
Hot Deformation Behaviors and Processing Maps of 2024
Aluminum Alloy in As-cast and Homogenized States

Liang Chen, Guoqun Zhao, Jie Gong, Xiaoxue Chen, and Mengmeng Chen

(Submitted July 22, 2015; published online November 3, 2015)

The isothermal hot compression tests of as-cast and homogenized 2024 aluminum alloy were carried out
under wide range of deformation temperatures (623-773 K) and strain rates (0.001-10 s21). The consti-
tutive equations for both initial states were established based on Arrhenius model, and the processing maps
were constructed based on the dynamic material model. The results show that the flow stress of samples is
evidently affected by both the strain rate and deformation temperature, and the flow stress in homogenized
state is always higher than that in as-cast state. Through calculating the correlation coefficient (R) and
average absolute relative error of the established constitutive equations, it indicates that Arrhenius model
can only provide a rough estimation on the flow stress. However, a much more precise value of the flow
stress was obtained by introducing the strain compensation into Arrhenius model, since the effects of strain
on the material constants were well considered. Furthermore, according to the processing maps, a suggested
range of deformation temperature and strain rate for hot forming process were given then: temperature
range 710-773 K and strain rate range 0.001-1 s21 for as-cast state, and temperature range 680-773 K and
strain rate range 0.003-0.22 s21 for homogenized state.
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1. Introduction

In recent decades, aluminum alloys, as one of lightweight
materials have attracted extensive attentions, due to their
characteristics of light-weight, high strength to weight ratio,
high corrosion resistance, and easy recycling. Till now, various
kinds of aluminum alloys with different compositions have
been developed. Among them, 2024 aluminum alloy with high
strength, good corrosion resistance, and excellent high temper-
ature characteristics has been widely used in fields of aerospace
and aviation (Ref 1). Moreover, 2024 aluminum alloy is usually
subjected to hot forming processes, such as forging, hot rolling,
and extrusion because of its low plasticity at room temperature.

In practice, the hot forming process should be optimized to
obtain the desired products with high dimensional accuracy,
specified microstructure, and excellent mechanical properties.
However, the complexity of hot deformation behaviors of
aluminum alloys makes it extremely difficult to get the optimum
forming conditions. One reason is that work hardening and
dynamic softening take place simultaneously during the hot
forming process. The other reason is that the flow stress is
affected by the applied deformation conditions significantly. A
deeper understanding of hot deformation behaviors of aluminum
alloys is essential for optimizing the hot forming process and
controlling the final microstructure. Thus, many research works

have been carried out on the constitutive modeling and process-
ing maps of aluminum alloys in the past decade.

The constitutive equations were developed to describe the
relationships between the flow stress and the strain, strain rate,
and deformation temperature. These equations can be applied to
estimate the required load or power for hot forming processes
and to predict the material flow pattern (Ref 2). On the other
hand, with the development of computer technology, many
studies on metal forming processes have been done with the
help of the numerical simulation (Ref 3-5). However, only
when a proper constitutive equation is embedded, the simulated
results can be truly reliable. Thus, a number of researchers have
made efforts on establishing constitutive equations of alu-
minum alloys based on the experimental measured true stress-
strain data (Ref 6-13). Among many constitutive models, the
Arrhenius model has been proved to own high prediction
accuracy of the flow stress, since it considered coupled effects
of strain rate and deformation temperature. Moreover, strain
compensated Arrhenius model has also been developed by
introducing the influence of strain (Ref 10-13).

Processing map is another important approach to describe
the workability of metals and alloys. Prasad et al. (Ref 14)
firstly proposed processing maps based on the theory of
dynamic material model (DMM). Processing maps consist of
stable and instable domains, by which the plastic deformation
mechanisms in various conditions could be predicted, and the
instable deformation zones related to the phenomenon of the
flow instability could be avoided (Ref 15). Therefore, process-
ing maps are considerably important in optimizing hot working
process and controlling microstructure (Ref 16). In recent years,
a number of processing maps for various aluminum alloys have
been established (Ref 17-22).

