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Abstract

Based on three-dimensional processing maps and numerical simulation, a demo flat bottom cylindrical part (with outer diameter
of 235 mm, wall thickness of 34 mm, and height of 255 mm) of high strength Mg-Gd-Y magnesium alloy was hot backward
extruded by adding an outer flange to increase the overall deformation amount and strain uniformity. Firstly, on the basis of
dynamic material model and Murty instability criterion, isothermal compression stress-strain curves of cast-homogenized Mg-
8Gd-3Y alloy were used to construct the processing maps. The processing maps show that the formable domain is relatively
narrow: at lower strain rates ranging from 0.001 to 0.006 s ', and the suitable temperature is from 350 to 450 °C; and at higher
strain rates ranging from 0.006 to 0.1 s ', and the temperature is from 410 to 450 °C. Then, the processing maps were integrated
into a finite element software to simulate the forming process of cylindrical parts, and the influences of deformation temperature
and velocity on the power dissipation efficiencies of different positions of flanged cylindrical parts were mainly discussed. The
simulation results indicate that the average strain of flanged cylindrical parts reaches 30.07% and is larger than that of unflanged
cylindrical parts, and the standard deviation of the strain of flanged cylindrical parts is 19.35% and less than that of unflanged
cylindrical parts. The optimal process parameters corresponding to the maximum power dissipation efficiency are the temper-
ature 0f 430 °C and velocity of 1 mm/s. Finally, under the optimal forming condition, the hot backward extrusion experiments of
flanged cylindrical parts were conducted. The experimental results exhibit that the flanged cylindrical parts could be properly
formed with good surface quality, and have relatively uniform microstructures and mechanical properties. The difference of
tensile strength between the bottom and cylindrical body is less than 5 MPa, and the hardness difference is less than 1.6 HV.

Keywords Magnesium alloy - Three-dimensional (3D) processing maps - Formability - Parameter optimization - Finite element
(FE) simulation

1 Introduction effect and much better mechanical properties [1-3]. The com-
bination of light material and suitable configuration is of great
Compared with commercial magnesium (Mg) alloys, thenew-  importance to get maximum weight reduction for various

ly developed Mg-Gd-Y alloys have remarkable age-hardening ~ parts or components [4, 5]. Therefore, light-weight flat bottom
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cylindrical parts of Mg-Gd-Y alloys may be widely used in
aviation, aerospace, and high-speed vehicle fields.

However, the formability of Mg alloys, especially high
strength Mg rare-earth alloys, is very poor. The forming tem-
perature range is narrow, and cracking is easy to occur during
the hot forming process [6, 7]. The hot processing maps are
one of the most effective methods to determine and optimize
the process parameters and reflect the change of the hot form-
ability of material with temperature, strain rate, and strain [8,
9]. So far, many efforts have been made in the processing
maps of aluminum alloy [10, 11], titanium alloy [12, 13],
and commercial Mg alloy [14-16]. Additionally, in the re-
search on the processing maps of Mg rare-earth alloys, Xu
et al. [17] constructed the hot processing maps of Mg-9Gd-
2.9Y-1.9Zn-0.4Zr-0.2Ca alloy and determined the optimum
hot working parameters at strain of 0.9. By comparison be-
tween the processing maps of as-cast Mg-7Gd-5Y-0.6Zn-
0.8Zr alloy with those of solution treated alloy, it can be found
that the solution treatment narrows the flow instability region
of materials at low temperature and high strain rate and
weakens the workability at high temperature [18]. However,
the temperature, strain, and strain rate of large parts at different
positions are not exactly the same and constantly changing
during thermal forming process. Therefore, it is difficult to
predict the formability of real parts accurately only through
hot processing maps. Recently, the combination of FE simu-
lation technology and 3D processing maps, which can effec-
tively predict the formability of materials in different locations
of workpiece and at different moments of forming process,
has become an important means to investigate the workability
of the material and identify the appropriate processing win-
dow during hot deformation [3, 8, 14].

