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Abstract: The flow behavior and processing maps of homogenized AA7085 aluminum alloy were investigated by isothermal hot 

compression tests in the temperature range of 300~450°C with strain rates of 0.01~10 s

-1

. Microstructure was characterized using

Optical microscopy (OM), electron back-scattered diffraction (EBSD) and transmission electron microscopy (TEM). The results

show that the superimposed processing maps at different strains exhibit the optimized deformation parameters with the temperature 

of 390~450°C and strain rates lower than 0.1 s

-1

. Microstructure characterization reveals that dynamic recovery and recrystallization 

are the main deformation mechanisms in the safe regions. At lower temperature and lower strain rate, the coarsening of particles 

between ε=0.5 and ε=0.7 may be responsible for the transformation of processing map from unstability to safe domain.

Key words: 7085 aluminum alloy; flow behavior; processing maps; flow localization; optimum parameter

AA7085 aluminum alloy belonging to 7000 

(Al-Zn-Mg-Cu) series alloys was firstly introduced by 

ALCOA in 2003 as the 7th generation of high strength thick 

plate alloy

[1-3]

. Because of its high strength to low densities 

and high fracture toughness, as well as resistance to stress 

corrosion cracking, it is widely used for aerospace 

applications, such as wing spar and rib structures on the 

new Airbus A380 airliner

[1]

.

Workability of metal can be evaluated by means of 

processing map, which developed from flow stress variation 

related to strain, strain rate, and temperature. In the past 

several decades, extensive researches focused on high 

temperature plastic deformation behavior and processing 

maps of 7000 series aluminum alloys have determined the 

optimum fabrication conditions

[4-7]

. Processing maps have

been proven to be a useful tool for optimizing the hot 

working parameters. However, more and more attention was

put on the processing maps based on the special strain, which 

were used to predict material processing parameters

[8,4,9]

. 

Less works have been done on the evolution of processing 

maps at different strains during hot deformation, while 

recent researches have pointed out that strain plays a very 

important role in the processing map evolution. The change 

of strain can accelerate the transformation from unsafe 

domain to safe domain in Al-Si-Mg alloys and 7A09 

aluminum alloy

[10,7]

. However, detailed study of microstruc-

ture characteristics at different strain levels and restoration 

mechanism during deformation are rarely reported.

In the present study, a superimposed processing map at 

different strains was used to determine the optimum 

condition. Microstructure evolution and softening 

mechanism are investigated by a detailed microstructure 

characterization at different strain levels. The aim is to 

obtain optimum parameter and better understand restoration 

mechanism of AA7085 aluminum alloy for thermo-

mechanical processing, which provides a guide to optimize

industrial hot deformation schedules. 

1 Experiment

The chemical composition (wt%) of the AA7085 

aluminum alloy in this work was as follows: 7.6Zn, 1.5Mg, 

1.8Cu, 0.08Zr, Fe�0.08, and Si�0.06. The cast ingot were 
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homogenized at 400 °C for 12 h and 460 °C for 12 h, and 

then rapidly quenched into room-temperature water. 

The specimens were cut from the ingot with dimension of 

�10 mm�15 mm. The isothermal compression tests were 

carried out on a computer servo-controlled Gleeble-3500 

simulator in the temperatures range from 300 to 450°C, at the 

strain rates of 0.01, 0.1, 1, 10 s

-1

. The cylindrical compression 

specimens were heated to deformation temperature with 

heating rate of 5°C/s and held for 3 min prior to compression.

The specimens were deformed to the total true strain of ε = 0.9 

and the required strain level. After compression, the samples 

were quenched to room temperature immediately to maintain 

deformation microstructure. 

The deformed samples were sectioned parallel to the 

compression axis along the direction of centerline. 

