-
lus (Ref 12).

The activation energy �Q� of a mechanism is generally
derived from an Arrhenius plot (ln[sinh(ar]) versus 1000/T)
in a linear range. The procedure adopted for computation for
A, n and Q parameters from the Arrhenius plot has been
explained in the succeeding section in detail. The aforemen-
tioned parameters differ to some extent for the same set of
data due to difference in microstructures evolved at different
temperature or strain rate regimes of hot working or creep
(Ref 12). The values of activation energy in creep (Qp) are
usually similar to that of self-diffusion (QD) while the
activation energy values in hot working (QHW) are often
much larger as the microstructure does not remain constant
and evolves rapidly at different strain rates during hot working
(Ref 12, 23).

As seen from Eq 10, the parameter np varies with stress.
At high stress levels as observed in conventional hot working
operations, the np values attain large values which lead to the
power law breakdown. Hence, the power law is only
preferred in creep analysis where low stress levels are
observed as compared to hot working conditions (Ref 23).
Though the exponential law was favored over the power law
for hot working analysis, it was later found to break down at
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Fig. 3 (a–e): True stress–true strain curves obtained from the hot isothermal uniaxial compression testing of AA2219-T87 specimens at differ-
ent temperatures and strain rates
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high temperatures and low strain rates (below 1 s�1) (Ref
23). Therefore, a more general relation (Eq 11) covering a
wide range of stresses encountered during both creep and hot
working processes was established (Ref 21-23). The hyper-
bolic sine law (Eq 11) usually remains linear over a broad
range where the stress multiplier �a� is taken as the ratio
(b/np) since the sinh law approximates exponential law
(Eq 10) at high r levels and the power law (Eq 8) at low r
levels.

3.2.2 Physical Significance of Activation Energy. The
activation energy for hot working (QHW) points to the degree
of difficulty in hot deforming a material (Ref 24, 25) and is
derived from hyperbolic sine law proposed by Sellars and
McG. Tegart as seen from Eq 11. In case of high stacking
fault energy (SFE) materials (for example aluminum and its
alloys), dynamic recovery is the dominant softening mecha-
nism (Ref 26). Hence, the QHW of an aluminum alloy
represents mainly the free energy barrier to dislocation
slipping on slip planes. For aluminum alloys, the QHW values
generally increase as the volume fraction of alloying elements
increases. This increase in QHW represents the resistance to
softening due to the retardation in DRV by fine, coherent
dispersoids such as Al3Zr in AA2219 due to Zr addition (Ref
12, 24). At elevated temperatures, the dispersoids play no role
in pinning the dislocations (Ref 27). In such cases, the hot
working activation energy remains fairly same over a varied
range of strain rates. If approximately the same value of QHW

is found over many orders of magnitude of strain rate, then
the average value is taken over a variety of applied hot
deformation conditions (Ref 22)

4. Results and Discussion

4.1 Flows Stress Behavior

Flow stress curves acquired while deforming a material at
high temperatures indicate any one of the following two types
of material behavior, viz. (a) resulting from dynamic recrys-
tallization (DRX) and (b) dynamic recovery (DRV). Appear-
ance of new grains due to DRX causes softening which leads
to decrease in work hardening leading to a pronounced stress
peak. Subsequently, a further increase in strain causes a
reduction in the flow stress until steady state, i.e., balance
between strain hardening and flow softening is attained (Ref
26). Hence, in case of DRX, the stress-strain curve is divided
into four regions depending on the micromechanism dominant
during a particular stage in hot working. In stage I, the pile up
of dislocations leads to strain hardening. During stage II, the
hardening caused due to increase in applied strain and
softening caused by either DRV or DRX compete with each
other. In stage III, there is a sudden drop in the flow stress as a
result of the dominance of flow softening due to DRX over
work hardening. Stage IV is stabilization of the flow stress
leading to a steady state (Ref 28). Metals and alloys of low to
medium SFE show such a four-stage flow curves as DRX is
the primary softening mechanism in them during hot defor-
mation (Ref 26).

