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Abstract: To regulate the microstructure homogeneity of large aluminum structural forgings for aircraft, the surface
cumulative plastic deformation was proposed. The microstructure of 7050 aluminum forgings after the surface
cumulative plastic deformation was investigated by electron backscatter diffraction (EBSD), transmission electron
microscopy (TEM), and X-ray diffraction (XRD). The results showed that the microstructure evolution of 7050
aluminum forgings was more sensitive to the deformation temperature than the strain rate. The dislocation density
continued to increase with the decrease of the deformation temperature and the increase of the strain rate. Dislocation
density and stored energy were accumulated by the surface cumulative plastic deformation. Besides, a static
recrystallization (SRX) model of 7050 aluminum forgings was established. The SRX volume fraction calculated by this
model was in good agreement with the experimental results, which indicated that the model could accurately describe
the SRX behavior of 7050 aluminum forgings during the surface cumulative plastic deformation.

Key words: microstructure homogeneity regulation; surface cumulative plastic deformation; dislocation density; static
recrystallization model

surface of forgings is quite common in the hot die
forging process of aluminum structural parts [6].
Usually, coarse grains seriously weaken the service

1 Introduction

7050 aluminum alloy has been widely used
in the aerospace field due to its high strength
and toughness, excellent plasticity and heat-
treatment [1,2]. At present, with the rapid
development of the aviation industry, the 7050
aluminum alloy structural parts are forced to
develop into the direction of large-scale integration,
high precision and quality [3]. Therefore, a higher
requirement is put forward for the macro- and
micro-structural properties of aluminum structural
parts [4,5].

However, the problem of coarse grains on the
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performance of aviation structural parts which need
to be removed entirely by a subsequent mechanical
process. Even serious defect causes forgings to be
scrapped, resulting in a significant reduction in the
utilization rate of aviation materials [7].

In recent years, research on the regulation of
microstructure uniformity of forgings has been
conducted [8]. There are mainly two common
methods for practical grain refinement [9]. One
is to achieve grain refinement through the dynamic
recrystallization (DRX) caused by the large
plastic deformation [10], the other is to improve the
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uniformity of forgings through the isothermal die
forging process [11]. The method of refining grains
through large plastic deformation is widely used in
actual production [12,13]. For example, SAKAI et
al [14] used a multi-directional die forging process
to perform high temperature large deformation of
7074 aluminum alloy with a total strain of 6.3. The
results showed that under the condition of a lower
strain rate, the alloy underwent continuous DRX,
which realized grain refinement. SU et al [15]
showed that the formation of refined grains was
caused by constant DRX. With the strain
accumulation, small-angle grain boundaries were
gradually generated and continuously transformed
into large-angle grain boundaries. The increase of
large-angle grain boundaries led to a rise in the
average orientation angle, thereby achieving grain
refinement. Forgings were formed at a low strain
under constant temperature conditions, avoiding
the nonuniformity temperature caused by mold
chilling and latent deformation heat. Therefore, the
uniformity of the forging was improved. ZHAO et
al [16] conducted isothermal precision forging of
Al-Zn—Mg—Cu support bracket forging by finite
element simulation and experiment. They found
that more fine grains were formed in the forging
that precision-forged at the transient speed as
compared with that at the rate of 0.01 mm/s, which
led to higher mechanical properties. HU et al [17]
studied the evolution of the microstructure during
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the hot die forging process of 7A85 aluminum
alloy. They found that during the hot deformation
process of 7A85 aluminum alloy, dynamic recovery
and dynamic recrystallization were the main
mechanisms of microstructure evolution. ZHANG
et al [18] studied the microstructural evolution and
tensile properties of Ti—6Al-4V alloy during the
multidirectional isothermal forging (MDIF). After
three steps of isothermal forging, a homogeneous
equiaxed grained microstructure with an average
grain size of 1.9 mm was achieved.

Although the homogeneity regulation can be
achieved through large plastic deformation or the
isothermal die forging process, the two processes
are complicated with long production cycles and
low efficiency. Neither is suitable for the
industrialized mass production of large aerospace
die forgings.