The flat bottom cylindrical parts are usually made by hot
backward extrusion, but the nonuniform strain occurs easily
during the extrusion process [19, 20]. For example, due to the
friction at the bottom of concave die, the bottom of the cylin-
drical parts will inevitably exhibit a hard deformation zone
(usually called “dead zone™) [21, 22]. Since the top material
of cylindrical parts only undergoes rigid translation along the
opposite direction of extrusion during the later forming pro-
cess, no plastic deformation happens, and the cumulative de-
formation of the top material is small after backward extrusion
[21]. Mg alloy is the hexagonal close-packed crystal structure
and has poor deformation coordination at room temperature.
The fine and uniform recrystallization structure is crucial for
improving the mechanical property of materials, especially
plasticity [7]. The recrystallization behavior of high strength
Mg-Gd-Y alloy is sensitive to process parameters such as
temperature and strain, and the material is easier to obtain
small microstructure under the conditions of lower tempera-
ture and larger strain [6]. Therefore, the backward extrusion
process needs to be optimized to improve the overall defor-
mation and strain uniformity of the material.
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Therefore, in this paper, an outer flange was introduced at
the top of a demo flat bottom cylindrical part to study and
improve the overall deformation amount and strain uniformi-
ty. With the aid of the integration of 3D processing maps and
FE calculation, the optimal extrusion parameters were obtain-
ed. Real vertical backward extrusion experiments were per-
formed to check the effects of outer flange on the uniformity
of the microstructures and mechanical properties.

2 Materials and methods

The semi-continuous cast rod of Mg-8Gd-3Y (GWS3) alloy
with a diameter of 180 mm after homogenization was selected
as the experimental material in the present work, and its chem-
ical composition is Mg-8Gd-3Y-0.5Zr (in wt.%). The initial
optical microstructure after homogenization is presented in
Fig. 1. It can be seen that the material exhibits the equiaxed
microstructure with an average grain size of about 136 pm. To
ensure the uniformity of the performance for all samples, the
cylindrical specimens were cut from the cast-homogenized
rod along the length direction. In this paper, the size of sample
for compression is the same as that in our former paper [23],
and the tested machine and method are also identical.
However, the tested parameters are different. The temperature
was 300 °C, 350 °C, 400 °C, and 450 °C. The strain rate was
0.001 s, 001s ", 0.1s", and 15", and the strain was 1.0.

The sketch map of flat bottom cylindrical parts, as shown in
the black solid lines of Fig. 2, has an outer diameter of
235 mm, a wall thickness of 34 mm, and a height of
255 mm. To make the end metal flow severely at the later
stage of forming and increase the amount of deformation, an
outer flange with outer diameter of 310 mm and thickness of
15 mm was designed at the end of the flat bottom cylindrical
parts, as shown in the red dotted line of Fig. 2.
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Fig. 1 Initial microstructure of cast-homogenized GW83 alloy
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Fig. 2 The sketch map of flat bottom cylindrical parts and flanged
cylindrical parts

By means of the secondary development, the 3D process-
ing maps were coupled into the FE software Deform-3D to
analyze the formability of the backward extrusion of cylindri-
cal parts. The FE models for the backward extrusion of flat
bottom cylindrical parts and flanged cylindrical parts are
shown in Fig. 3a and b, respectively. Due to the symmetry

Fig. 3 The FE models for the
backward extrusion of a flat
bottom cylindrical parts and b
flanged cylindrical parts

—— Upper die

Workpiece

Low die

of the model about the vertical mid-plane, one in eight sam-
ples was used for simulation to reduce the simulation time.
The simulated temperatures of billet, dies, and ambient air
were all set to the same value. The friction coefficients be-
tween workpiece and dies are 0.20. The heat transfer coeffi-
cient between workpiece and air is 20 N/(s m °C), and the heat
transfer coefficient between billet and dies is 11,000 N/
(s m °C). The billet was divided by the absolute grid method,
and the tetrahedral mesh was selected for mesh type. The
minimum and maximum mesh sizes were set to 0.25 mm
and 0.50 mm, respectively. The diameters of the billets of flat
bottom cylindrical parts and flanged cylindrical parts are all
170 mm, and the heights of the billets of flat bottom cylindri-
cal parts and flanged cylindrical parts are 240 mm and
272 mm, respectively.

The isothermal backward extrusion experiments were per-
formed on a 6000 tons hydraulic press under the optimum
process parameters. The die structure of backward extrusion
is represented in Fig. 4. By adding a flash gutter at the flange,
the excess metal can be accommodated. Firstly, the molds
were heated to the forming temperature and held isothermally
for 12 h, and the billets were heated to the deformation tem-
perature and kept for 4 h to ensure the uniform temperatures of
the molds and billet. Then, the moveable table of the press was
used to quickly install the dies, and the lubricant was sprayed
on the surfaces of dies. Finally, the billet was put into the dies
for backward extrusion. After extrusion, the cylindrical parts

-—T—> Upper die

P eeEen —
B{Ctrl) v

Workpiece

Low die

(b)
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Fig. 4 Schematic of the die
structure of flanged cylindrical

7

parts backward extrusion. (1)
Ejector beam. (2) Lower platen.