A second type of high temperature deformation behavior
exists where the strain hardening rate only gradually decreases
with increasing deformation. Further, the rate of strain harden-
ing eventually approaches zero at high strains leading to a

Fig. 4 Optical microstructures of the hot compression tested specimens deformed at different temperatures and strain rates
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steady state of flow. This type of behavior is characterized by
the absence of a clear stress peak as observed for a material
with low to medium SFE. DRV is responsible for such gradual
softening behavior characterized by the absence of a clear stress

peak. Here, the steady-state flow is achieved when the rate of
DRV approaches the strain hardening rate leading to balance
between the two (Ref 26). This implies that the extent of
softening in DRV-type materials is less as compared to the

Fig. 5 Optical microstructures of the hot compression tested specimens deformed at 300 �C and strain rates of (a) 0.001 s�1, (b) 0.01 s�1, (c)
0.1 s�1, (d) 1 s�1, (e) 10 s�1 and (f) 100 s�1

Fig. 6 Optical microstructures of the hot compression tested specimens deformed at 350 �C and strain rates of (a) 0.001 s�1, (b) 0.01 s�1, (c)
0.1 s�1, (d) 1 s�1, (e) 10 s�1 and (f) 100 s�1
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DRX type materials. Flow curves indicating occurrence of
DRV are exhibited by high SFE materials as these are prone to
easy dislocation climb and cross-slip (Ref 29).

Figure 3(a)-(e) shows the true stress-true strain curves of
AA2219 obtained in the present study. It can be observed that
as with increase in testing temperature or decrease in the

Fig. 7 Optical microstructures of the hot compression tested specimens deformed at 400 �C and strain rates of (a) 0.001 s�1, (b) 0.01 s�1, (c)
0.1 s�1, (d) 1 s�1, (e) 10 s�1 and (f) 100 s�1

Fig. 8 Optical microstructures of the hot compression tested specimens deformed at 450 �C and strain rates of (a) 0.001 s�1, (b) 0.01 s�1, (c)
0.1 s�1, (d) 1 s�1, (e) 10 s�1 and (f) 100 s�1
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applied strain rate, the flow stress monotonically decreases. The
flow softening seen after the initial work hardening in all the
flow curves (Fig. 3a-e) is due to the dominance of the softening
mechanisms such as DRV and DRX over strain hardening.
Flow softening is more conspicuous at low strain rates,
evidenced by the appearance of a trough in the flow curves
of samples deformed at strain rates of 0.001 and 0.01 s�1 at all
temperatures (except 500 �C) as shown in Fig. 3(a)-(e).

Degree of flow softening observed in the flow curves
obtained at 300 �C (Fig. 3a) is much more compared to that
observed in the flow curves obtained at all other temperatures
(Fig. 3b-e). This indicates occurrence of DRV as the principal
restoration mechanism in samples deformed at all temperatures
(except 300 �C) since they only show a gradual softening of
their flow curves. The sudden and severe flow softening
observed in Fig. 3(a) might be attributed to the flow localiza-
tion explained in the succeeding sections.

4.2 Microstructural Evolution

Figure 4 shows a palette of optical photomicrographs of the
specimens hot compressed at different temperatures and strain
rates. These belong to microstructures recorded at the center of
the sectioned plane. Details of the microstructural observations
in specimens at various temperatures and strain rates are
presented in Table 1.

Figure 4 shows that as with an increase in the deformation
temperature and a decrease in strain rate, there is an increase in
the extent to which reconstitution of the original microstructure
takes place. This is evidenced by the appearance of a fully
reconstituted microstructure consisting of equiaxed grains at
deformation temperatures of 400, 450, 500 �C (Fig. 7, 8 and
9).These microstructures are in stark difference compared to the
initial elongated grain structure. The samples deformed at

300 �C are characterized only by a deformed grain structure at
all strain rates, whereas the sample deformed at 100 s�1 shows
adiabatic shear banding leading to cracking (Fig. 5). The
microstructures of samples deformed at 350 �C are character-
ized by flow localization at all strain rates except at 0.001 s�1

where deformed grain structure with deformation bands within
the boundaries was observed (Fig. 6). For the samples
deformed at 400 �C, the microstructures are characterized by
wavy grain boundaries at all strain rates (Fig. 7). At a
deformation temperature of 450 �C, the samples deformed at
strain rates in the range of 0.001-1 s�1 exhibited partial
reconstituted grain structure with deformation bands existing
within the initial elongated boundaries, whereas the samples
deformed at high strain rates of 10-100 s�1 showed flow
localization (Fig. 8).