Microstructure was analyzed using optical microscopy

(OM), electron backscatter diffraction (EBSD) and 

transmission electron microscopy (TEM). The preparation

of OM and EBSD specimens was electro-polished in a 10% 

HClO

4

 and 90% C

2

H

5

OH solution with current density of 

1.5 A·cm

-2

 for 30 s at −20 °C. The EBSD test was conducted 

using a field emission gun-environmental scanning electron 

microscopy (FEG-SEM) FEI device equipped with an HKL 

Channel 5 EBSD System. The TEM sample was a 50~60 

µm foil and then twin-jet polished in a 30% HNO

3

 and 

70%CH

4

O solution. TEM examination was performed using 

a FEI TECNAL G2 F20 TEM microscope operated at 200 

kV. 

2 Results and Discussion

2.1  True stress-true strain curves 

True stress-true strain curves obtained from 300 °C to 

450 °C with various strain rates are shown in Fig.1. It can 

be seen that the flow stress increases with increasing the 

strain rate or decreasing the temperature. In addition, the 

flow stress after the peak strain reaches a stable state at low 

strain rates (

ε

�

�1 s

-1

 ), indicating the balance between the 

work hardening and dynamic softening. At high strain rates 

(

ε

�

�10 s

-1

), the flow curves after the peak strain decrease 

monotonically till the final strain and a continuous 

softening are obtained. According to the study of R. 

Bhattacharya and Byoung Ho Lee 

[11,12]

, deformation 

heating becomes prominent at high strain rate (

ε

�

�1 s

-1

), 

resulting in a thermal softening in materials. Combined

with the results of set-temperatures and the actual 

temperatures (Fig.2a~2d), the actual temperatures have 

significant difference compared to the set-temperature at 

high strain rates (

ε

�

�1 s

-1

). The increment of temperature 

reaches to ~35 °C compared to the pre-set temperature at 

strain rate of 10 s

-1

. Therefore, the flow stress corrected (σ

l

) 

for deformation heating is necessary and it can be defined 

as follows

[13]

:

l

l

H

0
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( )
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Fig.1  True stress-true strain curves of AA7085 aluminum alloy deformed with different strain rates: (a) 0.01 s

-1

, (b) 0.1 s

-1

, (c) 1 s

-1

, 

and (d) 10 s

-1 
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Fig. 2  Actual temperatures of AA7085 aluminum alloy during isothermal compression at different set temperatures: (a) 300 °C, (b) 350 °C, 

(c) 400 °C, and (d) 450 °C

 

 

where σ

H 

is the flow stress uncorrected for deformation 

heating, and T

0

 is the initial test temperature. The corrected 

flow stress marked with the black dots is shown in Fig.1. It 

is noted that the corrected flow stress at lower strain rate 

does not exhibit obvious difference, while it becomes 

remarkable at high strain rate. Thus, deformation heating is 

one of reasons to affect the flow stress. 

2.2  Processing maps 

Processing maps based on the dynamic materials models 

(DMM) theory were established 

[14-16]

. The efficiency of 

power dissipation, η, which is a function of temperature and 

strain rate, defined as follows:  

2

1

m

m

η =

+

                                (2) 

where m represents the strain rate sensitivity. The variation 

of the efficiency of power dissipation indicates 

microstructure changes, which can be described by 

iso-efficiency contour map. However, the value of power 

dissipation may be high in the instability domains and can 

not describe the processability. Based on the principle of 

the maximum rate of entropy production, the flow 

instability parameter ( )εξ

�

 is given as: 

( )

ln[ /( 1)]

0

ln

m m

mξ ε

ε

∂ +

= + ≤

∂

�

�

            (3) 

The variation of the instability parameter represents an 

instability map, which is described by the gray region. 

Therefore, processing maps can be obtained by superimposing 

the instability map over the power dissipation map. 