(3) Lower briquetting. (4) Bolt of
lower briquetting. (5) Female die.
(6) Male die. (7) Upper platen. (8)
Flash gutter. (9) Connecting bolt.
(10) Guide pin. (11) Guide hole.
(12) Ejector tray

were quenched rapidly to preserve the deformed
microstructure.

The deformed workpiece was cut along the axial direction,
and four positions of cylindrical parts were taken for micro-
structure observation. The cut sample was mounted, polished,
and etched. The machine for microstructure observation and
the etchant are consistent with those in our former paper [3].
To analyze the mechanical properties of the flat bottom cylin-
drical parts after extrusion, the tensile test bars were machined
at four positions of cylindrical parts. The tensile tests were
carried out on the Instron 5982 test machine, and the tensile
speed is 1 mm/min.

3 Results and discussion
3.1 True stress-strain curves

Based on the isothermal compression data, the change of flow
stress with strain of cast-homogenized GW83 alloy under var-
ious compression conditions is displayed in Fig. 5. From Fig.
5, the temperature and strain rate have a remarkable effect on
the flow stress, and the stress increases obviously as the tem-
perature decreases or the strain rate increases. At first, the
stress rises rapidly. This is mainly related to the two kinds of
microstructural changes of the material. On the one hand, the
dislocation multiplication and entanglement make the material
work harden. On the other hand, the dislocation merger and
recombination occur under the action of thermal activation
and external force, which results in dynamic recovery and
softening of material. The two mechanisms proceed at the
same time and compete with each other, but the effect of work
hardening is obviously stronger than that of dynamic soften-
ing in the initial stage [7], which makes the stress increase
continuously. After the peak stress, the softening caused by
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dynamic recrystallization overtakes work hardening [7], and
the curves begin to decrease.

3.2 3D processing maps

The 3D processing maps, which are composed of the 3D
power dissipation map and 3D flow instability map, describe
the distribution of the power dissipation efficiency and flow
instability regions under the various deformation conditions
[8]. The power dissipation efficiency and the size of flow
instability region are changing with strain rate, temperature,
and strain [3, 8].

3.2.1 3D power dissipation map

It is assumed that the flow stress at a given forming tempera-
ture and strain conforms to the dynamic material model
(DMM), which regards the hot plastic deformation of a work-
piece as a dissipator of power and is expressed as [9, 24]:

o=Ke" (1)
where K is a material constant and m represents the strain rate

sensitivity index which is shown below:

_ Olno
"= e

(2)

Under any given condition, the total dissipation power P,
which was absorbed by the workpiece during the plastic de-
formation, mainly consists of G content and J co-content:

P=c-é=G+J=[,0dé +[jédo (3)

where G is the power dissipated by plastic deformation,
and the power is mainly converted into the viscoplastic



Int J Adv Manuf Technol (2020) 108:2149-2164 2153
250 300
(a) (b)
ol ] 250 |
300°C
P g |
s S 200t 300°C
B 150} ®
a 2
o o 150 | 350°C
§ 100 L 350°C §
= = 100 1 400°C
50 400°C
50 |t
0 L 1 1 1 0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
True strain ¢ True strain &
300 300
@
250 250 | 300°C
© © 350C
% 200 % 200 |-
® B
(2 (2]
& 150 8 150}
= = 400°C
()] [
s | -
= 100 = 100 H
50 50
0 A 1 1 1 1 0 1 1 1 L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

True strain ¢

True strain ¢

Fig. 5 True stress-strain curves of cast GW83 alloy at different strain rates. a £=0001s'.be=00ls'ce=01s".de=15s"

heat; J is the power dissipation of metallurgical processes
such as dynamic recovery, dynamic recrystallization, and
super plastic flow. The ratio of G to J during thermal
deformation is determined by the constitutive flow behav-
ior of the material and defined as strain rate sensitivity
index (m).

dJ édo  dno

— == =m 4
dG odes  dlne “)

In comparison of the J with its maximum values J,,,, the
power dissipation efficiency 7 is defined and written as:
J 2m

’]7:—:—

T (5)
where J, s referred to a linear dissipator (m = 1).

