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Abstract
The superplastic forming/diffusion bonding (SPF/DB) process has been widely applied to manufacture the multi-layer compo-
nents. In this paper, a four-layer hollow structure with squad grid was fabricated by SPF/DB process. The superplastic behavior of
TA15 alloy was investigated by the uni-axial tensile tests at high temperature, and the maximum elongation of 911% was
obtained at 920 °C/0.001 s− 1. The finite element method (FEM) of the four-layer structure was conducted, and the results showed
that TA15 alloy was appropriate for fabricating this complex-shaped structure. Then the four-layer hollow structure was suc-
cessfully fabricated by SPF/DB process at 920 °C with the target strain rate of 0.001 s− 1. Finally, the microstructure, thickness
distribution and mechanical property of the four-layer hollow structure were investigated. The grain size increased from 5 μm to
10 μm and the sound bonding interface was achieved. The thickness distribution was symmetrical in height direction. The
compressive strength and the maximum bending load of the four-layer hollow structure was 50 MPa and 64.4 kN, respectively.
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Induction

Owing to the high specific strength, modest temperature
strength, and good corrosion resistance, titanium alloy plays
an important role in aerospace, nuclear, national defense and
so on [1, 2]. The high deformation resistance and narrow
range of deformation temperature made it difficult to process
by conventional methods, while the difficulty could be over-
come by the SPF/DB technology. SPF/DB process took ad-
vantage of the excellent superplasticity and diffusion
bondability of titanium alloys [3–5]. It made the complex
thin-wall parts integral and had great advantages in reducing
structural weight and product costs [6–8]. Thus, it was neces-
sary to investigate the SPF/DB process of titanium alloy.

TA15 alloy was widely used to manufacture structural
components in aerospace due to its excellent properties at

elevated temperature [9, 10]. The high temperature deforma-
tion behavior and microstructure evolution of TA15 alloy
were paid much attention [11–18]. Fan et al. [11] developed
constitutive equation coupling microstructure evolution of
TA15 titanium alloy. Zhao et al. [12] analyzed the microstruc-
ture evolution of TA15 titanium alloy subjected to equal chan-
nel angular pressing. Sun et al. [13] conducted the tensile tests
to investigate the superplasticity of TA15 alloy and the max-
imum elongation value of 1074% was obtained at the temper-
ature of 900 °C and the strain rate of 3.3 × 10− 4 s− 1. Ma et al.
[14] studied the hot formability of TA15 titanium alloy sheet
experimentally. Gao et al. [15] researched the flow behavior
and microstructure evolution of TA15 alloy by isothermal
compression test. Yang et al. [16] also employed the isother-
mal tensile tests and metallography examinations to investi-
gate the flow softening and damage behavior in the hot
forming of TA15 alloy. Zhao et al. [17] studied the deforma-
tion inhomogeneity and slip mode of polycrystalline TA15
titanium alloy sheets during the hot tensile process. Sun
et al. [18] performed the hot compressive experiments of
TA15 alloy to verify a microstructure evolution model.

Otherwise, Some researchers also studied the weldability
of TA15 alloy with other materials [19–21] or itself [22, 23].
Li et al. [19] studied the diffusion bonding of TA15 and
Ti2AlNb alloys, and Zhang et al. [20] investigated the Laser-
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TIG-hybrid-welding process of Ti-22Al-27Nb/TA15 dissimi-
lar joints. The Laser beam welding to weld BTi-6431 S/TA15
titanium alloys was also researched by Zhang et al. [21]. Zhan
et al. [22] and Wang et al. [23] investigated the laser beams
welding process of TA15 alloy joints and tube, respectively.

Though some researchers investigated the SPD/DB process
for four-layer structure of Ti-6Al-4 V alloy [24], Ti2AlNb
based alloy [25] and other materials [26], the research on the
mechanical property of the multi-layer structure was few.
While the structural strength was the critical demand for the
application, so it was indispensable to investigate the mechan-
ical properties of multi-layer structure.

In this study, the superplasticity of TA15 alloy at 920 °C
was investigated. The FEM simulation of the process was
carried out by the MSC.MARC software. The four-layer hol-
low structure with squad grid was fabricated by the SPF/DB
technology. The microstructure was characterized. The thick-
ness distribution of the structure at different regions was mea-
sured. And the compressive behavior and bending behavior of
the structure were investigated at room temperature.
Experimental

The material used in this work was TA15 (Ti-6.5Al-2Zr-1Mo-
1 V) alloy sheet with the thickness of 1.5 mm. Themicrostruc-
ture of as-received sheet and post-SPF/DB was observed by
optical microscope, and the bonding interface microstructure
was observed by scanning electron microscope (SEM) on a
Quanta 200 FEG-SEM machine. The initial microstructure
was shown in Fig. 1, and it consisted of the equiaxied fine
grains. And the fine grain was significant for the SPF/DB
process [27].