The processing maps of AA7085 aluminum alloy at 

various strains for uncorrected flow stress are presented in 

Fig.3. It can be seen that the flow instability regions and 

safe areas have no obvious change at low strains (ε�0.5), 

as shown in Fig.3a and Fig.3b. With the increasing strain, 

the former unstable region�is transformed into a new safe 

domain at a strain of ε = 0.7 (300~360 °C, 0.01~0.1 s

-1

 ), as 

marked with � in Fig.3c. The power dissipation efficiency 

have no obvious difference between ε = 0.3 and ε = 0.5, 

while it increases from 0.25 to 0.68 with increasing strain 

from ε = 0.5 to ε = 0.7. However, safe area � diminishes 

gradually as the deformation proceeds. A combined 

processing map by a superposition of processing maps at 

strains of ε = 0.3, ε = 0.5 and ε = 0.7 is shown in Fig.3d. The 

safe domain IV is the intersection of all the safe 

deformation areas in the three processing maps. The 

deformation parameters of the temperature range of 

390~450 °C and strain rates lower than 0.1 s

-1

 are 

determined for optimum processing, where the highest 

efficiency of power dissipation is 0.45. The efficiency of 

power dissipation indicates the workability of material. The 

higher the power dissipation, the easier the process. Thus, 

the safe domain IV is determined for optimum processing. It 

is noticed that the safe domain in the processing maps at the 

certain strain may not be reliable for optimizing working 

parameters. Therefore, a superposition of the processing 

maps at different strains is necessary. 

 

0.0 0.2 0.4 0.6 0.8 1.0

290

300

310

320

330

340

T
e
m
p
e
r
a
t
u
r
e
/

o

C

 0.01 s

-1

 0.1 s

-1

 1 s

-1

 10 s

-1

a

 

 

0.0 0.2 0.4 0.6 0.8 1.0

350

360

370

380

390

0.01 s

-1

 0.1 s

-1

1 s

-1

 10 s

-1

b

 

 

0.0 0.2 0.4 0.6 0.8 1.0

400

410

420

430

T
e
m
p
e
r
a
t
u
r
e
/

o

C

True Strain

0.01 s

-1

 0.1 s

-1

 1 s

-1

 10 s

-1

c

 

 

0.0 0.2 0.4 0.6 0.8 1.0

440

450

460

470

480

True Strain

 0.01 s

-1

 0.1 s

-1

 1 s

-1

 10 s

-1

d

 

 



412                          Yang Qunying et al. / Rare Metal Materials and Engineering, 2018, 47(2): 0409-0415 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Processing maps of uncorrected flow stress for deformation heating: (a) ε = 0.3, (b) ε = 0.5, (c) ε = 0.7 and (d) the superposition 

process maps at various strains 

 

2.3  Microstructure examination  

The corresponding microstructures compressed to a total 

strain of ε = 0.9 under the different conditions as indicated 

by letters in Fig.2 (from �~ �) are shown in Fig.4. It can 

be seen that the microstructures in the instability regions 

consist of elongated grains and flow locations marked with 

white arrows, indicating the occurrence of flow instability 

(Fig.4a, 4b). It may be ascribed to the deformation 

heating. At high strain rates (�1 s

-1

), energy due to 

deformation heating cannot be removed from the specimens, 

leading to an increase in actual temperature and the 

occurrence of local flow instability in special grains. As the 

strain rate decreases, the microstructure of 350 °C, 0. 01 s

-1

 

specimen exhibits prominently the dynamic recovery 

(Fig.4c), while the microstructure of 450 °C, 0.01 s

-1

 

specimen reveal that new equiaxed grains spread along 

grain boundaries, illustrating that main softening 

mechanism is recovery and recrystallization (Fig.4d). 

However, the processing map evolutions of the 

corresponding �and �  regions exhibit obvious difference. 

Therefore, a study of microstructure evolution of AA7085 

aluminum alloy deformed at 350 °C, 0.01 s

-1

 and 450 °C, 

0.01 s

-1

 with various strain levels are necessary to reveal the 

control mechanism of different deformation parameters in 

the present study. 

