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A series of compression tests have been carried out using Gleeble (3800) thermomechanical simulator to
investigate the viscoplastic behaviour of AA7050 as well as its microstructural characteristics under hot
forging conditions. The thermomechanical tests were conducted at the temperatures of 350e450 �C with
strain rates of 0.0005e0.5 s�1, which covers the range of hot forging conditions for AA7050. Interrupted
tests have also been carried out to track the microstructural evolution under various thermomechanical
deformation conditions. Particular attention has been focused on the criteria of dynamic recrystallisation
in AA7050 during the uniaxial compression at high temperatures, which could help to obtain regular
homogeneous grain structures for hot forged components. It was found that AA7050 has a strong vis-
coplastic behaviour and flow stress is more than halved from 350 to 450 �C. A suitably low strain rate and
high temperature are required for significant dynamic recrystallisation (0.05 s�1 and 400 �C in current
deformation level). The average grain size decreases with increasing strain and deformation temperature
due to dynamic recrystallisation, but the relationship between average grain size and strain rate is not
monotonic. Present findings provide a guideline for the selection of hot forging parameters so that
quality components could be achieved with low forging force.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

7xxx series aluminium alloys with high strength-density ratio
have been widely used in aeronautical and automobile industry,
among which, the aluminium alloy 7050 (AA7050), a typical Al-Zn-
Mg-Cu aluminium alloys, is particularly preferred because of its
desirable physical and mechanical properties [1e3]. Good ductility
during conventional forging under high temperature is another
reason to explain the plentiful applications of high strength
aluminium alloy in strength bearing critical airframe structural
components of commercial airplanes [4,5]. However, the mechan-
ical properties of large plate of high strength aluminium alloys are
hugely influenced by complicated microstructural evolution during
hot deformation [6], for example, average grain size has a strong
influence on mechanical properties of aluminium alloys and coarse
hi).
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grain structure will reduce the yield and strength limit of the ma-
terial, thereby affecting the lifetime and performance of the com-
ponents. Themicrostructural characteristics aremainly determined
by deformation conditions [7,8], in other words, thermomechanical
processing conditions play a very important role in the micro-
structural evolution of aluminium alloys during deformation. The
control of microstructure during industrial manufacturing process
is crucial for acquiring desirable properties of final product [9].
Therefore it is very important to investigate thermomechanical
behaviour andmicrostructural evolution to improve understanding
towards 7050 aluminium alloy. The softening mechanism of dy-
namic recrystallisation (DRX) that may occur during deformation of
high stacking fault energy under high temperature is considered
very important as it will generate uniform small size equiaxed
grains and reduce the flow stress of the material, hence improving
its forgeability [10].

For 7xxx series high strength aluminium alloys, most of the
researches are focused on the heat treatment after forging and less
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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Fig. 1. Temperature profile for thermomechanical tests of AA7050.

Fig. 2. Flow stress of AA7050 at (a) different temperatures with strain rate of 0.005 s�1

and (b) different strain rates at 400 �C.

Fig. 3. Variation of flow stress with strain rates at true strain of 0.1 and different
temperatures.

Fig. 4. Softening of AA7050 at (a) different strain rates at 400 �C and (b) different
temperatures with strain rate of 0.005 s�1. The data were obtained at true strain of 0.3.
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attention has been drawn to investigation involving microstruc-
tural evolution at elevated temperature [11e13]. A few reports
about the misorientation transformation of aluminium alloys dur-
ing hot deformation have been published, e.g. Hu et al. [6] inves-
tigated the microstructural evolution and hot deformation
mechanism during hot forging for AA7050 Al alloy, Wang et al. [14]
studied the effect of lattice diffusion and grain boundary diffusion
under different conditions, and Deng et al. [7] studied the micro-
structure transformation of homogenised AA7050. Nevertheless,
studies that link the grain size evolution to thermomechanical
behaviour during deformation is still lacking.