Due to the wide application of wrought 2024 aluminum alloy,
some researchers have attempted to study its hot deformation
behavior. Malas et al. (Ref 23) presented the activation energy
map and stability map of 2024 aluminum alloy with different
initial microstructures, e.g., as-cast and wrought states. Ebrahimi
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et al. (Ref 24) analyzed the flow stress differences in supersat-
urated and annealed 2024 aluminum alloys. Bhimavarapu et al.
(Ref 20) developed 2D and 4D processing maps of as-cast 2024
aluminum alloys based on hot compression tests. However, it
should be noticed that the constitutive equations were not clearly
given in these early reports, especially for as-cast and homog-
enized 2024 aluminum alloys.

In this study, the constitutive equations and processing maps of
as-cast and homogenized 2024 aluminum alloys were respectively
developed. The initial microstructures were carefully examined and
compared. The isothermal hot compression tests were carried out,
and the true stress-strain data at various deformation temperatures

and strain rates weremeasured. The constitutive equations based on
Arrhenius model with and without strain compensation were
derived for both initial states, and the prediction accuracy of these
equations was quantitatively evaluated by analyzing the correlation
coefficient (R) and average absolute relative error (AARE). The
processingmapswere establishedbasedonDMM,and theoptimum
hotworking conditions for both initial stateswere given. The results
can help engineers determine the appropriate forming conditions
andperformnumerical simulation onhot formingprocesses of 2024
aluminum alloy, which should have important engineering mean-
ings.

2. Experimental Procedure

2024 aluminum alloy with chemical composition (wt.%) of
Al-4.4Cu-1.32 Mg-0.5Mn-0.42Si-0.28Zn is used in the present
study. The as-cast and homogenized 2024 aluminum alloys
were received from a local aluminum extrusion company, in the
form of round rod with a diameter of 325 mm. The homog-
enization was performed at 763 K for 18 h, and then cooled to
room temperature in the air.

The hot compression tests were performed using Gleeble-
1500 thermo-simulation machine. The cylindrical specimens
with a height of 15 mm and diameter of 10 mm were machined
from the aluminum alloy rod. As the size of as-received round
rod is large, the initial microstructure in different positions
varied significantly, especially for the as-cast one. In order to
ensure the microstructure consistency of each specimen tested
in this study, the specimens were cut along a concentric circle
from the as-received rod, as depicted in Fig. 1. Totally, 20 hot
compression tests were carried out at various temperatures from
623 to 773 K at an interval of 50 K and the strain rate varied

Fig. 1 Schematic drawing of the cutting positions of hot compres-
sion tests specimens. (Unit: mm)

Fig. 2 Initial microstructure of the (a), (c) as-cast and (b), (d) homogenized 2024 aluminum alloy
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from 0.001 to 10 s�1. The specimens were firstly heated to the
deformation temperature with a heating rate of 10 K/s, and then
were kept isothermally for 180 s to eliminate the temperature
gradient of specimens. The K type thermocouple was spot
welded in the middle of the specimen to accurately measure the
temperature of specimen. The graphite foils were used as
lubricant between the specimen and the anvil to minimize the
negative effects of interfacial friction on the true stress-strain
data. The barreling of specimen is slight in this study, and thus
the effects of friction on flow stress were neglected. All
specimens after deformation were water quenched immediately.
The force-stroke data during compression tests were automat-
ically recorded and transformed into true stress-strain curves.

The initial and several deformed specimens were cut along
the compression axis, following by the grinding, polishing, and
then etching. The etching solution was mixed with 1.0 mL HF,
1.5 mL HCl, 2.5 mL HNO3, and 95 mL H2O. The microstruc-
ture of samples was examined by optical microscope (OM) and
scanning electron microscope (SEM).

3. Results and Discussion

3.1 Initial Microstructure

Figure 2 shows the microstructure of as-cast and homoge-
nized 2024 aluminum alloy before hot compression tests.
Coarse equiaxed grains can be obviously observed in both

initial states, as shown in Fig. 2(a) and (b), which indicates the
homogenization treatment has little influence on the grain size
and morphology. It can be seen in Fig. 2(c) that the as-cast
sample has a multi-phase microstructure consisting of a-Al
matrix and grain boundary (GB) phases. According to the
previous report (Ref 24), the GB phases might be h-Al2Cu and
S-Al2CuMg precipitates, which were formed due to the
alloying segregation during casting process. After homoge-
nization, the GB phases became narrow and formed a net
structure, as shown in Fig. 2(d). The thinning mechanism of
GB phases during homogenization has been demonstrated by
Eivani et al. (Ref 25) that the solubility of precipitates in a-Al
matrix increases at higher temperature resulting in dissolving
partial GB phases. Regarding to the formation of net structure,
one possible reason is due to the slow cooling rate inside the
aluminum rod. It has been mentioned that the investigated
aluminum rod has large size, besides the air cooling was
employed after homogenization, both of which lead to the slow
cooling rate inside aluminum rod. During slow cooling process,
partial solutes precipitated again along the GB or previous
dendrite boundary, and the net structure of GB phases was
formed.