Unlike the high temperature and large
deformation, in this work, a new method named
the surface plastic  deformation
was proposed to regulate the microstructure
homogeneity for large aluminum forgings in
aerospace after the traditional hot die forging
process, which is shown schematically in Fig. 1.
Unlike the traditional hot forging process, the
surface cumulative plastic deformation is warm
deformation of low height reduction. The dislocation
density and stored energy are accumulated by
surface cumulative plastic deformation. Therefore,

cumulative
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Fig. 1 Schematic diagram of surface plastic cumulative deformation process
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static recrystallization is promoted to achieve the
microstructure homogenization. We hope that the
surface cumulative plastic deformation can regulate
forgings with coarse surface microstructures. Many
recrystallization models, including deformation
parameters except dislocation density, have been
established [19]. Based on the study of the grain
evolution during the surface cumulative plastic
deformation, an SRX model for 7050 aluminum
alloy forgings, including dislocation density, was
established.

2 Experimental

The chemical composition of annealed cuboid
7050 aluminum alloy billets employed in this study
is listed in Table 1.

Table 1 Chemical composition of 7050 aluminum alloy
billet (wt.%)

Zn Mg Cu Si Fe Cr Mn Al
62 21 23 0.03 008 0.01 0.01 Bal

Aluminum alloy billets were heated to 450 °C
and kept for 2 h. Then, billets were subjected to a
conventional hot die forging experiment with 50%
height reduction on the die forging press to obtain
forgings with inhomogeneous microstructure, as
shown in Fig. 1. The billet was machined into
cylindrical specimens of 8§ mm in diameter and
12 mm in height along the forging direction. The
surface cumulative plastic deformation of samples
was conducted on the Gleeble—3800 simulation test
machine with the height reductions of 10%, 20% and
30%, respectively, the deformation temperatures
were 150, 200, 250, 300 and 350 °C, and the strain
rates were 1, 0.1, 0.01 and 0.001 s'. Before the
deformation, the polished ends of samples were
attached with a graphite sheet and coated with
high-temperature lubricant to ensure stability
and uniformity. The samples were heated to the
experimental temperature at a rate of 5 °C/s and
held for 5min to ensure uniform heating. All
deformed samples were quenched immediately after
deformation. Subsequently, the samples underwent
the solution treatment and two-stage aging
treatment, which were treated at 470 °C for 2 h in
the solution treatment; the first aging treatment was
121 °C for 12 h, and the second aging process was
177 °C for 12 h.

The deformed samples for microstructural
observation (EBSD and TEM) were sectioned
perpendicularly to the compression axis from the
core of the cylindrical specimen after the hot
compression experiments. Half of them were
treated with solution aging treatment, and the other
part was untreated. The grain structures were
characterized by electron backscattered diffraction
(EBSD) in an OXFORD device equipped with an
HKL Channel 5 EBSD System at an acceleration
voltage of 20 kV. The EBSD samples were prepared
by mechanical and electrochemical polishing. The
TEM examinations were performed using the
Tecnai-G220 microscope operated at 200 kV. For
the XRD examinations, they were performed on the
D/max2500 PC X-ray diffractometer with Cu target
operated at 200 mA and 40kV. The scanning
wavelength (1) is 1.5406 A, the scanning range is
30°-90°, and the scanning adopts step-by-step
scanning with a step length of 0.02°.

3 Results and discussion

3.1 Stress—strain curves of 7050 alloy during
surface cumulative plastic deformation
Figure 2 shows the stress—strain curves

obtained by the surface cumulative plastic

deformation of 7050 aluminum forgings with 20%

height reduction. With the increase of deformation

temperature, the flow stress gradually decreases.

The curve exhibits a continuous hardening trend

during the deformation process at low temperatures

(150 and 200 °C), especially at a higher strain rate,

as seen from Fig.2, which indicates that the

dislocation density inside the alloy continues to
accumulate during the deformation process.

Subsequently, many dislocations produced by the

deformation are entangled with each other, which

inhibits the further migration of the dislocations. In
addition, the tangle of dislocations results in the
constant growth of flow stress. At the same time,
the accumulation of a large number of dislocations
also leads to the continuous increase of deformation
energy storage. Forgings undergo complete SRX
during the subsequent solution treatment process.