The present work investigated temperature dependent flow
stress behaviour of AA7050 under various deformation conditions,
while interrupted compression tests have been performed for the
characterisation of microstructural evolution of AA7050 during hot
deformation. Optical microscopy has been employed to investigate
microstructural evolution under different temperature and strain
rates, particularly focusing on their influence on average grain size
Fig. 5. Microstructural evolution at different stages of deformation at 400 �C and _ε ¼ 0.0
compression strain of (c) 0.1; (d) 0.3; and (e) 0.5. The red circle indicates a recrystallised regi
normal direction of the rolled plate.
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variation. Electron backscatter diffraction (EBSD) technology has
been used to examine the grain orientationmap of the material and
the potential dynamic recrystallisation during deformation, and the
grain size distribution. The aim of this research is to acquire optimal
parameters for hot forging by analysing the grain size evolution
during deformation and provide guideline for industrial
manufacturing process of AA7050.

2. Experimental procedure

The material used in the present work was a commercial
AA7050 rolled thick plate with initial temper of T7451, whose main
chemical composition is Al-6.2Zn-2.3Mg-2.3Cu-0.12Zr. Cylindrical
specimens with 8 mm in diameter and 12 mm in height were
machined from the plate for compression test. Thermomechanical
tests were carried out using Gleeble 3800 thermomechanical
simulation systemwith temperature range from 350 to 450 �C, and
strain rates from 0.0005 to 0.5 s�1. Interrupted compression tests
5 s�1: (a) As-received; (b) Before compression after heating and holding; and with
on. The compression is along the vertical direction of the micrographs, which is also the
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were performed with strain of 0.1 and 0.3 to investigate the
microstructural evolution of this material during hot deformation.
The thermal history of the specimens is shown in Fig. 1. The spec-
imens were solution heat treated at 475 �C for 1 h in an Instron
furnace, then immersion quenched in water to room temperature,
and naturally aged for 20e30 h. During compression tests, the
specimens were heated up at a heating rate of 2.5 �C/s to target
temperature in Gleeble machine and held for 3 min. The cylindrical
specimens were then compressed from 12 to 7 mm in height (~42%
reduction), followed by air cooling to room temperature.

The specimens were sectioned along axial direction, mounted in
bakelite resin, grinded and polished to 1 mm. The prepared samples
were then etched for 30 s using Keller's agent with composition of
1.5% HCl þ1% HF þ 2.5% HNO3 þ 95% distilled water and cleaned
with distilled water [15]. An Olypus BX53M optical microscope was
used for microstructural examination. The specimens used for
EBSD characterisation were grinded and polished with standard
colloidal suspension for final polishing, a solution of 50% OPS þ50%
water, using SAPHIR 520 metallographic grinder and polisher, and
then electropolished using 10% perchloric acid and 90% ethanol
solution with voltage of 17 V [16], which was determined by
Fig. 6. Optical micrographs for materials deformed to ε ¼ 0.5 with _ε ¼ 0.005 s�1 at
different temperatures: (a) 350 �C; (b) 400 �C; and (c) 450 �C.
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optimised current, for 90 s at room temperature. The observation
was carried out using FEI Quanta 650 equipped with Bruker
eFlashHR EBSD system with accelerating voltage of 20 kV and step
size of 2 mm [17,18]. The average grain size of the hot compression
specimenswasmeasured from the optical microscope images using
Abrams Three-Circle procedure ASTM E112 [19]. The grain size was
measured at three different locations for each specimen to mini-
mise the effect of elongated grain structure. A deviation of 5 mmwas
found on grain size analysis and the result shown was the average
of three measurements from different locations.
3. Results and discussion