3.2 Flow Stress Behavior

The true stress-strain curves of as-cast and homogenized
2024 aluminum alloy obtained from hot compression tests are
presented in Fig. 3 and 4, respectively. It can be seen that the
flow stress increases dramatically with increasing strain at early

Fig. 3 True stress-strain curves of as-cast 2024 aluminum alloy with various strain rates and at the deformation temperatures of (a) 623 K,
(b) 673 K, (c) 723 K, and (d) 773 K
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stage. After that, the flow stress reaches to a peak value and
then keeps constant or decreases slightly. As is known, this
phenomenon is due to the fact that the deformation at elevated
temperature is a competing process between work hardening
and dynamic softening (Ref 26, 27). Moreover, it is obvious
that both of the peak and steady flow stress is sensitive to
deformation temperature and strain rate. The flow stress
significantly decreases at higher deformation temperature, since
the thermal activation processes becomes intense by raising the
temperature. On the other hand, the flow stress is enhanced by
increasing the strain rate, which can be explained by the rapid
rise of dislocation generation and multiplication at higher strain
rates (Ref 28). Importantly, it should be noticed that under the
same deformation condition the flow stress at homogenized
state is always higher compared with the as-cast one. As
mentioned above, although some amount of GB phases was
formed during the slow cooling, the GB phases with low
melting temperature dissolves during homogenization, which
leads to a higher degree of solid solution. Therefore, the effect
of solid solution strengthening becomes notable in homoge-
nized state, which causes strong resistance on dislocation
motion and further increase of the magnitude of flow stress.

3.3 Constitutive Modeling

Several empirical models have been developed to derive the
constitutive equation for metallic materials. Arrhenius model
with high accuracy prediction of the flow stress is mostly used,
since the coupled effects of strain rate and temperature are well

considered in this model. The relationship between flow stress
and deformation parameters can be expressed as,

_e ¼ A1r
n1 exp � Q

RT

� �
ðEq 1Þ

_e ¼ A2exp brð Þ exp � Q

RT

� �
ðEq 2Þ

_e ¼ A sinh arð Þ½ �nexp � Q

RT

� �
; ðEq 3Þ

where _e is the strain rate, r is the flow stress, Q is the activa-
tion energy of hot deformation, R is the universal gas con-
stant, T is the absolute temperature, and A1, A2, n1, b, and a
are the material constants. It is generally accepted that the
power law of Eq 1 could be used to describe the low stress
(ar< 0.8), while the exponential law of Eq 2 could be used
in high stress level (ar> 1.2). The hyperbolic sine-typed
equation of Eq 3 is suitable for the entire range of stress, and
the material constants of a can be calculated by b/n1.

The influence of temperature and strain rate on the hot
deformation behavior can be described by an exponent-typed
Zener-Holloman parameter (Z) (Ref 29):

Z ¼ _e exp
Q

RT

� �
: ðEq 4Þ

By introducing Eq 4 into Eq 3, it yields another form of the
Zener-Holloman parameter:

Fig. 4 True stress-strain curves of homogenized 2024 aluminum alloy with various strain rates and at the deformation temperatures of (a)
623 K, (b) 673 K, (c) 723 K, and (d) 773 K
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Z ¼ A sinh arð Þ½ �n: ðEq 5Þ

Besides, the flow stress r can also be written as a function of
Z by solving Eq 5 using the definition of hyperbolic sine
function:

r ¼ 1

a
ln

Z

A

� �1=n

þ Z

A

� �2=n

þ1

" #1=2
8<
:

9=
;: ðEq 6Þ

In this section, the constitutive equations based on Arrhe-
nius model for as-cast and homogenized 2024 aluminum alloy
are modeled. The peak flow stress is used to calculate the
required material constants, and the detailed solving method is
given below using the as-cast state as an example.

