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Abstract: The two-sheet hollow structure of the 1420 Al-Li alloy was prepared by the method of
superplastic forming and diffusion bonding. The interface combination status of the diffusion
bonding region and the microstructure of the superplastic forming region were observed by an
optical microscope. The thickness distribution of the superplastic forming region was measured
by an ultrasonic thickness meter machine, the defect detection was tested by X-ray nondestructive
inspection, and the failure modes of the samples were analyzed. The results showed that the
two-sheet hollow structure of the 1420 Al-Li alloy was prepared successfully, the structure was
integrated, and there were no shape defects such as pit, wrinkle, and collapse. The structure shape
was almost attached to the die completely, and the thickness was almost uniform distribution. The
no deforming area of the two-sheet hollow structure of the 1420 Al-Li alloy was a long strip, rolled
microstructure, while the grains near the round corner area were equiaxed states resulting from
dynamic recrystallization. The improper control of the superplastic gas pressure in the forming
process would lead to the tearing or the die-attaching failure for the two-sheet hollow structure of the
1420 Al-Li alloy.

Keywords: Al-Li alloy; hollow structure; superplastic forming; diffusion bonding

1. Introduction

As an advanced light alloy, Al-Li alloys have a series of advantages, such as low density,
high modulus, high specific strength, high specific stiffness, good corrosion resistance,
and superplasticity [1-4]. Due to these advantages, the Al-Li alloys have great application
prospects in modern aircraft and aerospace vehicles. The weight of aircraft components
made of Al-Li alloys can be reduced by 10~15% compared with that made of conventional
aluminum alloys. The 1420 Al-Li alloy is the lightest (density 2.47 g/ cm?®) weldable
corrosion-resistant alloy with a high elastic modulus and a strong superplastic forming
ability. The 1420 Al-Li alloy is the most mature and widely used Al-Li alloy in the aerospace
industry. Some 1420 alloy components have been used on the shell of MiG-29, Su-27,
Su-35, and some medium- and long-range missile warheads. It is noted that the cost of
Al-Li alloys is higher than that of ordinary aluminum alloys, and the formation of Al-Li
alloys is difficult due to their poor plasticity at room temperature, high yield ratio, obvious
anisotropy, and easy cracking during cold working. Superplastic forming and diffusion
bonding (SPF/DB) is an advanced process technology with low cost, high effectiveness, and
low requirement of machining allowance [5-8]. The SPF/DB technology has been widely
used in aviation and space flight components, including aircraft engine blade, aircraft door,
missile rudder wing surface, and aircraft ventral fins. During the production process of
the multilayer hollow structure of Al-Li alloys using SPF/DB technology, the surface oxide
film on Al-Li alloys is difficult to decompose and dissolve in the diffusion bonding process,
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which results in poor bonding quality. Shirzadi et al. [9-13] first proposed a method of
taking Ga as the intermediate layer in aluminum alloys” diffusion bonding, and applied
for a patent for invention. In this method, the aluminum alloy sample was polished in a
disc coated with liquid Ga, and Ga was evenly coated on the surface of the aluminum alloy
specimen. In the process of diffusion bonding, the surface oxide film can be effectively
restrained. Ferchaud et al. [14] also obtained a good diffusion bonding result using a
similar method, and performed in-depth research on the surface activation mechanism of
the aluminum alloy induced by Ga. In our previous works [15-17], the research of taking
Ga as an intermediate layer in the 1420 Al-Li alloy’s diffusion bonding has been deeply
studied. Reasonable process parameters have been determined, such as the thickness of the
intermediate layer (1 mg/cm?), temperature (slightly higher than 520 °C), pressure (higher
than 7 MPa), and time (more than 1 h). Bonded in these process conditions, the bonding
interface almost disappeared, and the joint shear strength was more than 80 MPa.

Based on the previous research in diffusion bonding, this article reports the SPF/DB
process of the 1420 Al-Li alloy hollow structure, and studies the superplastic forming
quality (the thickness distribution) and the superplastic forming failure modes.