3.1. Thermomechanical behaviour

The true stressestrain curve of AA7050 during hot compression
under different temperatures and strain rates were obtained to
show the thermomechanical behaviour of aluminium alloy 7050.
According to previous researches, the mechanical properties of the
material are closely related to themicrostructure after compression
[20e26], hence the microstructural evolution during hot defor-
mation is analysed to obtain the optimum forging condition of
Fig. 7. Microstructural evolution for materials deformed to ε ¼ 0.5 at 400 �C with
different strain rates: (a) 0.005 s�1; (b) 0.05 s�1; and (c) 0.5 s�1.
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this material. Fig. 2a shows the stressestrain curves of specimens
deformed to the true strain of 0.5 with same strain rate of
0.005 s�1 at temperatures ranging from 350 to 450 �C, while Fig. 2b
shows the stressestrain curves of specimens deformed at 400 �C
with various strain rates 0.0005e0.5 s�1. Generally, the true stress
decreased with increasing deformation temperature and increased
with increasing strain rate. Clear tendency can be observed that the
true stress first rose rapidly to a plateau and then decreased to
some extent, indicating that AA7050 has good uniform deformation
ability. Strong viscoplastic behaviour is shown in Fig. 2b, as the
strain rate decreased from 0.5 to 0.005 s�1, a sharp decrease of
stress occurs. The flow stress behaviour is therefore highly
dependent on strain rate. Comparing with other conditions, lower
true stress was observed at higher temperature range and lower
strain rate range e.g. 400e450 �C and 0.0005e0.005 s�1, suggesting
a lower forging force during deformation at these conditions which
is desirable for industry forging process.
Fig. 8. Microstructural evolution after solution heat treatment of the material tested with:
400 �C.
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The relationship between true stress and strain rate (logarithmic
scale) at the true strain of 0.1 and different temperatures can be
seen in Fig. 3. The trend lines are nearly straight and parallel to each
other, and their angle from the x-axis was about 29�. The rela-
tionship between true stress and strain rate indicates the strong
viscoplastic behaviour of AA7050 under different temperatures.
With the decrease of strain rate from 0.5 to 0.005 s�1, the stress
decreased sharply by about 50% from 350 to 425 �C.

Fig. 4 shows the tangent slope variation from the stressestrain
curves in Fig. 2 at the temperature of 400 �C and strain rate of
0.005 s�1, deformed to the same true strain of 0.3. It can be seen that
the slope of stressestrain curves generally increases with increasing
strain rate and decreasing temperature. This phenomenon was
considered as the effect of higher softening mechanism generated
by possible dynamic recovery and dynamic recrystallisation influ-
enced by deformation conditions, the material is in better plasticity
with higher temperature and lower strain rate.
(a) (b) (c) different temperatures at _ε ¼ 0.005 s�1; (b) (d) (e) different strain rates at
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Fig. 9. Average grain size variation of the material (a) with true strains at 400 �C,
_ε ¼ 0.05 s�1; (b) with temperatures, ε ¼ 0.5, _ε ¼ 0.005 s�1; (c) with strain rates, ε ¼ 0.5,
400 �C.
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3.2. Microstructural evolution and analysis

The microstructural evolution of AA7050 during compression
test at 400 �C and 0.05 s�1 is shown in Fig. 5 with a gradual
transformation before and after deformation. It shows that the
grains have a bandlike structure and coarse elongated grain were
observed. Fig. 5a shows the microstructure of the as-received ma-
terial with less obvious bandlike structure. Fig. 5b shows the
microstructure after heating and holding in the Gleeble before
Compression. The more elongated grain structure is believed to be
introduced by the creep effect during heating and holding period
before compression starts since a force of 0.5 kN was applied to
ensure good conductivity for resistance heating. As the true strain
increases, the deformation in grain structure becomes more and
more severe, and the specimenwith 0.5 true strain shows the most
distinct bandlike grain structure. Small region of recrystallised
grain structure could be observed at 0.5 true strain (see circled area
in Fig. 5e), showing that dynamic recrystallisation (DRX) happened
at this condition during deformation. No evident bimodal structure
was detected in other specimens with lower strain at this tem-
perature, implying that a critical strain is required for recrystalli-
sation to occur at the above condition.