At higher deformation temperatures (250, 300, and

350 °C), the curve shows apparent softening in the

later deformation stage. On the other hand, forgings

undergo a sufficient dynamic recovery at higher
deformation temperatures, which entails the
migration and offset of many dislocations. Therefore,
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Fig. 2 True stress—true strain curves of 7050 aluminum alloy at temperatures from 150 to 350 °C under strain rates of

0.001 s7'(a), 0.01 s'(b), 0.1 s'(c),and 1 s (d)

amounts of dislocations are consumed, resulting in
the continuous reduction of the deformation storage
energy inside the alloy. As a result, the deformation
storage energy is not enough to support the
complete SRX of the alloy during the subsequent
solution treatment process.

3.2 Microstructure evolution of 7050 alloy
during surface cumulative plastic
deformation
The DRX temperature of the seven series

aluminum alloy is above 350 °C [20,21]. The

maximum deformation temperature is only 350 °C,
and the maximum height reduction is 30%. Under
this condition, DRX does not tend to occur during

the deformation. When the height reduction is 30%

at 350 °C, the DRX volume fraction of the surface

1s 0.87%, and that of the core is 2.05%. Therefore,
the DRX volume fraction is so small which can
be ignored. Figure 3 shows the EBSD images of
forgings at different deformation temperatures
under the strain rate of 1s™'. The surface
microstructure of the forging is consistent with

the initial microstructure at the deformation
temperature of 150 °C. When the deformation
temperature rises to 200 °C, the surface grains are
squashed, and the grain boundaries are broken. The
deformation of surface grains increases wtih
increasing the deformation temperature. On the
contrary, the deformation pattern of the grains
in the center of the forgings does not change
with deformation temperature. As the deformation
temperature increases, the dynamic recovery of the
alloy increases, a large number of dislocations slip
and climb, and grain boundary migration gets easier
to proceed. In addition, the coarse and insoluble
precipitated phases are unevenly distributed along
the grain boundaries during the deformation
process. Part of the grain boundaries is pinned,
leading to a difficult migration of the grain
boundaries. Therefore, the grain boundary changes
in the width direction and appears to be jagged.

The EBSD images of heat-treated forgings
after the surface cumulative plastic deformation
with the strain rate of 1 s™' are shown in Fig. 4. The
EBSD maps are obtained by superimposing Euler
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Grain boundary fracture

Fig. 3 EBSD images of forgings at different temperatures under strain rate of 1 s™': (a) Surface at 150 °C; (b) Core at
150 °C; (c) Surface at 200 °C; (d) Core at 200 °C; (e) Surface at 250 °C; (f) Core at 250 °C; (g) Surface at 300 °C;
(h) Core at 300 °C
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Fig. 4 EBSD images of solution-treated forgings at different temperatures under strain rate of 1s7!: (a) Surface at
150 °C; (b) Core at 150 °C; (c) Surface at 200 °C; (d) Core at 200 °C; (e) Surface at 250 °C; (f) Core at 250 °C;
(g) Surface at 300 °C; (h) Core at 300 °C
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angles and band contrast. In addition, the large-
angle grain boundaries (>10°) are marked in the
figures for microstructure analysis. The SRX degree
in the lower deformation temperature is very high.
There is a tendency for recrystallized grains to
grow, as shown in Fig. 4(a). When the temperature
rises to 200 and 250 °C, the growth of grains on the
forging surface is inhibited. When the deformation
temperature is 300 °C, the deformation storage
energy is consumed during the deformation
process. Grain growth occurs on the surface and
core of the forging without SRX during the solution
treatment process. When the deformation
temperature is 200 °C, the grains of the forging tend

Dislocation tahgle
b x

to be uniform.

TEM images of 7050 aluminum forgings at
different deformation temperatures are shown in
Fig. 5. As the deformation temperature increases,
the dislocation density and the corresponding
dislocation entanglement gradually decrease. When
the deformation temperature is 150 °C, many
dislocations gather near the grain boundary and get
entangled with each other. As the deformation
temperature increases, grain boundary migration is
easier to proceed. Consequently, many dislocations
are offset. At the same time, many entangled
dislocations slip and climb to form a dislocation
wall and finally evolve into a dislocation cell. In

vy

Fig. 5 TEM images of forgings under strain rate 1 s™! at different temperatures: (a, b) 300 °C; (c, d) 200 °C; (¢) 150 °C
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addition, the size of the precipitated phase becomes
larger. When the temperature rises to 200 °C, many
dislocation walls and dislocation cells are formed.
When the temperature reaches up to 300 °C, the
dynamic recovery further enhances the merging
and growth of dislocation cells. The merging of
dislocation cells is caused by the migration of
dislocation walls, which consumes a large amount
of deformation and storage energy. Ultimately, the
SRX of forgings during the solution treatment
process is reduced.