In order to reveal the transformation from unsafe domain 

to safe domain at the bottom left of the processing maps, 

the microstructure evolution of the 350  °C, 0.01 s

-1

 

deformed specimens were studied by electron backscatter 

diffraction (EBSD) technique, as shown in Fig.5. In these 

corresponding EBSD maps, boundaries with further 

misorientations of 2°~5°, 5°~10°, 10°~15° and > 15° are 

described by green lines, red lines, blue lines and black 

lines, respectively. At a strain of ε=0.3, grains have no 

remarkable changes compared to the initial microstructure 

(Fig.5a). With the increasing strain, original grains are 

elongated and the majority of low-angle grain boundaries 

accumulate preferentially along grain boundaries (Fig.5b). 

As the strain increases to ε = 0.7 (Fig.5c), low-angle grain 

boundaries gradually extend toward the grain centre and 

across the whole deformed grains, leading to the formation 

of recovery structure. By further straining to ε = 0.9, more 

and more sub-boundaries are formed within grains and 

some isolated high-angle grain boundary segments marked 

with white arrows are observed (Fig.5d), suggesting that the 

transformation from low-angle grain boundaries to 

high-angle grain boundaries is found and dynamic recovery 

is the dominant softening mechanism. It is noted that 

microstructure characterization of EBSD does not agree 

with the transformation of the processing maps between ε =  

b 
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Fig.4  Microstructures of the deformed specimens compressed under different conditions: (a) 350 °C, 10 s

-1

; (b) 400 °C, 10 s

-1

; (c) 350 °C, 

0.01 s

-1

; (d) 450 °C, 0.01 s

-1 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  EBSD images of AA7085 aluminum alloy deformed with various strains at 350 °C, 0.01 s

-1

: (a) ε = 0.3, (b) ε = 0.5, (c) ε = 0.7�and  

(d) ε = 0.9 

 

0.3 and ε = 0.7. Previous studies have pointed out the typical 

microstructural manifestations in the unsafe domain are 

related to adiabatic shear bands, flow localizations, pore, 

kink bands, deformation bands

[17-19,10,4]

. These instable 

microstructures may be responsible for the change of 

processing maps. However, the present study seems to 

disagree with the previous studies. 

The corresponding TEM micrographs of the 350 °C, 0.01 

s

-1

 specimens compressed to various strains are shown in 

Fig.6. At a strain of ε=0.3, high density of disloca- 

tions accompanied with fine particles with mean size of 50 

nm are presented within deformed grains (Fig.6a). With 

increasing strain from ε = 0.3 to ε = 0.5, more fine particles 

precipitate from matrix and the number density of particles 

increases from 2.2�10 to 4.2�10

7 

mm

-2

, while the average 

size of particles in both specimens has no significant 

change (Fig.6b). By further straining to ε = 0.7, 

cell-dislocation structure evolves into sub-grains and the 

average size of particles with the number density of 4.3�

10

7

 mm

-2

 is about 65 nm (Fig.6c), indicating that precipitate 

coarsening becomes prevalent when deformation is 

continued to ε = 0.7. As the strain increases to ε = 0.9 

(Fig.6d), sub-grains coarsening are found due to the 

sub-grain growth. Such a microstructure evolution suggests 

that recovery accompanied with dynamic precipitation and 

coarsening is the main softening mechanism. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  TEM micrographs of the specimens deformed with different strains at 350 °C, 0.01 s

-1

: (a) ε = 0.3, (b) ε = 0.5, (c) ε = 0.7� 

and (d) ε = 0.9 
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In combination with the all Euler images and TEM 

micrographs of the specimens subjected to various strains, 

it is confirmed that the occurrence of instability is related to 

the dynamic precipitation and coarsening. Due to high 

solution level during homogenization, the majority of 

alloying elements are reserved in the matrix in the form of 

solutes. After low temperature deformation, small particles 

with various shapes are precipitated due to low super- 

saturation, which is called strain-induced precipitation 

[20]

. 