The power dissipation efficiency not only describes the
internal entropy production of the material during hot
working but also represents the ability to dissipate energy
through microstructure evolution. Different microscopic
mechanisms correspond to different values of 7 [25], so

the size of 7 reflects the microscopic response of materials
at varying deformation parameters. These microscopic
mechanisms include safety mechanisms such as dynamic
recrystallization, dynamic recovery, and superplasticity.
They also contain non-safety mechanisms including duc-
tile fracture, wedge fracture, intergranular fracture, and
flow instability mechanisms such as flow localization
and adiabatic shear deformation.

On the basis of the above-mentioned tested curves, the
values of flow stress under various strains can be determined
at a certain temperature and strain rate, then the values of 7 can
be calculated. After that, the temperature, strain rate, and strain
were taken as the three-dimensional coordinate axis. By plot-
ting color grid map of the parameter 7, as shown in Fig. 6, the
3D power dissipation map was constructed. The grid color of
each point in Fig. 6 represents the value of power dissipation
efficiency.

The higher the power dissipation efficiency, the greater the
proportion of the energy input to the microstructure evolution,
such areas are most favorable to plastic deformation, and the
formability is better [13]. From Fig. 6, GW83 alloy exhibits
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Fig. 6 The 3D power dissipation map

two peak power dissipation regions: 350—450 °C at 0.001—
0.006 s ' with the average peak efficiency of about 34%,
and 410-450 °C at 0.006-0.1 s ' with the average peak effi-
ciency of about 38%.

3.2.2 3D flow instability map

Besides the power dissipation map, a 3D flow instability
map is essential for the more comprehensive analysis of
formability [3]. Choosing an appropriate flow instability
criterion is the primary task for constructing the 3D flow
instability map. At present, there are six main criteria of
flow instability [26], including Murty criterion, Semiatin
criterion, Jonas criterion, Gegel criterion, Prasad criteri-
on, and Alexander criterion. It has been proved that the
Murty criterion is one of the most commonly used and
applicable to any type of flow curves [27, 28]. Therefore,
Murty instability criterion was selected to establish the
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3D flow instability map of GW83 alloy, which can be
expressed as:

2m—n < 0 (6)

The 3D flow instability map is presented in Fig. 7,
where the blue areas are the regions of flow stability and
the red areas are the regions of flow instability. From Fig.
7, the temperature, strain, and strain rate have an influence
on the variation of flow instability regions. Additionally,
the flow instability regions gradually increase with increas-
ing strain. When the strain increases to 1.0, the instability
regions concentrate in two areas: in the temperature range
of 300-320 °C and strain rate range of 0.001—1 s, in the
temperature range of 320-380 °C and strain rate range of
0.02-1s".

In summary, the optimum forging process parameters of
cast GW83 alloy were determined at 350—450 °C and 0.001—
0.006 s, and 410-450 °C and 0.006-0.1 s~ ".



Int J Adv Manuf Technol (2020) 108:2149-2164

2155

True Strain ¢

Fig. 7 The 3D flow instability map

4 FE simulation of backward extrusion
of cylindrical parts

4.1 Effect of the flange on the effective strain amount
and uniformity

Figure 8 shows the distributions of the effective strain rate
during the backward extrusion process of flat bottom cylindri-
cal parts. From Fig. 8, the strain rates of different parts of the
sample vary greatly during the whole deformation process,
which is mainly due to the existence of friction. In the early
stage shown in Fig. 8a, the larger effective strain rate mainly
focuses on the upper corner region at the bottom of the cylin-
der, and the other regions all have a small value. Then, the
region with large effective strain rate expands gradually, as
shown in Fig. 8b and c. After deformation, the maximum
effective strain rate is concentrated on the bottom area and
upper end of the cylinder.

450

Figure 9 is the effective strain distributions during the
backward extrusion process of flat bottom cylindrical
parts. It can be found that the effective strain of the end
of cylindrical parts is small during the backward extrusion
process, because the end metal is always in free flow state.
Through calculation, the average effective strain of each
node is 1.43 after simulation, and the standard deviation
(SD) of the effective strains of these nodes is 0.93. In
addition, it can be found that the effective strains of the
bottom corner regions and most of end regions after defor-
mation are lower than 0.75, which is far lower than the
average effective strain. This will lead to the insufficient
dynamic recrystallization of the end and bottom corner
regions. Compared with other positions, the mechanical
properties of the two positions are poor, and there is incon-
sistency in the performance of flat bottom cylindrical parts.