The following equations can be derived by taking the natural
logarithm of both sides of Eq 1 and 2:

ln _e ¼ lnA1 þ n1 lnr� Q

RT
ðEq 7Þ

ln _e ¼ lnA2 þ br� Q

RT
: ðEq 8Þ

Then, n1 and b can be obtained from Eq 7 and 8, once the
flow stress and the corresponding strain rate are known. Fig-
ure 5 shows the relationship of ln _e-lnr and ln _e-r under dif-
ferent deformation temperatures. From the figure, it can be

seen that flow stresses are well fitted by a group of straight
lines. The average reciprocal of the slopes of the lines in
Fig. 5(a) and (b) can be used to calculate the value of n1 and
b, which is 11.0734 and 0.165 MPa�1, respectively. Thus, the
value of a, 0.015 MPa�1 can also be determined.

In order to get the activation energy Q, partial differential
equation of Eq 3 is taken:

Q ¼ R
@ ln _e

@ ln sinh arð Þ½ �

� �
T

@ ln sinh arð Þ½ �
@ 1=Tð Þ

� �
_e

: ðEq 9Þ

Since the value of a has been derived, two relationships of ln
_e-ln[sinh(ar)] and 1/T-ln[sinh(ar)] can be easily obtained, as
plotted in Fig. 6. The value of @ ln _e=@ ln sinh arð Þ½ � is derived
by calculating the reciprocal of slopes of straight lines depicted
in Fig. 6(a). Similarly, the value of @ ln sinh arð Þ½ �=@ 1=Tð Þ can
be derived by calculating the slopes of lines shown in
Fig. 6(b). Based on Eq 9, the calculated activation energy Q of
as-cast 2024 aluminum alloy is around 180.102 kJ mol�1.

The values of material constants of n and A can be derived
by taking the natural logarithm on both sides of Eq 5:

lnZ ¼ lnAþ n ln sinh arð Þ½ �: ðEq 10Þ

The Z parameter under a given stain rate and deformation
temperature could be evaluated by putting the value of Q into
Eq 4. Figure 7 gives the linear relationship between lnZ and
ln[sinh(ar)]. According to Eq 10, the slope and intercept of the

Fig. 5 Relationships of (a) ln _e-lnr; (b) ln _e-r

Fig. 6 Relationships of (a) ln _e-ln[sinh(ar)] and (b)1/T -ln[sinh(ar)]
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fitting line in Fig. 7 were used to derive the values of n and lnA,
which are 8.152 and 27.612, respectively.

Following the similar way, material constants of homoge-
nized 2024 aluminum alloy also can be derived. The material
constants derived using peak stress for both initial sates are
summarized in Table 1. As is known, Q is an important
physical parameter indicating the deformation difficulty degree
during the plastic deformation. In this paper, the sample in
homogenized state shows higher Q value (218.384 kJ mol�1)
than that in as-cast state (180.102 kJ mol�1). One possible
explanation for this phenomenon is the solid solution strength-
ening works more effectively in homogenized state and the
dislocation motion is strongly limited then. In addition, the Q
values of both initial states are higher than that of the self-
diffusion of pure aluminum (142 kJ mol�1) (Ref 11). The main
reason is that the stress used for derivation of activation energy
is not normalized by Young�s modulus, resulting in inconsis-
tency of Q between these two kinds of alloys (Ref 30, 31).
Moreover, the addition of alloying elements in 2024 aluminum
alloy also plays an important role in increasing the activation
energy due to the solution strengthening and solute drag effect.

Finally, according to Eq 6, the flow stress of as-cast and
homogenized 2024 aluminum alloy could be described using
Eq 11 and 12, respectively.

r ¼ 1

0:015

ln
Z

9:813� 1011

� �1=8:152

þ Z

9:813� 1011

� �2=8:152

þ1

" #1=2
8<
:

9=
;;

ðEq 11Þ

where Z ¼ _e � 1:801�105

RT

� �
.

r ¼ 1

0:014

ln
Z

7:852� 1014

� �1=6:060

þ Z

7:852� 1014

� �2=6:060

þ1

" #1=2
8<
:

9=
;;

ðEq 12Þ

where Z ¼ _e � 2:184�105

RT

� �
.

