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Abstract: In order to solve the problem of fracture and large springback during the bending forming of Al-Li alloy, the bending

forming process under the compound energy-field (CEF) of temperature and ultrasonic vibration was studied. It is expected to reduce

the temperature required for bending forming of Al-Li alloy with the help of ultrasonic vibration energy-field while maintaining the

forming quality. The research was carried out by combining with ultrasonic vibration energy of 1.0~1.6 kW under the temperature
conditions of 80~200 °C. The effects of CEF on the bending force, springback, bending fillet radius and microstructure of 2195 Al-Li
alloy sheets were analyzed. The results show that at a relatively low temperature for hot forming, the bending force can be reduced by

combining with ultrasonic vibration energy-field. The springback and fracture are effectively inhibited, thus improving the high

temperature softening effect and bending properties of 2195 Al-Li alloy.
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Adding lithium to the aluminium alloy can make the
aluminium alloy have lower density, higher elastic modulus,
better corrosion resistance and better low-temperature
performance. Therefore, Al-Li alloys are widely used in the
new-generation aircraft and have broad application prospects
in the aerospace field"™". For example, Al-Li alloys have been
used to manufacture fuel tanks, frames, wing skins and other
components in Boeing 747 and 777 passenger aircraft, which
can reduce weight by 14.6% and flight cost by 2.2%.
Moreover, the fuselage, long stringers, ailerons and skins of
the C919 passenger aircraft use a large number of third-
generation Al-Li alloys, with a total weight reduction of 7%

However, due to the poor plasticity of Al-Li alloys at room
temperature, it is difficult to produce complex parts by the
traditional cold forming processes. At present, thermoforming
is the primary forming method for manufacturing complex
parts”'?!. It takes advantage of the thermal effect of material to
improve the formability of Al-Li alloys and the quality of the
formed parts. Ma " and Yang!! found that the forming limit
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and formability of SA90 Al-Li alloy can be improved by the

increase of forming temperature. Fan'"

adopted an integrated
process of hot deformation-cold die quenching to form U-
shaped specimen of 2195 Al-Li alloy, and found that the
springback of the specimen is inhibited.

Besides, the formability of Al-Li alloys and the quality of
the formed parts can also be improved by changing the stress
state of the specimen. For example, in recent years, the
ultrasonic vibration-assisted forming process has been studied.
It takes advantage of volume effect and surface effect to
change the internal stress state and friction state between die
and specimen. Langenecker et al!'¥
vibration-assisted tensile experiments using the single-crystal
Zinc. The results showed that the softening effect is induced
by the ultrasonic vibration, which is similar to the thermal
softening due to high temperature. Gao et al'” studied the
effects of ultrasonic vibration on the mechanical properties of
TAZ2 titanium alloy sheets and the friction coefficient between
the contact surfaces. The results showed that the ultrasonic

carried out the ultrasonic
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vibration can effectively improve the forming limit of the TA2
titanium alloy sheets. Pasierb et al'® performed ultrasonic
vibration-assisted deep drawing experiments and found that
the drawing force decreases and the dimensional accuracy is
improved when the ultrasonic vibration is applied.

The compound effect of temperature field and ultrasonic
vibration can further improve the formability of material and
the quality of the formed parts. Hung et al'” indicated that
ultrasonic vibration can considerably reduce the compressive
force of A6061 aluminium alloy during hot upsetting. And the
force reduction decreases when the temperature increases.
Gao et al® found that the compound energy-field of
temperature and ultrasonic vibration can further reduce the
flow stress and yield strength of the TC4 titanium alloy sheet
and improve the formability under thermal conditions.