These fine particles can inhibit dislocation mobility, leading 

to an increase in the fraction of low-angle grain boundary. 

Moreover, as the deformation proceeds, the coarsening of 

particles increases the spacing of precipitate and facilitates 

the formation of subgrain 

[21]

. Consequently, well-developed 

sub-grains are formed at high strains (ε�0.7), indicating 

that recovery can retard recrystallization. The combining 

effects of recovery, dynamic precipitation and coarsening 

on the efficiency of power dissipation lead to a significant 

change in the processing maps. The coarsening of particles 

between ε = 0.5 and ε = 0.7 may be responsible for the 

transformation from unstability to safe domain as marked 

with letter �. Therefore, the processing map is only a 

reference factor to indicate hot workability of materials and 

can not be used to judge safety under this condition. 

According to the superimposed processing maps (Fig.3d), 

the stability regions occur in the temperature range of 390 

~450 °C with strain rates of 0.01 ~ 0.1 s

-1

. The maximum 

power dissipation efficiency of 45% is observed at 450 °C 

and 0.01 s

-1

, indicating the good workability. Thus, the 

microstructure evolution process of materials at 450 °C, 

0.01 s

-1

 is displayed in Fig.7. It can be seen that new 

recrystallized grains marked with arrows are observed at 

triple junctions and grain boundaries after straining to ε = 

0.3 and ε = 0.5 (Fig.7a and Fig.7b), indicating that the 

dynamic recrystallization occurs preferentially at triple 

junctions and original boundaries. With increasing strain, 

fine recrystallized grains spread along grain boundaries and 

more sub-grains are developed in coarse grain interiors 

(Fig.7c, 7d). The microstructure consists of elongated 

grains and fine grains, indicating the occurrence of typical 

partial DRX at 450 °C, 0.01 s

-1

. 

By comparison of Fig. 6a to 6d, another difference in the 

TEM micrographs becomes more evident (Fig.8). The 

second-phase particles have been dissolved at 450 °C and 

the contribution of particles to the efficiency of power 

dissipation can be weakened during deformation process. 

TEM micrographs reveal that  original  grains are 

fragmented progressively by low-angle boundaries and high 

density dislocation walls (Fig.8a-8b), illustrating the 

occurrence of remarkable recovery. As the strain increases,

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  EBSD images of AA7085 aluminum alloy deformed with different strains at 450 °C, 0.01 s

-1

: (a) ε = 0.3, (b) ε = 0.5, (c) ε = 0.7�and 

(d) ε = 0.9 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  TEM micrographs of the specimens deformed with different strains at 450 °C, 0.01 s

-1

: (a) ε= 0.3, (b) ε = 0.5, (c) ε = 0.7, and  

(d) ε = 0.9 
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the complex rearrangement and annihilation of dislocation 

lead to the formation of straight and clear boundaries 

(Fig.8c, 8d), illustrating that the recovery is extended and  

the dynamic recrystallization occurs. Such a microstructure 

evolution exhibits the feature of dynamic recovery and 

recrystallization. Therefore, dynamic recovery and 

recrystallization does not result in the obvious change of 

the efficiency of power dissipation in domain � during 

deformation process. As a consequence, the processing 

maps in domain � is still in the state of safe. 

3 Conclusions 

1) The flow behavior is affected by strain rate and 

temperature. Continuous flow softening behavior is prone 

to occur at high strain rates (

ε

�

�10 s

-1

), indicating that the 

occurrence of flow instability during isothermal 

compression is ascribed to deformation heating. 

2) A superimposed processing map at different strains is 

proposed. The optimum parameters are determined in the 

deformation temperature range of 390 ~450 °C and strain 

rates of 0.01~0.1 s

-1

. Dynamic recovery and recrystalliza- 

tion are main softening mechanism in the safe domain. 

3) Without considering the deformation heating, the 

transformation of processing map from the instability 

region to the safe region may be related to the coarsening of 

particles. 
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