2. Materials and Methods

The sheet of 1420 Al-Li alloy with super plasticity was selected as the experimental
material, which was prepared by Central South University. The sheet of 1420 Al-Li alloy
was produced by thermo-mechanical processing, with the following preparation process:
solution treatment at 475 °C for 2 h, aging at 320 °C for 40 h, preheating at 400 °C for 15 h,
and cross-rolling with a large reduction of 80%. The thickness of the sheet was 1.5 mm,
and the chemical composition is shown in Table 1. Its microstructure presented typical
fibrous tissue, and some fine grains were observed at the grain boundary of fibrous grains,
as shown in Figure 1. This was because under the action of a large rolling force, some
fibrous grains were broken and formed fine new grains. Gallium with a purity of 99.9999%
was selected as an intermediate layer with a thickness of 1 mg/cm?. The surface of the
Al-Li alloy easily forms a dense and stable oxide film at room temperature, and the oxide
film does not decompose or dissolve in the Al-Li alloy during diffusion bonding, which
seriously hinders the mutual diffusion of aluminum atoms. Liquid gallium can effectively
destroy the oxide film on the surface of the 1420 Al-Li alloy and improve the surface
activation. Therefore, the gallium intermediate layer was used for the diffusion of the
1420 Al-Li alloy.

Table 1. Chemical composition of the 1420 Al-Li alloy (wt.%).

Li

Zr Fe Si Ti Cu Al

2.0

0.12 0.07 0.03 <0.1 0.03 Bal

Figure 1. Microstructure of the 1420 Al-Li alloy.



Metals 2022, 12, 389

3of11

The shear strength of the diffusion bonding joint was measured on the universal testing
machine(UTM4000, SUNS, Guangdong, China) (the sample size is shown in Figure 2), and
the moving speed of the sample holder was 2 mm/min. The shear fracture morphology
of the joint was observed and analyzed by the LEO-1450 scanning electron microscope
(Angstrom Scientific, Inc., Ramsey, NJ, USA).
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Figure 2. The specimen of the shearing test (units: mm).

Manufacturing the two-layer hollow structure of the 1420 Al-Li alloy consists of
(i) SPF and (ii) DB, and was developed on the 60 T SPF/DB special equipment(MOV
HP, Pufa Top Vacuum Equipment (Beijing) Co. Ltd, Beijing, China). Figure 3 shows the
preparation process of the two-layer hollow structure of the 1420 Al-Li alloy. The sample
sheets with a size of 150 mm x 310 mm x 1.3 mm were prepared by the wire-cutting process.
Grinding and polishing processes were used to ensure the sample surface roughness
5 < 3.2. A cold paste machine (Z]JYP-20T, Shanghai Xinnuo Instrument Group Co. Ltd,
Shanghai, China) was used to coat the film on the sample surface. The plastic coating
film was etched by a laser etching machine(Wuhan Hero Optoelectronics Technology Co.
Ltd, Wuhan, China), and the etching track is shown in Figure 4. Gallium and de-flux
were coated in the areas of diffusion and superplastic forming, respectively. Then, two
pieces of the prepared sheets were stacked together and welded along the edges sing
argon arc welding technology(ORION 250S, Sunstone, Payson, UT, USA). The aluminum
alloy pneumatic pipe and pipe joint were welded at the position of the air inlets, as
shown in Figure 4. The pneumatic pipe and the space of the sample sheets were highly
evacuated, and then assembled in the molds which connected with the machine of diffusion
bonding/superplastic forming (MOV HP, Pufa Top Vacuum Equipment (Beijing) Co. Ltd,
Beijing, China). Niu et al. [17] reported that the diffusion bonding joint of the 1420 Al-Li
alloy using gallium as the interlayer had good metallurgical bonding, and its interface
shear strength reached 81.6 MPa when the diffusion bonding temperature was 520 °C, the
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pressure was 7 MPa, and the holding time was 1 h. For the 1420 Al-Li alloy, its superplastic
property increased with the decrease of the strain rate. The superplastic deformation
mechanism of the 1420 Al-Li alloy is mainly grain boundary sliding, accompanied by
dislocation movement and dynamic recrystallization. When the superplastic forming
temperature was selected as 480 °C and the strain rate was 3 x 10~% s7!, the elongation
of the 1420 Al-Li alloy was 550% and the deformation was uniform [18]. Therefore, the
corresponding preparation processing was adopted. When the temperature of the samples
rose to 520 °C, a diffusion loading of 7 MPa, maintained for 1 h, was applied to the samples.
Then, when the temperature of the samples dropped to 480 °C, argon was blown into the
superplastic forming area through a pneumatic pipe to control the forming pressure and
realize the superplastic forming of the sheets. Argon increased to 2 MPa at the rate of
0.1 MPa/min for 20 min, and was then maintained for 30 min, as shown in Figure 5. In
other words, a superplastic forming load of 2 MPa was applied to the samples. The formed
components were removed from the molds after cooling to room temperature. The chemical
milling and polishing processes were used to improve the formed components’ surface. The
wire-cutting process was used to remove the unwanted parts of edges, and then the hollow
structure was obtained. The whole preparation process is shown in Figure 3. An optical
microscope (Axioscope 5, ZEISS, Oberkochen, Germany) was used to observe the interface
of diffusion bonding and the microstructure of the superplastic forming area. An ultrasonic
thickness meter (TT130, Tianjin ZBL instrument sales Co. Ltd, Tianjin, China) was used to
measure the thickness distribution of the superplastic forming area. X-ray nondestructive
flaw detection(UNC450, Wuxi Unicomp Technology Co. Ltd, Jiangsu, China) technology
was used to analyze the internal defects of the formed components.