As can be seen, in the above model establishing process, the
influence of the strain on the flow stress is not taken into account.
However, the strain does affect the values of material constants.
Hence, in order to enhance the prediction accuracy, the influence
of the strain needs to be considered (Ref 10-13). The material
constants of a, Q, n, and lnA in the strain range of 0.04-0.52 at an
interval of 0.04 were calculated according to the method
described above. Figure 8 shows the calculated results for both
as-cast and homogenized 2024 aluminum alloy, which demon-
strates that all material constants are greatly affected by the
strain. The activation energy Q decreases gradually with the
increase of the strain for both initial states, which indicates the
deformation resistance becomes small. The reason has been
reported that only a few slip systems are preferred orientation for
slippage at the early deformation stage, while with the increasing
strain, grain rotation results in activating more slip systems (Ref
30). The value of a tends to increase with the increase of the
strain, while n and lnA show decreasing tendency. The balance
between these material constants ensures an accuracy prediction
on flow stress (Ref 32). Additionally, a fifth order polynomial
fitting can be applied to well describe the relationship between
the strain and the material constants, which can be expressed as,

a ¼ B0 þ B1eþ B2e
2 þ B3e

3 þ B4e
4 þ B5e

5

n ¼ C0 þ C1eþ C2e
2 þ C3e

3 þ C4e
4 þ C5e

5

Q ¼ D0 þ D1eþ D2e
2 þ D3e

3 þ D4e
4 þ D5e

5

lnA ¼ E0 þ E1eþ E2e
2 þ E3e

3 þ E4e
4 þ E5e

5:

ðEq 13Þ

Tables 2 and 3 list the fitting results of as-cast and
homogenized 2024 aluminum alloy, respectively. Material
constants under specified strain can be derived according to
Eq 13, and the flow stress can be further calculated using Eq 6.

In the above analysis, constitutive equations of as-cast and
homogenized 2024 aluminum alloy have been established based
on Arrhenius model with and without strain compensation. In
order to evaluate the accuracy of these modeled equations, the
flow stresses at strain from 0.04 to 0.52 at an interval of 0.04
were calculated. Then, the predicted and experimental flow
stresses are compared, as plotted in Fig. 9, where the solid line
represents a perfect match. As is seen in Fig. 9(a) and (b),
Arrhenius model only gives a rough estimation on the flow
stress, since the influence of the strain on the flow stress was
ignored. Moreover, it should be noticed that the flow stresses
predicted by this model are usually overestimated. The reason is
that the peak stress was selected for the calculation of material
constants in this study. As shown in Fig. 9(c) and (d), a good
agreement between predicted and experimental values is
obtained when strain compensated Arrhenius model is applied
for both initial states, which indicates an excellent predictability.

Moreover, the correlation coefficient (R) and AARE were
calculated to provide quantitative evaluation on the accuracy of
above established constitutive equations. The corresponding
expressions are given as,

Fig. 7 Relationship between ln[sinh(ar)] and lnZ

Table 1 Material constants derived using peak stress for
as-cast and homogenized 2024 aluminum alloy

Initial state a, MPa21 Q, kJ mol21 n lnA

As-cast 0.015 180.102 8.152 27.612
Homogenized 0.014 218.384 6.060 34.297
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R ¼
PN

i¼1 Ei � �Eð Þ Pi � �Pð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 Ei � �Eð Þ2

PN
i¼1 Pi � �Pð Þ2

q ðEq 14Þ

AARE (%) ¼ 1

N

XN
i¼1

Ei � Pi

Ei

				
				� 100; ðEq 15Þ

where Ei and Pi are the experimental and predicted flow
stresses, respectively, �E and �P are the mean values of Ei and
Pi, and N is the number of data selected for calculation. R is
used to reflect the strength of the linear relationship between
experimental and predicted data, while AARE is considered
as an unbiased statistical parameter to evaluate the pre-
dictability of equations. From the results given in Fig. 9, the
values of R and AARE have been calculated and the results

are listed in Table 4. From Table 4, it is demonstrated that
the strain compensated Arrhenius model for as-cast state sam-
ple exhibits the highest accuracy, where the values of R and
AARE are 0.9976 and 2.6759%, respectively. More generally,
strain compensated Arrhenius model always has higher R and
smaller AARE values, which illustrates that the prediction
accuracy has been greatly enhanced by introducing the strain
compensation.