4.3 Generation of Processing Maps

In the present study maps of strain rate sensitivity (m),
efficiency of power dissipation and instability contour maps
have been plotted for a strain of 0.5 and are presented in
Fig. 10. These maps are constructed using Eq 1-7; the proce-
dure for which has been discussed in detail elsewhere (Ref 20).
Regions of unstable metal flow were identified from these plots
using the Ziegler�s continuum principles. Evolved microstruc-
tures were studied to further validate the information provided
by the processing maps. To generate a processing map, it is
important to input the experimental data, i.e., the flow stress as
a function of temperature, strain rate and strain. The maps
reveal two stable domains, viz. Domain I occurring at high
temperature (370-500 �C) and low strain rates (0.001-0.01 s�1)
and another Domain II at high temperature (370-500 �C) and
high strain rates (0.32–10 s�1). In Domain 1, the maximum
efficiency of power dissipation is 0.8 and corresponding m

Fig. 9 Optical microstructures of the hot compression tested specimens deformed at 500 �C and strain rates of (a) 0.001 s�1, (b) 0.01 s�1, (c)
0.1 s�1, (d)1 s�1, (e) 10 s�1 and (f) 100 s�1
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value is 0.35. Higher values of power dissipation indicate
stable flow during hot deformation. In view of the high values
of g and m, this region corresponds to the domain of
superplasticity (Ref 30). Microstructural observations of the
deformed specimens from this area reveal fully reconstituted
grains of equiaxed nature with an apparent increase in the grain
size with decreasing strain rate (Fig. 7a, b, 8a and 9a).

Domain 2 occurring in the high temperature and high strain
rate range has a maximum efficiency of power dissipation of
0.3 and m value of 0.2. Microstructural observations of the
deformed specimens from this domain reveal fully reconstituted
grains of equiaxed nature with no apparent change in the grain
size with varying strain rate as shown in Fig. 7(d), (e) and 9(d),
(e). This region corresponds to the region of dynamic recovery.

Processing maps for AA2219 shown in Fig. 10 reveal flow
instabilities in the temperature range of 300-350 �C in high
strain rate regime (0.01-100 s�1). The instabilities are in the
form of localized flow, and in extreme cases, flow localization
led to cracking (300 �C and 100 s�1) (Fig. 6f). Further, the
microstructures of the specimens deformed at 450 �C, 10 and
100 s�1 revealed the presence of kinks. These microstructures
are found to be well within the instability region of the
processing map (Fig. 8e, f). Deformation bands within the

grains were noticed in the specimens deformed at 350 �C and
0.001 s�1 and 450 �C and in the temperature range of 0.01-
1 s�1 (Fig. 6a and 8b-d).

Based on the above microstructural observations of various
domains in the processing maps, the optimum hot deformation
conditions for this alloy are T = 450 �C, strain rate 0.001 s�1.
Ideally, in the industry, the highest possible strain rates and
least possible flow stresses are desired to maximize the
productivity. Since optimum processing conditions occur at
lower strain rates, deformation can still be carried out over a
given range of temperatures (380-500 �C) and strain rates (0.3-
10 s�1) to increase productivity.

4.4 Constitutive Equation for Hot Deformation of AA2219

The flow stress behavior of a material influences the
decision of selecting any one of the aforementioned equations
(Eq 8-11) to construct a constitutive model for its hot working.
In the case of high SFE metals such as aluminum, the flow
curves exhibit declining strain hardening to attain a steady-state
regime (es) due to DRV. Hence, for DRV-type materials, the
steady-state stress is normally used for computation of QHW as
there is the absence of a clear stress peak (Ref 12, 23). In case

Fig. 10 (a¢¢) represents the efficiency of power dissipation (g) map at e = 0.5, (b¢¢) represents contour map of strain rate sensitivity (m) at
e = 0.5, (c¢¢) represents the instability map for the alloy showing stable (safe) and unstable (unsafe) working zones at strains of e = 0.5
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of metals exhibiting DRV, both creep and hot working are
similar with regard to the microstructural evolution observed as
a function of stress and temperature (Ref 22). As Eq 10 was
found to best describe the steady stress data at high stresses
experienced during hot working operations (Ref 12, 22), it led
us to the selection of the exponential law (Eq 10) to further
construct the constitutive model for hot working of AA2219
which also exhibits DRV type of behavior.