Figure 10 shows the distributions of the effective strain
rate during the backward extrusion process of flanged
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Fig. 8 Distributions of effective
strain rate during the backward
extrusion process of flat bottom
cylindrical parts. a 120 mm. b
170 mm. ¢ 220 mm

(a)

cylindrical parts. It can be seen that the effective strain
rates of different areas of the sample are different. During
the deformation process, the distributions of the effective
strain rate in Fig. 10 are basically the same as those of
Fig. 8. After deformation, the bottom area and the flange
of flanged cylindrical parts have the maximum effective
strain rate.

Figure 11 is the effective strain distributions during the
backward extrusion process of flanged cylindrical parts. It
can be observed that the effective strains in the end regions

Fig. 9 Distributions of effective
strain during the backward
extrusion process of flat bottom
cylindrical parts. a 120 mm. b
170 mm. ¢ 220 mm

.
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are higher than 0.75 after deformation. The average effective
strain of each node can be calculated and is 1.86 after simula-
tion. The overall deformation of material is greatly improved
and increased by about 30.07% compared with the value of
Fig. 9. This makes each position of the flat bottom cylindrical
parts undergo more recrystallization and improves the overall
performance during the deformation process. After simula-
tion, the SD of effective strain is 0.75 and decreases by

19.35% in comparison with that of Fig. 9, indicating that the
property of materials may be more consistent.
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Fig. 10 Distributions of effective
strain rate during the backward
extrusion process of flanged
cylindrical parts. a 142 mm. b
202 mm. ¢ 252 mm

4.2 Effect of forming velocity on the formability of
backward extrusion

To obtain the optimal extrusion parameters, the simulations of
backward extrusion of flanged cylindrical parts at varying
parameters were carried out by combining the 3D processing
maps with FE simulation.

First of all, the different deformation velocities at a temper-
ature of 430 °C, which are listed in Table 1, were selected to
investigate the effect of velocity on the formability during the
backward extrusion of flanged cylindrical parts. According to

Fig. 11 Distributions of effective
strain during the backward
extrusion process of flanged
cylindrical parts. a 142 mm. b
202 mm. ¢ 252 mm

Effective Strain Rate (/s)
0020
0017 l
0015 °
0012
0.010 l
0.007
0.005

0.002

0.000

3D processing maps, it can be found that 430 °C is the param-
eter of safety regions, which is outside the flow instability
regions.

The power dissipation efficiency distributions after defor-
mation under six groups of parameters are shown in Fig. 12.
As can be seen from Fig. 12, the power dissipation efficiency
of each position of cylindrical parts is greater than 0, indicat-
ing that no flow instability occurs during the backward extru-
sion process. It can be concluded that the stable deformation
happened under the parameters of safety region, which sug-
gests that the material has good formability.

Effective Strain
150
1.31 I
113
0.94
075 I
056
0.38

0.19

0.00
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Table 1 The process parameters used for simulation under different

velocities
Item Temperature /°C Velocity/mm/ Strain/mm/
s mm

1 430 0.25 1

2 430 0.5 1

3 430 1 1

4 430 2 1

5 430 4 |

6 430 8 1

(a) Efficiency of Power Dissipation

-

333

) 291

250

208

166

125

83

42

0.0

(d) Efficiency of Power Dissipation
400

T‘

4

i

350

300

250

200

150

100

50

00

(b)

(e)

Subsequently, as shown in Fig. 13a, the four positions after
deformation were selected to compare the power dissipation
efficiency. Position A is located at the bottom of flanged cy-
lindrical parts. Position B is located at the lower part of the
cylindrical body. Position C is located at the upper part of the
cylindrical body. Position D is located at the flange part.
Figure 13b and c are the distributions of the power dissipation
efficiency at different process parameters. It was obvious that
the power dissipation efficiencies of different positions under
different parameters are different. From Fig. 13b, as the
forming velocity increases, the values of 7 of the material
increase first and then decrease. The power dissipation effi-
ciency of each position under the third set of parameters