The tensile tests were carried out on an Instron 5500 ma-
chine with a heating furnace, and the strain rates were 1 × 10−
2 s− 1, 2.5 × 10− 3 s− 1, 1 × 10− 3 s− 1, and 3 × 10− 4 s− 1 at
920 °C. The tensile specimens with a gauge dimension of 15
mm×6 mm×1.5 mm were prepared by electro-discharge ma-
chining. The temperature was controlled within 2 °C along the

gauge length with the aid of three individual thermocouples.
In order to guarantee the accuracy of tensile property, at least
three tensile specimens were tested and the intermediate data
at each condition was selected as the final result.

In order to fabricate the four-layer hollow structure, the
SPF/DB process was conducted on the superplastic forming
machine. The overall arrangement of four sheets made into a
gas pack by peripheral sealing was illustrated in Fig. 2. The
SPF/DB process was divided into two stages. The first stage
was the diffusion bonding of two core sheets at bonding areas
and the superplastic forming of two face sheets. The stop-off
pattern was prepared on the core sheet surface, and it con-
structed the specific configuration of the hollow structure.
The superplastic forming of core sheets, the diffusion bonding
between core sheet and face sheet, and diffusion bonding be-
tween two core sheets at the stiffeners were the second stage.
The argon gas was used in the SPF/DB process. The arrange-
ment of stop-off pattern at core sheet surface and the finished
hollow structure were shown in Fig. 3a and b, respectively.

The width of the DB joints between two core sheets, the
thickness of the stiffeners and that of the two plates were
measured. The micrometer was used. To ensure the accuracy
of measurement, the dimension value at each point was mea-
sured at least three times, and the average value was regarded
as the finial value. The measured points and IDs were illus-
trated in Fig. 4.

The compressive behavior and bending behavior were in-
vestigated to evaluate the mechanical properties of the four-
layer hollow structure. Samples for compression test and
bending test were wire cut from the as-fabricated hollow struc-
ture. The specimens were cut at the middle part of the hollow
structures. The specimens with the size of 80 mm×80 mm and
the height of 18mmwere shown in Fig. 4. Four stiffeners with
two longitudinal stiffeners and two transverse stiffeners were
found, and the squad grid was formed by the longitudinal
stiffener and the transverse stiffener. The span of two stiff-
eners was 38 mm.

The compression test and bending test were conducted on
the Instron 5569 machine, and the cross-speed was 2.0 mm/
min. The schematic diagrams were illustrated in Fig. 5. In
compression test, the specimen was put on the lower platform
of the testing machine, and the upper surface contacted with
the upper platform of the machine. In bending test, three 304
steel rods with the dimension ofΦ10mm×100mmwere used.

Results and discussion

The superplasticity of TA15 alloy

The specimens and the true stress-strain curves of TA15 alloy
at different strain rates with the temperature of 920 °C wereFig. 1 The initial microstructure of TA15 alloy sheet
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shown in Fig. 6. The flow stress was strongly sensitive to the
strain rate. When the strain rate was 0.006 s− 1, the flow stress
decreased to rupture after it reached the peak. And the true
stress-strain curve was the typical softening curve. While the
long strain hardening stages were observed at the strain rate of
0.001 s− 1 and 0.0003 s− 1. This behavior might be an indica-
tion of grain growth which resulted from the long time expo-
sure at high temperature. Then the grain growth caused the
decrease of grain boundary length, and the difficulty of grain
rotation or grain boundary sliding increased. This resulted in
hardening. The physics of the flow stress curves could either
be categorized in three or two distinctive stages [28, 29].

In addition, the saw-toothed shape was observed in the true
stress-strain curves, and this phenomenon maybe resulted
from the dynamic recrystallization or grain boundary sliding.
And it showed that the increase or reduction of the flow stress
was unexpected. The saw-toothed shape had been observed in
other investigations [13, 30–32].

The influence of strain rate on the yield stress and the
elongationwas also shown in Fig. 7. The yield stress increased
with the strain rate increasing. The elongation of 578% was
obtained at 920 °C/0.0003 s− 1. The elongation increased with
the strain rate decreasing, and the maximum elongation was
obtained at 0.001 s− 1, then it decreased when the strain rate
was less than 0.001 s− 1. The long-time thermal exposure and
the oxidation at 0.0003 s− 1 led to the reduction. Additionally,
the formation of a hard-brittle surface layer resulted from the
oxidation diffusion on titanium [33–35] at high temperature
also reduced the elongation. The maximum elongation of

911% was achieved at 920 °C/0.001 s− 1, exhibiting excellent
superplasticity.

During superplastic forming process, the forming temper-
ature was constant, and the flow stress was sensitive to the
strain rate [36]. The rigid plastic model was selected to de-
scribe the constitutive model, and the strain hardening co-
exponent was neglected. The constitutive equation was
established in power-law type [37] and expressed as:

σ ¼ K˙�m

where m was the strain rate sensitivity coefficient, K was the
material coefficient. On account of the flow stress curves in
Fig. 6, the strain rate sensitivity coefficient m and the material
coefficient K were computed to be 0.61 and 1030 MPa·s,
respectively.