According to the TEM images shown in Fig. 6,
as the strain rate decreases, dislocation walls
gradually form dislocation cells. This process is
accompanied by the merging and growth of
dislocation cells. At the strain rate of 0.1s™' or
0.01 s, the main microstructure components are
dislocation walls and a small number of delicate
dislocation cells. And the large-scale dislocation
entanglement disappears. As the strain rate
decreases, the dynamic recovery of the forging
intensifies, and the dislocations migrate and offset,

leading to the decrease of the dislocation
density. Meanwhile, the dislocation walls undergo
significant migration and gradually transform into
dislocation cells. When the strain rate is further
reduced to 0.001s™', the dynamic recovery is
more violent. The migration of dislocations and
dislocation walls is more likely to proceed,
resulting in the merging of dislocation cells.
Additionally, the size of dislocation cells increases
significantly.

The dislocation density of 7050 aluminum
alloy forgings after surface cumulative plastic
deformation was calculated through the XRD
experiments. As shown in Fig. 7, with the increase
of the deformation temperature and the decrease
of the strain rate, the dislocation density of the
alloy shows a continuous decreasing trend. The
dislocation density continues to decrease from
2.25x10" to 1.57x10" m™? when the deformation
temperature rises from 150 to 300°C. The
reduction of dislocation density means decreasing
deformation storage energy during the deformation

g Dislocation tangles

e

Fig. 6 TEM images of forgings at 220 °C under strain rate of 1 s™' (a), 0.1 s™' (b), 0.01 s7' (c), and 0.001s " (d)
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(a, b) Deformation temperature; (¢, d) Strain rate

process. As the strain rate decreases, the dislocation
density of forgings continues to decrease from
2.25x10" to 1.67x10" m 2. Subsequently, the curve
tends to decrease gently. This phenomenon
indicates that the microstructure evolution of 7050
aluminum forgings is less affected by the strain
rate than the deformation temperature. The
microstructure homogeneity can be efficiently
regulated by cumulative deformation of 20% height
reduction at 200 °C, the large strain rate of 1 s/,
and the solution treatment cooperatively.

3.3 Establishment of SRX model
Most studies have shown that SRX equation
can be expressed by the Avrami equation [22,23]:

X, =1—exp[0.693(-—)"]

0.5

(1

where X, is the fractional softening attributable to
SRX, k is a material constant, ¢ is the occurring time
of SRX, and 7 is the time corresponding to the
SRX fraction of 50%, which can be expressed by
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where Q is the SRX apparent activation energy.
It is the clear activation energy of the overall
transformation. Generally speaking, it is difficult to
be related to the recrystallization mechanism and is
often not constant. Q1 is the SRX nucleation
activation energy, and @, is the SRX growth
activation energy. In most cases, Or and O, are
approximately equal, and both increase with the
degree of deformation. The overall kinetics of
recrystallization depends on the nucleation and
growth rate of recrystallization, so all factors that
affect the nucleation and growth will affect the
overall dynamics [24—26]. R is the molar gas
constant, 7 is the solution temperature, 4;, a and b;
are material-related constants, ¢ is the strain, and Z
is the Zener—Hollomon parameter which can be
expressed as
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Z= gexp( 9 ) A,0" 4)

2=éexpio ] L) = d,exp(fo) (s)
. g e

Z —8exp(RT) A,[sinh(ao)] (6)

where A, A3, A4, f, oo and n are material constants,
& is the strain rate, Q) is the deformation activation
energy, T is the deformation temperature, and o is
the peak stress. To simplify the calculation, it is
assume that,

Iné=InB +nlno (7
Iné=InB, + fo (8)

By processing the true stress—strain curves
(Fig. 2), the relationship between the parameters in
Fig. 8 is obtained. According to Fig. 8 and a=f/n, it
is calculated that f=0.0667, n=8.18, and a=0.008.
Through the linear regression analysis of Fig. 9,
01=364 klJ/mol, 45=2.96, and n=0.095 are obtained.