Fig. 6 shows the microstructural changes at strain rate of 0.005
s�1 with different temperatures of 350, 400 and 450 �C. A clear
gradual transformation from the squeezed elongated grain struc-
ture to bimodal structure could be seen with increasing defor-
mation temperature. The grain structure was identified as
recrystallisation (RX) region and elongated coarse grain region. The
grain structure of the specimen deformed at 350 �C shown in Fig. 6a
has coarse region only, while RX grain structure could be seen at
condition of 400 �C (circled area in Fig. 6b) but in smaller region
and lower extent. At 450 �C, a clear decomposition of elongated
grains to smaller RX grains could be observed in Fig. 6c and the
grain structure were fully recrystallised. Comparing with Fig. 6a
and b where no clear sign of recrystallised grain structure was
shownwith lower deformation temperature, it can be seen that the
increasing temperature was a factor that influenced the extent of
dynamic recrystallisation. The microscopic results confirm that RX
grain would appear under conditions from 400 to 450 �C and 0.005
s�1 strain rate, which is good for industry processing as a lower
force will be required for the forging operation at these conditions.

The microstructure at 400 �C with different strain rates of 0.005,
0.05 and 0.5 s�1 are shown in Fig. 7. Small regions of RX grains are
detected when the strain rate was at 0.005 and 0.05 s�1. More
recrystallised grain structures are found at 0.005 s�1 than that of
0.05 s�1, while no clear sign of RX regionwas detected under strain
rate of 0.5 s�1. It is also noticed that the recrystallised grains at
0.005 s�1 seems more developed with larger size. The absence of
RX grain structure at high strain ratewas considered as the result of
insufficient incubation time, since the occurrence of DRX needs
enough time to release deformation energy. Therefore the strain
rate is considered as another factor influencing the extent of DRX.

Solution heat treatment was carried out on selected specimens
after hot compression test to analyse the effect of SHT on deformed
microstructure of AA7050 and results are shown in Fig. 8. As shown
in the figures, the grain size of all the specimens has generally
grown larger but bandlike structure of grain still remains. Clearer
grain boundary can be seen in Fig. 8 compared with the figures
before solution heat treatment, and there is no clear sign of sub-
grains. The small recrystallised grains at 0.05 and 0.005 s�1 under
400 �C disappeared after SHT, suggesting that the RX grains grew
and merged into larger gain structure during this process. Areas of
recrystallised grain structure under 0.005 s�1 and 450 �C can still be
detected but with larger grain size. No static recrystallisation was
detected in all deformed specimen after SHT.
Please cite this article as: W. Li et al., A study of thermomechanical behaviour and grain size evolution of AA7050 under hot forging conditions,
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Fig. 9 shows the grain size variation with different true strains,
strain rates and temperatures. The grain size of the original ma-
terial was measured to be 55.25 mm, which is larger than the grain
size of specimens deformed under all conditions. The relationship
between grain size and true strain can be seen in Fig. 9a, in which
the grain size gradually decreased with increasing true strain. As
the strain increased, the specimen was deformed to a larger
extent, and the elongated grains were further squeezed, which led
to the decrease of average grain size. Another important factor
that led to the decrease of grain size is the formation of recrys-
tallised grains at larger strain, as shown in Fig. 5. Further analysis
using EBSD need be performed to analyse the grain size trans-
formation during deformation.

Fig. 9b shows the effect of deformation temperature on average
grain size. The grain size was slightly decreased between temper-
ature of 350 �C and 400 �C, and rapidly decreased between 400 �C
and 450 �C. This variation of grain size was due to the occurrence of
recrystallisation between deformation temperatures of 400 and
450 �C. When the deformation temperature was low (350e400 �C),
the average grain size variationwas not significant and the dynamic
recovery was the driving softening mechanism. When the defor-
mation temperature was higher (400e450 �C), dynamic recrystal-
lisation occurred during deformation, the subgrains merged and
grew to replace original grains during this process [27], causing
grain refinement and therefore rapidly decreasing the average
grain size. Compared with the microscopic results at 350e450 �C
under strain rate of 0.005 s�1 shown in Fig. 6, the small average
grain size at 400 and 450 �C are consistent with the occurrence of
recrystallised grain structure at these temperatures.

The effect of strain rate on average grain size is not monotonic,
as shown in Fig. 9c. With increasing strain rate, the average grain
size decreased between strain rates of 0.005 and 0.05 s�1, and then
Fig. 10. EBSD maps (IPFX colouring) of specimens deformed at 400 �C with: (a) 0.3 strain, 0
colour key.