3.4 Processing Maps

According to the principle of DMM (Ref 14), the hot
working could be considered as a dissipater of power. The total
instantaneous power dissipation (P) consists of two comple-
mentary parts: G content and J co-content, and it can be
expressed as a function of strain, strain rate and flow stress:

Fig. 8 Variations of material constants of (a) a, (b) Q, (c) n and (d) lnA with strain for as-cast and homogenized 2024 aluminum alloy. (Solid
lines represent the fifth order polynomial fitting lines)

Table 2 Polynomial fitting results for as-cast 2024 alu-
minum alloy

a Q n lnA

B0 = 0.015 C0 = 178.11 D0 = 9.382 E0 = 27.313
B1 = 0 C1 = 197.47 D1 = �19.934 E1 = 31.611
B2 = 0.007 C2 = �2994.6 D2 = 62.838 E2 = �477.31
B3 = 0.153 C3 = 13,866 D3 = �49.849 E3 = 2196.4
B4 = �0.433 C4 = �27,833 D4 = �123.1 E4 = �4393.1
B5 = 0.367 C5 = 20,301 D5 = 177.88 E5 = 3198.2

Table 3 Polynomial fitting results for homogenized 2024
aluminum alloy

a Q n lnA

B0 = 0.014 C0 = 219.88 D0 = 7.572 E0 = 35.048
B1 = 0.004 C1 = 180.99 D1 = �28.898 E1 = 20.949
B2 = �0.016 C2 = �3522.9 D2 = 180.07 E2 = �530.64
B3 = 0.077 C3 = 16,887 D3 = �567.54 E3 = 2632.6
B4 = �0.146 C4 = �32,964 D4 = 871.68 E4 = -�5200
B5 = 0.098 C5 = 22,923 D5 = �518.62 E5 = 3633.2
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P ¼ r _e ¼ Gþ J ¼
Z _e

0
rd _eþ

Z r

0

_edr; ðEq 16Þ

where G and J are corresponding to the power dissipation for
temperature rise and microstructure transition during hot
deformation, respectively. Moreover, the strain rate sensitivity
(m) is used to partition the power into G content and J co-
content (Ref 33), which can be expressed as,

m ¼ dJ

dG
¼ @ðlnrÞ

@ðln _eÞ : ðEq 17Þ

Under any specified strain rate and deformation, J co-
content could be derived according to the following equation:

J ¼
Z r

0

_edr ¼ mr _e
mþ 1

: ðEq 18Þ

For an ideal linear dissipater with m = 1, the J co-content has
the maximum value ( Jmax ¼ r _e=2). Thus, the power dissipa-
tion capacity of the material can be expressed by introducing
a dimensionless parameter called the efficiency of power dis-
sipation (g) (Ref 34), which is given by:

g ¼ J

Jmax
¼ 2m

2mþ 1
: ðEq 19Þ

The parameter g represents the proportion of the power
dissipated by microstructure changes to the total power. Higher
g value means larger power which is dissipated by microstruc-
ture changes. Then, the power dissipation map can be obtained
by plotting iso-efficiency contour lines of g on the temperature-
strain rate field, from which different deformation mechanisms
might be identified (Ref 26).

Generally, the material should have good workability in the
domains at highg values. However, highg value does not always
represent the optimum process condition, since the flow instabil-
ities and cracking might occur. Therefore, based on the extreme
principles of irreversible thermodynamics applied for large plastic
flow body (Ref 33), the instability parameter ( n _eð Þ) should be
introduced to recognize the instable domain,which is expressed as:

Table 4 Calculated values of R and ARRE for different
constitutive models

Arrhenius model
Strain compensated
Arrhenius model

Initial state R AARE, % R AARE, %

As-cast 0.9922 8.0521 0.9976 2.6759
Homogenized 0.9950 6.2289 0.9967 3.3946

Fig. 9 Comparison between the experimental and predicted flow stresses: Arrhenius model for (a) as-cast state, (b) homogenized state; Strain
compensated Arrhenius model for (c) as-cast state, (d) homogenized state
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n _eð Þ ¼ @ ln m=mþ 1ð Þ
@ ln _e

þ m< 0: ðEq 20Þ

The instability map could also be established by plotting the
instability parameter n _eð Þ on temperature-strain rate field, and
the domains with negative values of n _eð Þ indicate the flow
instability.