According to the classical Taylor relationship,

€))

where M is the Taylor factor, u is the shear modulus,
b is the magnitude of Persian vector, a'is the
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material constant, generally about 0.5, and p is the
dislocation density. Therefore, the Z parameter can
be expressed by the relational expression, including
the dislocation density:

Z =2.96[sinh(0.004Mbp"*)]"* (10)

The aluminum forgings deformed under
different deformation conditions were subjected to
solution treatment at different temperatures for
different time. The SRX degree was counted, and
the time to reach 50% under each condition was
obtained. The results are shown in Fig. 10.

According to the above results, the SRX model
of 7050 aluminum alloy can be expressed as [27]

X, =1—exp[~0.693(——)"5] (11)
0.5
tys =6.37x107 Y.
[sinh(0.004M ubp"?) %228 ex (127000) (12)

3.4 Model verification and discussion

The SRX volume fractions under different
deformation temperatures, height reductions, strain
rates and heat treatment temperature conditions are
calculated by the SRX model, as shown in Fig. 11.

Fig. 8 Relationship of In cand In€ (a), and o and In & (b)
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It can be seen that the computed SRX volume
fractions under various deformation conditions are
in good agreement with the experimental values,
indicating that the established SRX model can
accurately predict the SRX degree of 7050
aluminum forgings after the surface cumulative
plastic deformation (Tables 2—5).

Table 2 Prediction error of SRX volume fraction at
different deformation temperatures

Deformation temperature/°C  Mean absolute error/%

150 0.091
200 0.011
250 0.499

Table 3 Prediction error of SRX volume fraction at
different height reductions

Height reduction/% Mean absolute error/%
10 0.011
20 0.235
30 1.026

Table 4 Prediction error of SRX volume fraction at
different strain rates

-1

Strain rate/s Mean absolute error/%

0.1 0.005
0.01 0.383
0.001 0.0023

Table 5 Prediction error of SRX volume fraction at
different solution temperatures

Solution temperature/°C Mean absolute error/%

450 0.018
470 0.011
490 0.025

4 Conclusions

(1) The microstructure evolution of 7050
aluminum forgings is more sensitive to the
deformation temperature than the strain rate. The
dislocation density continues to increase with the
decrease of the deformation temperature and the
increase of the strain rate. The dislocation density
and stored energy accumulated during the
surface cumulative plastic deformation. Therefore,

the SRX is promoted to achieve the microstructure
homogenization.

(2) The influence of the surface cumulative
plastic deformation on the grain evolution of 7050
aluminum forgings has been studied. The SRX
model of 7050 aluminum forgings with dislocation
density is established.

(3) The model has been used to calculate the
SRX volume fraction of the surface layer of
aluminum alloy samples at different deformation
temperatures, height reductions, strain rates and
solution treatment temperatures. The results show
that the calculated values are in good agreement
with the experimental values, indicating that the
established SRX model can accurately describe the
SRX behavior of the 7050 aluminum forging.
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7050 35 & S I BB RIS R EIGEERRA TR IFE

MERZ, RFE, EPRL, I K, A &K KL F RO

1. e KZ U LR, RE R 066004;
2. TR EERE R A G E R E S E, Kb 410083;
3. MRS WARSHERIESHEAERE GLRE, ZEE 066004

AL

B 2 NHE R WSS SSWEMAS N, REERZEHEP RN % R TS
BT BB X S ATHBORBTTE 7050 Hha IR 204 5 FARATY A R . SRR, 7050 SR E
B BB A 1 S A ZH B 3 0 A TR LR P 3k 3 B AR BB P A P i A P T P D AR 2 2 3 =R F) 1 A i
FREERG N . JE R RN B R T SEHL AL A LA AR RE A R AR AL, S 7050 HRE RS A
B, FHAARINFS AR AR S LSRG B, WIHZE RS HER A 7050 G SRR
B RBR R h RS A AT .

KR RS AMERE, RERPBENATY, AR, SR

e
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