4.4.1 Procedure for Development of Constitutive Equa-
tions. Constitutive equation relating flow stress to the prin-
cipal processing parameters such as strain, strain rate and
temperature has been developed from the hot isothermal
compression test data obtained in the present study. As
explained previously, the exponential law (where the constant
b is analogous to the stress multiplier a of the hyperbolic sine
function) has been selected to construct a constitutive equation
in the present study; the exponential law is as follows

AE exp ar ¼ _e expðQ=RTÞ ¼ ZE exponentialð Þ ðEq 12Þ

Here, AE and a are constants while Q is the activation energy
for hot deformation.

Fig. 11 (a) Plot of ln _eð Þ vs. steady-state stress at various temperatures (slope of individual plot gives �a� for the alloy at that temperature), (b)
relationship between steady state (rs) and temperature (T)), (c) relationship between steady-state stress (rs) and strain rate (_e) and (d) relationship
between and Zener-Holloman parameter (Z) and steady-state stress (rs)

Table 2 Values of material constants and activation en-
ergy for aluminum alloy AA2219

A a Q, kJ/mol

4.922E+09 0.06149 168.958

Table 3 Activation energy values for different grades of
aluminum alloys

Alloy Condition Q, kJ/mol References

2024 As cast 178 33
5456 Hot extruded 161 23
5182 Hot extruded 145 23
6061 Pre-aged (as cast) 205 23
5083 Hot extruded 172 23, 33
7075 As cast 145 34
7075 Extruded + precipitated 148 34
7075 Extruded + solutionized 205 34
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Taking logarithm on both sides, Eq 12 can further be
simplified as

ln _e ¼ lnA2 þ ar� Q

RT
ðEq 13Þ

It should be noted that from Eq 13 the a values at different
test temperatures can be obtained from the linear fit of ln _e and
r shown in Fig. 11(a).

As discussed in the preceding sections, generally the steady-
state stress is used for the computation of QHW for DRV-type
materials, whereas for materials exhibiting classical DRX, it is
normal to use the peak stress (Ref 12, 23). Since, the material
under present study, i.e., alloy AA2219 exhibits DRV, steady-
state stress values which are observed at a strain of 0.5 are
considered for the calculation of QHW. In the present study, the
exponential law has been employed to obtain the value of stress
multiplier �a� which is further used to compute QHW using the
hyperbolic sine law.

Now at a particular temperature T, values of ln _e and r
values taken at a true strain of 0.5 are plotted in Fig. 11(a). True
stress-true strain data are used to obtain the plots. The value of
a (Eq 10, 11) is obtained from the slope of the linear fit of ln _e
and r at a particular temperature. It is important to note that the
value of the stress multiplier (a) is unique to each test
temperature.

Now going back to Eq 11 which can also be rewritten (for
all stresses) as:

ln _e ¼ lnAþ n ln sinh arð Þ½ � � Q

RT
ðEq 14Þ

From above equation, it can be seen that at constant T, the
slope of linear fit of ln _e and ln sinh arð Þ½ � gives the value of �n,�
and similarly at constant _e, the slope of linear fit of ln sinh arð Þ½ �
and 1=T curves is taken as �S.� The aforementioned plots at all
the temperatures and strain rates are presented in Fig. 11(b) and
(c), respectively.

Finally, the value of Q for hot deformation is calculated by
the following equation:

Q ¼ R
@ ln _e

@ ln sinh arð Þ½ �

� �
T

� @ ln sinh arð Þ½ �
@ 1=T

� �
2
4

3
5
_e

¼ RnS ðEq 15Þ

Since each pair of temperature and strain rate provides us
with a different �Q� value, the average value across all test
temperatures and strain rate is computed and considered for
further calculations.

The terms in Eq 10 are rearranged to get the Zener–
Hollomon parameter (Z) which is defined as (Ref 23, 31):

Z ¼ _e exp
QHW

RT

� �
ðEq 16Þ

The values of Z are calculated by substituting the previously
computed average value of �Q� and the corresponding temper-
atures (T) and strain rates (_e) in Eq 16.

Further taking logarithm on both the sides of Eq 12, we get

lnZ ¼ lnAE þ ar ðEq 17Þ

All the data points are plotted for ln Z and r (steady-state
stress), and the slope of the linear fit provides the value for the
constants A and a. The linear fit of all data points is shown in
Fig. 11(d).