1 Problem and Solution

1.1 Problem statement

2195 Al-Li alloy, the third-generation high strength Al-Li
alloy, is mainly used in cryogenic propellant tanks and liquid
oxygen tanks of launch vehicles, as well as the beams, frames,
webs and other structural parts of aircraft. The chemical
composition and mechanical properties of 2195 Al-Li alloy
are shown in Table 1 and Table 2, respectively. Due to the
poor plasticity, when the maximum bending angle reaches
47.5° in 90° V-bending experiments at room temperature (the
specimen size was 20 mmx50 mm and the thickness was 1.5
mm), fracture will occur in the center of the outer layer of the
bending part as shown in Fig. 1. However, when the bending
angle is less than 47.5°, the bending parts have a large
springback. It is difficult to achieve the ideal forming results.
In terms of energy-saving and emission reduction, forming
quality and machining efficiency, the forming method of
compound energy-field (CEF) with temperature and ultrasonic

Table 1 Chemical composition of 2195 Al-Li alloy sheet (Wt%)

Cu Mg Ag Zn Mn Li Al
3.91 0.40 0.52 <025  <0.25 1.01 Bal.

Table 2 Mechanical properties of 2195 Al-Li alloy sheet at room

temperature
Yield strength/MPa Tensile strength/MPa Elongation/%
4714 531.3 15.8

Fig.l Bending fracture specimen of 2195 Al-Li alloy

vibration was proposed.
1.2 Experimental device and scheme

Considering the application of CEF, the experimental
device is shown in Fig.2. It consists of an ultrasonic vibration-
assisted bending device (including bending die, ultrasonic
generator and ultrasonic amplitude amplifier pole), a
temperature control system and a water-cooling circulation
system. The bending punch was connected with the moving
beam of the testing machine. The lower die was connected
with the ultrasonic amplitude amplifier pole and fixed on the
workbench. In the experiment, the specimen was heated by
the temperature control system. After the temperature of the
experimental environment reached the target value and was
maintained for 5 min, the bending experiment was started.
During the bending process, the bending force was monitored
by the force sensor. The experiment was carried out at 80,
100, 140, 170 and 200 °C with a constant bending speed of 1
mm/min. The ultrasonic vibration frequency was 20 kHz, and
the ultrasonic vibration power was 1.0, 1.2, 1.4, and 1.6 kW.

2 Results and Discussion

2.1 Effect of the CEF on bending force

Fig.3 shows the bending force-punch stroke curves of 2195
Al-Li alloy sheets under the CEF. At the temperature of 80 °C,
the fracture occurs when the punch stroke reaches 6.3 mm
under the single temperature field. However, the fracture does
not occur until the punch stroke reaches 8.2 mm under the
CEF. It indicates that the bending properties of 2195 Al-Li
alloy bending parts are improved under the CEF (Fig.3a). In
the temperature range of 100~200 °C, when the stroke of the
bending punch reaches 9.6 mm, the bending force increases
rapidly. Thus the specimen has fitted the die at this time. It can
be seen that compared with the single temperature field, the
bending force of 2195 Al-Li alloy decreases obviously and
fluctuates wildly, which reflects the effect of ultrasonic
vibration stress superposition on the 2195 Al-Li alloy
specimen. There are two main reasons for the reduction of the
bending force. On the one hand, the input of ultrasonic
vibration energy will increase the activating energy of the
material and reduce the strength of the material. On the other
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Fig.2 Experimental of compound energy-field with

temperature and ultrasonic vibration-assisted bending
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hand, the instantaneous separation between the specimen and
die due to the surface effect of ultrasonic vibration changes
the friction state. And it can be seen from Fig.3 that under the
same thermal condition, the reduction of bending force
increases when the ultrasonic vibration power increases.
2.2 Effect of the CEF on springback of bending parts

Fig. 4 shows the bending specimens of 2195 Al-Li alloy
under the CEF. Fig. 5 shows the springback angle under
different conditions. The springback angle of the specimen is
14.6° under the single temperature field at 100 °C. When the
ultrasonic vibration power is 1.0, 1.2, 1.4 and 1.6 kW, the
springback angle is 13.3°, 12.1°, 11.0° and 10.4°, and the redu-
ction is 8.90%, 17.12%, 24.66% and 28.77%, respectively. It
shows that the ultrasonic vibration energy input can increase
the effect on inhibiting springback of the bending part. It can
be seen from Fig.5 that under the same ultrasonic vibration
energy condition, the springback angle of 2195 Al-Li alloy
sheet decreases with increasing the temperature. But
the effect of high