Gallium
Polishing / l
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Weldi
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forming ' .fr’* *\
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Figure 3. Preparation process of the two-layer hollow structure of the 1420 Al-Li alloy.
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Figure 4. Area of Ga coating and de-flux coating on the sample surface.
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Figure 5. Curve of gas pressure on superplastic forming.

3. Results and Discussion
3.1. The Two-Sheet Hollow Structure of 1420 Al-Li Alloy

Figure 6 shows the two-sheet hollow structure of 1420 Al-Li manufactured by SPF/DB.
It can be seen that the hollow structure was integrated, the surface was smooth, and there
were no shape defects such as pit, wrinkle, and collapse. There was almost no clearance
between the structure surface and the molds, and the structure shape was almost completely
die-attached. In addition, there were no stomachs and inclusions on the diffusion bonding
area and no wrinkles and adhesion on the superplastic forming area, as shown in Figure 7,
which means good diffusion bonding quality between the two sheets and good superplastic
forming. It also means that the two-sheet hollow structure of the 1420 Al-Li alloy was
prepared successfully, with the diffusion bonding parameters of gallium interlayer thickness
1 mg/cm?, temperature 520 °C, pressure 7 MPa, and time 1 h, and the superplastic forming
parameters of temperature 480 °C and pressure 2 MPa for 50 min by applying a speed of
0.1 MPa/min.
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Figure 6. Two-sheet hollow structure of the 1420 Al-Li alloy.

_Diffusion bonding area

Superplastic forming area

 Diffusion bonding area

Superplastic forming area

 Diffusion bonding area

Figure 7. Defect detection by X-ray nondestructive inspection.

3.2. The Microstructure of the Two-Sheet Hollow Structure of 1420 Al-Li Alloy

The microstructure of the 1420 Al-Li alloy seriously influences the mechanical proper-
ties of the two-sheet hollow structure. Figure 8 shows the microstructure of the sample,
where there is a dark area near the interface of the diffusion bonding area because of the
existence of Ga. From Figure 8, it can be seen that the grain of the sheet’s central layer was
larger than that of the sheet’s surface layer, which is caused by the previous sheet rolling
process. During the rolling process, the surface temperature was transferred to the die
and air, so the central temperature of the sheet was higher than the surface temperature,
the surface softening degree was lower than the central softening degree, and there were
many deformation energy and deformation defects in the surface layer. In addition, during
the rolling process, the friction between the surface layer and the roll makes the surface
bear great shear strain, and the deformation of the surface layer was greater than that of
the central layer. The microstructure of the no deforming area is still a long strip, rolled
microstructure (Figure 8b). Its grain size was larger than that of the original grain (Figure 1).
The reason is that the grain grows through grain boundary migration under the conditions
of high temperature and low strain rate deformation. Although there is a coordination
effect of recrystallization, the grain always grows gradually at high temperatures. It is
noted that grain boundary sliding is the main superplastic deformation mechanism of the
1420 Al Li alloy [18]. The grains near the round corner area are equiaxed states (Figure 8c).
The reason for this is that superplastic deformation occurred at 480 °C above the recrystal-
lization temperature of the Al-Li alloy, the dynamic recrystallization process of the Al-Li
alloy occurred, and fine equiaxed crystals were formed during the superplastic forming
process [19-21]. Moreover, there were fine equiaxed grains at the triangular grain boundary
(Figure 8c), which also demonstrated that the dynamic recrystallization process occurred
in the process of superplastic deformation, which not only refined the grain structure, but
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also relieved the accumulation of dislocations and reduced the dislocation density, which is
conducive to the superplastic forming process. It also proves that in the round corner area,
the superplastic deformation mechanism of the 1420 Al Li alloy is mainly grain boundary
sliding, accompanied by dynamic recrystallization [18].

Figure 8. Microstructure of the sample: (a) the overall microstructure of the sample, (b) the no
deforming area, (c) the round corner area.