Using the above calculated parameters as shown in Table 2,
the constitutive equation has been established:

_e ¼ 4:992� 1009 expð0:06149rÞ½ � exp
�168:958� 103

RT

� �� �

ðEq 18Þ

As already discussed in section 4.1, the strain hardening
occurring in the material is in dynamic balance with mecha-
nisms causing flow softening such as DRV and DRX during
steady-state deformation. In case of aluminum alloys, the
softening mechanism operative during hot working is DRV. To
achieve a dynamic balance between strain hardening and DRV
in aluminum alloy, an energy threshold must be overcome. The
constant Q represents this threshold and often is termed as
activation energy for hot deformation with Q value for the
lattice self-diffusion in pure aluminum being 153 kJ/mol (Ref
32). The activation energy for hot deformation of aluminum
AA2219 in the present study was found to be 169 kJ/mol. This
value is higher than the self-diffusion activation energy value of
pure aluminum indicating retardation in the flow softening
mechanism (DRV) due to alloying element additions as
previously discussed in the section on physical significance
of Q. The value 169 kJ/mol compares reasonably well with the
values established for other grades of aluminum alloys as
presented in Table 3.

5. Validation of the Constitutive Equation

It is important to validate the constitutive equation from the
point of view of its applicability. This is done by calculating the
flow stress values (r) at a given deformation temperature (T)
and strain rate ð_eÞusing the derived constitutive equation and

Table 4 Comparison between the calculated and measured flow stress values at strain of 0.5

Strain
rate

Temperature

573 K 623 K 673 K

Calculated
stress, MPa

Measured
stress, MPa % error

Calculated
stress, MPa

Measured
stress, MPa % error

Calculated
stress, MPa

Measured
stress, MPa % error

0.01 138.9502 165.66 16.12329 92.6597 112.35 17.52586 53.24745 78.96 32.56401
0.1 176.3967 187.72 6.032036 130.1062 144.49 9.954881 90.69395 81.18 �11.7196
1 213.8432 248.49 13.94295 167.5527 146.98 �13.9969 128.1404 103.34 �23.9989
10 251.2897 299.04 15.96788 204.9992 158.03 �29.7217 165.5869 121.92 �35.8161
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comparing it with the measured values. The derived constitu-
tive equation (Eq 18) is rewritten as

r ¼ ln _eþ 168958

RT
� ln 4:992� 109

� 	� �
=0:06149 ðEq 19Þ

For the purpose of validation, the comparison between the
measured and calculated flow stress values is made in the
temperature range 300-400 �C and strain rate range 0.01-
10 s�1 at a strain of 0.5. Table 4 and Fig. 12 show that the
calculated and measured stress values compare well with low
percentage of error (±6-35%) in the chosen temperature and
strain rate range. At higher deformation temperatures of 450
and 500 �C, the error is found to be more with the calculated
stress values higher than the measured values. This can be
attributed to severe flow softening observed in aluminum at
high temperatures.

6. Conclusions

The hot working characteristics of AA2219 aluminum alloy
were studied using isothermal uniaxial compression tests over the
temperature range 300-500 �C and in the strain rate range 0.001-
100 s�1. The following are the conclusions from this study.

1. Flow stress curves show only a gradual softening at all
temperatures and strain rates except at 300 �C where
strain hardening was followed by severe flow softening.
This indicated occurrence of dynamic recovery as the
principal restoration mechanism.

2. The processing map was used to identify regions of
microstructural instability. The observed microstructures
of compression tested specimens further validated the
occurrence of these regions. The maps reveal two
stable domains, viz. Domain I occurring at high tempera-
ture (370-500 �C) and low strain rates (0.001-0.01 s�1)
and another Domain II at high temperature (370-500 �C)
and high strain rates (0.32-10 s�1).

3. Optimum processing parameters (temperature 450 �C,
strain rate 0.001 s�1) which render a fully reconstituted
microstructure with no inhomogeneities were proposed,
based on the processing map and observed microstruc-
tures.

4. Activation energy for the hot working of AA2219 was
computed (169 kJ/mol) and found to be higher than the
activation energy for self-diffusion of pure aluminum
(153 kJ/mol).

5. The constitutive relationship for the hot deformation of
AA2219 was established as:

_e ¼ 4:992� 1009 expð0:06149rÞ½ � exp
�168:958� 103

RT

� �� �
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