According to the above theory, in the present study, the
processing maps of as-cast and homogenized 2024 aluminum
alloy at the strain of 0.55 were constructed by superposing the
efficiency power dissipation map and the instability map, as
shown in Fig. 10. The counter lines represent the constant
efficiency of power dissipation in percentage, while the shadow
area represents the instability domains (n _eð Þ< 0). From Fig. 10,
one general tendency can be observed that the efficiency of
power dissipation increases with increasing deformation tem-
peratures and decreasing strain rate. The climbing of edge
dislocation and the crossing sliding of screw dislocation are
accelerated at higher temperature, and it takes time to
accumulate the dislocation density. Therefore, higher temper-
ature and lower strain rate are beneficial for the triggering of
microstructure transition, such as dynamic recovery and
dynamic recrystallization, which leads to a higher efficiency
(Ref 35). This can be verified by the microstructure of as-cast
state (773 K, 0.01 s�1) and homogenized state (773 K,
0.01 s�1) shown in Fig. 11. As is seen, some newly formed

equiaxed grains can be found, which proves the occurrence of
the dynamic recrystallization. Moreover, by comparing
Fig. 11(a) and (b), it can also be found that the degree of
dynamic recrystallization is higher in homogenized state than
that in as-cast state. As the dynamic recrystallization can
provide good intrinsic workability both by softening and
reconstituting the microstructure, it is a beneficial process for
hot working (Ref 36). This should be one possible reason for
that the overall efficiency of power dissipation is higher in
homogenized state than that in as-cast state.

As discussed above, it is also necessary to investigate the flow
instabilities domains in order to determine the optimum hot
working condition. For both initial states, the main instability
domain is found at high strain rates, which locates at the upper part
of processing maps, as shown in Fig. 10. Generally, the mecha-
nisms of flow instabilities are probably associated with the
adiabatic shear bands, flow localizations, dynamic strain aging,
kinking, mechanical twinning, and flow rotations (Ref 37).
Therefore, the deformation temperatures and strain rates in the
instability domain should be avoided during the practical hot
forming process. Accordingly, the hot forming process is sug-
gested to be carried out at the temperature range of 710-773 K and
at strain rate range of 0.001-1 s�1 for as-cast state with a peak
power dissipation of 26.8%, and for homogenized state, the
temperature range of 680-773 K and the strain rate range of 0.003-
0.22 s�1 with a peak power dissipation of 36.1% is suggested.

Fig. 10 Processing maps of 2024 aluminum of in (a) as-cast state and (b) homogenized state

Fig. 11 Optical microstructures of 2024 aluminum alloy after deformation at 773 K and 0.01 s�1: (a) as-cast state, (b) homogenized state
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4. Conclusions

A comparable study on constitutive equations and process-
ing maps of as-cast and homogenized 2024 aluminum alloy
was carried out by means of hot compression tests. From the
results, the following conclusions could be drawn.

1. The homogenized 2024 aluminum alloy shows higher flow
stress compared with the as-cast state, due to its higher de-
gree of solid solution strengthening. Moreover, the flow
behavior is sensitive to both the deformation temperature
and strain rate. The flow stress increases with the increase
of strain rate and the decrease of deformation temperature.

2. Constitutive equations based on Arrhenius model with
and without strain compensation were established for
2024 aluminum alloy, respectively. By comparison of the
values of R and AARE calculated from two models, it
can be obviously seen that Arrhenius model without
strain compensation only provides a rough estimation of
the flow stress. Once taking the influence of strain on
material constants into account, the prediction accuracy
could be greatly enhanced.

3. Processing maps of the as-cast and homogenized 2024
aluminum alloy were established based on DMM.
Accordingly, the hot forming process is suggested to be
conducted at the temperature range of 710-773 K and
strain rate range of 0.001-1 s�1 for as-cast state, while
for homogenized state the suggested temperature range is
680-773 K and strain rate range is 0.003-0.22 s�1.
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