temperature tends to weaken. This is consistent with the

compared with low temperature,
research results of Hung et al'"”.
Based on the effects of temperature and ultrasonic vibration
on the springback of 2195 Al-Li alloy bending parts, it can be
seen that the effect of CEF is equivalent to the effect of high
single temperature field. For example, the effect of inhibiting
springback of the 2195 Al-Li alloy under CEF with 100 °C/1.0
kW is consistent with that under the single temperature field at
140 °C. Moreover, the effect of inhibiting springback of the
2195 Al-Li alloy under CEF with 100 °C/1.4 kW is consistent
with that under the single temperature field at 200 ° C.
Therefore, when the temperature field is combined with the
ultrasonic vibration energy-field at a lower temperature, it can
be equivalent to the single temperature field at a higher

temperature. So the forming temperature can be effectively
decreased.
2.3 Effect of the CEF on fillet radius of bending parts

Fig. 6 shows the bending fillet radius of 2195 Al-Li alloy
under the CEF. It can be seen that the bending fillet radius
decreases under the CEF. And the larger ultrasonic vibration
power can better reduce the bending fillet radius and improve
the quality of the formed parts. However, compared with the
effect of CEF on the springback of bending parts, the effect on
the bending fillet radius variation is small. The reason is that
the punch stroke mainly controls the bending process. When
the punch stroke reaches 9.6 mm, the bending force increases
rapidly, indicating that the specimen has fitted the die. Under
this condition, the geometric shape of the specimen before
springback is basically the same, but the fillet radius of the
specimen is changed due to different springback angles after
bending. Generally, a large springback angle will result in a
large fillet radius.

2.4 Effect of CEF on microstructure of bending parts

The above research results show that the problem of
fracture and large springback of 2195 Al-Li alloy bending
parts can be solved at a lower temperature under the CEF.
Moreover, in order to study the effect of CEF on the
microstructure of 2195 Al-Li alloy, a metallographic structure
was observed at the bending area with severe plastic
deformation.

Fig.7 shows the metallographic structure of the 2195 Al-Li
alloy under the CEF. It can be observed that the grains present
elongated strip and the distribution of the grain shows obvious
directionality under the single temperature field at 100 ° C.
The average length and width of the grains are 14.1 and 6.9
um, respectively. It can also be seen that there are many
second phase particles at the grain boundary with an average
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Fig.3 Bending force-punch stroke curves of 2195 Al-Li alloy sheets under the CEF at different temperatures: (a) 80 °C, (b) 100 °C, (c) 140 °C,

(d) 170 °C, and (e) 200 °C
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Fig.4 Bending specimens of 2195 Al-Li alloy under the CEF at
different temperatures (a) and at 100 °C combined with
different ultrasonic vibration energy (b)
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Fig.5 Springback angle of 2195 Al-Li alloy sheets under the CEF

size of 2.1 um. And a few fine equiaxed subgrains appear in
some areas. It shows that the material has a dynamic recovery
phenomenon and a dynamic recrystallization tendency at this
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Fig.6 Bending fillet radius of 2195 Al-Li alloy sheets under the CEF

temperature.

When the temperature field is combined with the ultrasonic
vibration energy-field (Fig.7b and Fig. 7c), the second phase
particle size increases because the ultrasonic vibration energy
increases the activating energy of the material. The average
size of the second phase particle is 3.8 and 4.2 um under the
CEF with 100 °C/1.2 kW and 100 °C/1.6 kW, respectively.
Dynamic recrystallization is also enhanced, but compared
with a single temperature field at 100 °C, the size of grain
change is not apparent.

Furthermore, compared with the single temperature field at
100 ° C, the metallographic structure of 2195 Al-Li alloy
varies obviously under the single temperature field at 200 °C
(Fig. 7d). Due to the increaseing temperature, significant
dynamic recrystallization occurs and the average size of grain
decreases. The average length and width of the grains is 9.7
and 4.4 pm, respectively. Simultaneously, the size of the
dispersed second phase particles also increases significantly,
with an average size of 6.7 pm.

The above analysis indicates that the high temperature

Fig.7 Metallographic structures of 2195 Al-Li alloy under the CEF: (a) 100 °C/0 kW, (b) 100 °C/1.2 kW, (c) 100 °C/1.6 kW,

and (d) 200 °C/0 kW
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