The measured shear strength of diffusion bonding was about 82 MPa (Figure 9), which
is close to the value reported by Niu [17]. Figure 10 shows the shear fracture morphology of
diffusion bonding. There were many coarse tear bands on the surface of the shear fracture,
indicating that it is a ductile fracture. It was also demonstrated that the joint interface has
achieved good metallurgical bonding.
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Figure 9. The shear stress-displacement curve of the shearing test.
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Figure 10. The shear fracture morphology of the shearing test.

3.3. The Thickness Distribution of the Hollow Structure of 1420 Al-Li Alloy

Thickness uniformity is an important factor which seriously influences the mechanical
properties of the two-sheet hollow structure of 1420 Al-Li. Figure 11 shows the thickness
distribution of the superplastic forming area measured by an ultrasonic thickness meter
machine. The thicknesses of Points 3 and 9 were 1.29 and 1.30 mm, respectively, which
are close or equal to the initial thickness of 1.30 mm. The thicknesses of Points 4, 5, 6,
7, and 8 were 1.22, 1.20, 1.21, 1.20, and 1.21 mm, respectively. It can be seen that the
thickness change of the superplastic forming area was relatively uniform, there was no
sudden change, and the maximum thickness reduction rate reached 7.7%, which means
good superplastic forming quality.

1.40
135 F

1.30 |

IANAL LY

| | ||
120 | NN~

1.15 F

Thickness (mm)

1.10 | 1 8

1.05 | 12 10 11

1.00 M 1 M 1 M 1 M 1 M 1

Position (mm)
Figure 11. The thickness distributions.

3.4. The Failure Mode of the Two-Sheet Hollow Structure of 1420 Al-Li Alloy

From Figure 11, it can be obtained that the thicknesses of Points 2 and 10 were less
than the thickness of the surrounding area, such as in Points 1, 3, 9, and 10, which was
caused by the stress concentration on the inner surface near the round corner. It is noted
that the inner surface near the round corner was also the most prone to tear, as shown in
Figure 12. When the gas pressure of the superplastic forming process is too high or too
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fast, the sheet metal would deform quickly on the die cavity, and this results in a lower
thickness (Points 2 and 10), local necking, and tearing at the round corner of the forming
area, as shown in Figure 13. In addition, the supersaturated vacancies” accumulation also
forms some holes. If the gas pressure remains too high, the tearing will continue until
complete dehiscence and leakage. Therefore, the proper control of the gas pressure of the
superplastic forming process is very important.

Figure 13. Tearing process on the inner surface near the round corner.

On the other hand, when the gas pressure of the superplastic forming process is too
low, the sheet metal is not fully attached to the die cavity, which results in the die-attaching
failure of the sample, as shown in Figure 14. In addition, when a leakage occurs in the
seal welding process of the 1420 Al-Li hollow structure, this also results in the shortage of
argon gas pressure in the forming process, and the shortage of forming pressure results in
the die-attaching failure. Therefore, both the low gas pressure of the superplastic forming
process and the leakage in the seal welding process result in the die-attaching failure of
the sample.
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Figure 14. The die-attaching failure.

4. Conclusions

The two-sheet hollow structure of the 1420 Al- Li alloy is a typical structure urgently
needed by flying weapon equipment, and SPF/DB is a special forming method with almost
no allowance, low cost, and high efficiency. In this paper, the two-sheet hollow structure
of the 1420 Al-Li alloy was prepared by the SPF/DB process, and the microstructure, the
thickness distribution, and the superplastic forming failure modes were studied. The
detailed conclusions are as follows:

1.  The two-sheet hollow structure of the 1420 Al-Li alloy was successfully prepared
with the diffusion bonding parameters of gallium interlayer thickness 1 mg/cm?,
temperature 520 °C, pressure 7 MPa, and time 1 h, and the superplastic forming
parameters of temperature 480 °C and pressure 2 MPa for 50 min by applying a speed
of 0.1 MPa/min.

2. Thickness uniformity is an important factor for the 1420 Al-Li hollow structure.
When the gas pressure of the superplastic forming process was equal to 2 MPa, the
thickness of the plastic deformation region was relatively uniform, there was no
sudden change, and the maximum thickness reduction rate reached 7.7%, which
means good superplastic forming quality.

3. The no deforming area microstructure of the 1420 Al-Li hollow structure is still a long
strip, rolled structure, while the grains near the round corner area of the 1420 Al-Li
hollow structure were equiaxed states due to the dynamic recrystallization.

4. When the gas pressure of the superplastic forming process was too high, the lower
thickness, local necking, and tearing occurred at the round corner of the sample due
to excessive stress. When the gas pressure of the superplastic forming process was
too low, the samples could not fully attach to the die cavity, and the die-attaching
failure occurred.
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