Efficiency of Power Dissipation (c) Efficiency of Power Dissipation

50.0 533
- "438 A 46.6
375 400
313 333
250 | 266 I
188 | 200
125 133
63 67
00 00

Efficiency of Power Dissipation (f) Efficiency of Power Dissipation

V ‘ 291
250
208
166 I
125
83
pu——

333 333
v B 291
250
208
166 l
125
83

42 42

0.0 " ' 00

Fig. 12 Distributions of power dissipation efficiency under different velocities. a 0.25 mmy/s. b 0.5 mmy/s. ¢ 1 mm/s. d 2 mny/s. e 4 mny/s. f 8 mmy/s
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reaches the maximum value, showing that the material pos-
sesses the best formability under this condition. Under the first
set of parameters, the power dissipation efficiency of each
position is the smallest, and the formability of the material is
the worst. It can be found from Fig. 13(c) that the values of 7y at
position A are the largest at varying parameters, and the form-
ability is the best. The power dissipation efficiency at position
D is the smallest and the formability is the worst, that is, the
flange is not easy to form. Additionally, under most of the
conditions, the power dissipation efficiencies at position B
and position C are very close, and the formability of the two
positions is roughly the same.

4.3 Effect of forming temperature on the formability
of backward extrusion

As listed in Table 2, the influence of temperature on the form-
ability was investigated. The simulation parameters are as fol-
lows: the forming velocity of 1 mm/s and the temperatures of
410 °C, 430 °C, and 450 °C. It can be seen from 3D flow
instability map that these deformation parameters are outside
the flow instability regions and belong to the safety regions.
After simulation, the power dissipation efficiency distribu-
tions under three groups of parameters are presented in
Fig. 14. From Fig. 14, the power dissipation efficiency of each
position is greater than 0, and no flow instability occurs.

Table 2 The process parameters used for simulation under different
temperatures

Item Temperature/ Velocity/mm/ Strain/mm/
°C s mm
410 1 1

2 430 1 1

3 450 1 1

As shown in Fig. 13a, four same positions were selected to
measure the power dissipation efficiency after simulation.
Figure 15a and b are the distributions of the power dissipation
efficiencies under various conditions. It can be found that the
power dissipation efficiencies at different parameters and po-
sitions are various. Figure 15a shows that as the temperature
increases, the power dissipation efficiency increases and then
decreases, and the value of power dissipation efficiency is
maximum under the second set of parameters. Under the first
set of low temperature parameters, the power dissipation effi-
ciency of each position is smallest, and the formability is the
worst. Figure 15b shows that the power dissipation efficien-
cies at position A and position D are also the largest and
smallest values under different parameters, respectively, sug-
gesting that the flange is the most difficult position to form at
different temperatures. In addition, it can be seen that the
power dissipation efficiencies at positions B and C are also
similar, and the formability is basically the same.

In conclusion, the best forming parameters of backward
extrusion of flanged cylindrical parts are the deformation tem-
perature of 430 °C and velocity of 1 mmy/s.

5 Backward extrusion experiments,
microstructures, and mechanical properties
of flanged cylindrical parts

5.1 Backward extrusion experiments

To validate the reliability of the simulation results, the isother-
mal experiments of backward extrusion of flanged cylindrical
parts were performed under the deformation condition of
430 °C and 1 mm/s. The extrusion dies are presented in
Fig. 16a, and the flanged cylindrical part after experiment is
shown in Fig. 16b. It was obvious that there is no crack on the
surfaces of the sample, which shows that the material has good
formability under this forming condition.
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Fig. 14 Distributions of power dissipation efficiency under different temperatures. a 410 °C. b 430 °C. ¢ 450 °C

5.2 Microstructures

Then, using the same four positions shown in Fig. 13a,
the microstructures were observed after deformation,
which are presented in Fig. 17a—d. In Fig. 17a, the mate-
rial was almost completely recrystallized, and only a few
deformed grains were compressed and elongated along
the direction perpendicular to the extrusion. The recrystal-
lization degree of position A is the highest. It can be seen
from Fig. 17b and c that dynamic recrystallization is also
relatively sufficient, and a few deformed grains were com-
pressed and elongated along the extrusion direction. The
dynamic recrystallization degree at the two positions has
little difference and is slightly lower than that at position
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A. As shown in Fig. 17d, the dynamic recrystallization
occurred only at the original grain boundary, and the mi-
crostructure was composed of the original deformed
grains and small dynamic recrystallization grains. This is
because the dislocations are hindered by the original grain
boundaries, and the local dislocations build up faster dur-
ing the forming process, which provides the critical dis-
location density for the initiation of recrystallized grain
[29]. The degree of recrystallization at this position is
the smallest, which may be due to the final formation of
the flange position and the decrease of billet temperature
during the forming process of the flange. Dynamic recrys-
tallization is a safe deformation, and the material has good
formability under this condition. The material has the
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Fig. 15 The power dissipation efficiencies. a At different positions. b At different items
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Fig. 16 a The experimental dies
and b the flanged cylindrical parts
after backward extrusion