Please cite this article as: W. Li et al., A study of thermomechanical behavi
International Journal of Lightweight Materials and Manufacture, https://
increased between strain rates of 0.05 and 0.5 s�1. According to the
optical microstructure characterisation result, dynamic recrystal-
lisation took place at temperature of 400 �C and strain rate below
0.05 s�1 (see Fig. 7). With the decreasing strain rate from 0.5 to 0.05
s�1, recrystallisation occurred, resulting in lower average grain size.
The increase of average grain size between strain rate of 0.05 and
0.005 s�1 is possibly due to the growth of the recrystallised grains,
evidenced by comparing Fig. 7a and b.

Fig. 10 shows the IPFX colouring maps for specimens deformed
at strain rates of 0.05 and 0.5 s�1 at 400 �C from EBSD results.
Fig. 10a and b demonstrate the effect of deformation (strain level)
on recrystallisation. Little sign of recrystallised grain structure
could be seen in Fig. 10a when the strain was 0.3 under 0.05 s�1. As
deformation continues to the true strain of 0.5, the grain structure
were highly deformed and small regions of recrystallised grain
structure could be observed (Fig. 10b). For the material deformed to
0.5 strain at 0.5 s�1 in Fig. 10c, no RX structure was observed, which
indicates the important effect of strain rate on recrystallisation. The
results in Fig.10 confirms that a certain degree of deformation and a
suitably low strain rate are required for AA7050 to form recrystal-
lised structure at 400 �C.

The grain size distributions for these specimens have been
measured and are shown in Fig. 11. Comparison of Fig. 11a and b
shows that as deformation continued and the strain increased from
0.3 to 0.5, the fraction of large size grains decreased while that of
the small size grain increased markedly, indicating that the RX
structure increased sharply during deformation. With the breaking
of large grains and the generation of RX grains, the average grain
size was decreasing during this period, consistent with average
grain size variation shown in Fig. 9a. For the specimen with 0.5 s�1

and 0.5 strain, results show that very few small recrystallised grains
are present and there is a large grain area up to 7 � 104 mm2,
.05 s�1; (b) 0.5 strain, 0.05 s�1; (c) 0.5 strain, 0.5 s�1; (d) Crystallographic orientation
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Fig. 11. Grain size distribution (mm2) of specimens deformed at 400 �C: (a) 0.05 s�1, 0.3
strain; (b) 0.05 s�1, 0.5 strain; (c) 0.5 s�1, 0.5 strain.
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suggesting no obvious recrystallised grain structure at this condi-
tion. These results are consistent with optical microscopic obser-
vation, again confirming that a strain rate less than 0.05 s�1 is
required for significant dynamic recrystallisation of AA7050 at
400 �C in the current deformation range.

4. Conclusions

Thermomechanical behaviour and microstructural evolution of
AA7050 have been investigated under hot forging conditions,
employing Gleeble thermomechanical simulator, optical micro-
scopy and SEM-EBSD. The following conclusions can be drawn:

(1) Clear sign of recrystallization has been detected for AA7050
under deformation conditions of 0.05 s�1 at 400 �C. Once the
deformation temperature is increased to 450 �C and the
strain rate is reduced to 0.005 s�1, fully recrystallised struc-
ture can be obtained. The results suggest that the material
should be hot forged at a temperature above 400 �C and a
strain rate below 0.05 s�1 to obtain fully recrystallised
structures.

(2) Grain size variation of specimens under different deforma-
tion conditions has been compared. The average grain size
decreases with increasing deformation temperature and true
strain (deformation level); while the relationship between
strain rate and average grain size is not monotonic.

(3) Strong viscoplastic behaviour of the material has been
observed at the hot forging conditions. If the strain rate drops
from 0.5 to 0.005 s�1, the flow stress could be reduced by 50%
at 400 �C. When the temperature is increased from 350 to
450 �C, the flow stress is more than halved. It is recom-
mended that the forging of the alloy should be carried
out between 400 and 450 �C with strain rates of
0.0005e0.005 s�1. At these conditions, dynamic recrystalli-
sation could occur, which generates more uniform grain
structures, and forging force could be halved, which re-
sults in less capacity presses required for forging large
components.
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