highest degree of dynamic recrystallization at position A,
followed by positions B and C, and the lowest degree is at
position D. This is basically consistent with the order of
the power dissipation efficiencies of the four positions
after simulation. This indicates that the larger the 7, the
greater the dynamic recrystallization degree, and the bet-
ter the formability of material. It also further verifies the
reliability of the simulation results.

5.3 Mechanical properties

As shown in Fig. 13, the tensile specimens were taken at the
position A and position D along the direction perpendicular to
the extrusion, which were taken at the positions B and C along
the extrusion direction. The tensile mechanical properties of
the four positions are shown in Fig. 18. It was obvious that the
material at position A has the best performance. The yield

Fig. 17 The microstructures after backward extrusion of flanged cylindrical parts at a position A, b position B, ¢ position C, and d position D

@ Springer



2162

Int J Adv Manuf Technol (2020) 108:2149-2164

400

Fig. 18 The tensile mechanical
properties of flanged cylindrical
parts at different positions

300

Strength/MPa
g

100

strength (YS), ultimate tensile strength (UTS), and elongation
to fracture (EF) are 262 MPa, 326 MPa, and 12.3%, respec-
tively. The performances of positions B and C are basically
the same and not significantly different from that of position
A. The performance difference between the bottom and cylin-
drical body is less than 5 MPa, which means that the perfor-
mance of the flat bottom cylindrical parts is relatively stable.
The performance at position D is the worst. The Y'S, UTS, and
EF of flange are 193 MPa, 290 MPa, and 5.3%, respectively,

Fig. 19 The hardness values of 100

15

B vs B uTS [ (EF

Elongation/%
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Position

which are lower than the first three positions. The decrease of
YS at position D can be attributed to the large grain size.
Additionally, due to the fewer grains in the flange position,
the stress cannot be dispersed to more grains during the tensile
process, and the stress concentration is strong. The material is
prone to crack, and the EF is low.

Figure 19 shows the hardness values at the four positions of
the flanged cylindrical parts. It can be seen that the hardness at
position D is the smallest, and the value is 73.6 HV. The

flanged cylindrical parts at
different positions

Vickers Hardness/HV
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hardness values at positions A, B, and C are 84.7 HV,
83.1 HV, and 83.3 HV, respectively, which are much higher
than that at position D. This is mostly due to the grain refine-
ment caused by dynamic recrystallization. The hardness
values of positions A, B, and C are roughly the same, and
the hardness difference between the bottom and cylindrical
body is lower than 1.6 HV, which shows that the performance
of flat bottom cylindrical parts is relatively consistent.

6 Conclusions

1. The 3D processing maps were established. The preferred
regions of the cast GW83 alloy for hot working were
determined at 350-450 °C and 0.001-0.006 s ', and
410450 °C and 0.006-0.1 5.

2. The numerical simulation results show that, by adding an
outer flange on the top of a demo flat bottom cylindrical
part, the overall deformation and strain uniformity can be
increased. The strain of flanged cylindrical parts is
30.07% larger than that of unflanged cylindrical parts,
and the SD of strain of flanged cylindrical parts is
19.35% less than that of unflanged cylindrical parts.

3. Based on 3D processing maps, the numerical simulation
results indicate that the formability of the demo flat bot-
tom cylindrical part increases first and then decreases with
increasing forming velocity or temperature, and the opti-
mal temperature is 430 °C and velocity is 1 mm/s.

4. Under the optimal parameters, the demo flat bottom cy-
lindrical parts were successfully extruded with good sur-
face quality. The parts have relatively uniform microstruc-
tures and mechanical properties, and the difference of
UTS between the bottom and cylindrical body is less than
5 MPa, and the hardness difference is less than 1.6 HV.
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