The FEM simulation of the hollow structure with
squad grid

In this study, a four-layer blade hollow structure was selected
as the final component for TA15 alloy, owing to its excellent
superplasticity. The FEM was used to simulate the SPF pro-
cess and investigate the thickness distribution. The SPF pro-
cess was also divided into two stages. The first stage was the
SPF of the face sheet, and the second stage was the SPF of the
core sheet. The FEM models for the SPF of the face sheet and
the core sheet were shown in Fig. 8. The simplified models
were constructed on account of the structural symmetry. The

Fig. 2 the assembly prepared for
SPF/DB process of the hollow
structure

Bonding 
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a
b

ab c

 

Fig. 3 a The bonding areas of
two core sheets; b the cross-
section of the hollow structure

1059Int J Mater Form (2021) 14:1057–1066



Fig. 4 The stiffeners’ IDs, the
measured points of stiffeners (a–
width of joints; b– thickness of
stiffeners near joints; c– thickness
of stiffeners near plates) and that
of two plates (-40 ~ 40)

Fig. 5 The schematic diagram of
mechanical property test:
a compression test; b bending test
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half size of the sheets was 140 mm×70 mm. The four-node
shell element with the size of 1 mm×1 mm was selected and
the thickness was 1.5 mm. The width of bonding joints be-
tween two core sheets was 4 mm.

The above-mentioned constitutive equation was introduced
into the FEM as the material property. The FEM simulation
results of two sheets were shown in Fig. 9. Figure 9a showed
the thickness distribution of the face sheet, and it was seen that
the minimum thickness was 1.238 mm, and the difference of
the thickness was less than 0.3 mm. The thinning ratio of the
face sheet was less than 18%. Figure 9b showed the thickness
curve of the symmetry line with arc length varying from 0 to
140 at the face sheet. The minimum thickness took place at the
transition fillet and it was about 1.35 mm.

The FEM result of the core sheet was shown in Fig. 9c.
And Fig. 9d showed the thickness curve of the symmetry line
with arc length varying from 0 to 140 at the core sheet. The
thickness distribution of core sheet at different regions was
seriously inhomogeneous. The material near the bonding joint
gradually erected and contacted closely together to bond with
each other and form the stiffers in the forming process. The
deformation of the core sheet was similar with that of the

multi-rectangular box and it was seriously different at differ-
ent regions. The minimum thickness occurred at the top of the
vertical stiffeners in Fig. 9c and it was 0.595 mm. The defor-
mation of the whole vertical stiffeners was serious and the
thickness distribution ranged from 0.6 mm to 0.7 mm in
Fig. 9d. It was seen that the thinning mainly focused on the
vertical stiffeners. The maximum thinning ratio of the core
sheet was appropriately about 60%. The excellent superplas-
ticity of TA15 alloy could meet this requirement, and it could
be concluded that the SPF/DB process was feasible for
faricating this blade hollow structure.

The SPF/DB of TA15 alloy

The SPF/DB process was carried out to fabricate the hollow
structure on the superplastic forming machine. The tempera-
ture was set to be 920 °C, and it was kept for about 0.5 h to
make the temperature homogeneous, then the SPF of the face
sheet started. In order to keep the target strain rate of the
deformation retaining at 0.001 s− 1, the pressure-time curves
of the SPF process for the face sheet and the core sheet were
generated by the FEM simulation. During the SPF/DB process
of TA15 alloy, the pressure-time curves were shown in
Fig. 10. The modified pressure-time curves were optimized
based on the pressure-time curves of FEM simulation. And the
modified pressure-time curves were applied at the beginning
of the two stages.

It has been investigated that the diffusion bonding of TA15
alloy at 2.0 MPa/1.5 h could achieve the sound bonding joint
[38]. The maximum gas pressure of the SPF/DB process was
2.0 MPa to guarantee the achievement of the sound joint.
When the SPF of the face sheet or the core sheet completed,
the gas pressure gradually increased to 2.0 MPa and the DB
process started. The pressure of 2.0 MPa was kept for 1.5 h at
the first stage. At the second stage, the increase of the pressure
in experiment was slightly slower than the modified pressure
so as to release the crack of bonding joints. Figure 3b showed
the cross-section of the final blade hollow structure with squad

Fig. 6 a the tensile specimens and
b the true stress-strain curves at
920 °C

Fig. 7 The variation of tensile stress, and elongation at different strain
rates
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grid. It was seen that the forming quality of this hollow struc-
ture was good and the accurate configuration was obtained.

Microstructure

Themicrostructure of the post-SPF/DBmaterial was shown in
Fig. 11. Compared with the initial microstructure in Fig. 1, it
was seen that the grain size increased remarkably from 5 μm
to 10 μm. In order to make the deformation and diffusion
sufficient, the material experienced high temperature for a
long time, which resulted in the grain growth.

Figure 12 showed the microstructure of the bonding inter-
faces at the corresponding regions in Fig. 3b. The interfacial

microstructure of the bonding joint between two core sheets,
and that of the stiffener and the bonding region between core
and face sheet were represented in Fig. 12a, b, c, respectively.

During the SPF/DB process, the bonding interface of the
selective bonding areas between two core sheets influenced
the forming of the squad grids at the second stage. No defect
was observed at the bonding area in Fig. 12a, and it could be
concluded that the DB was complete and the sound bonding
joints were achieved at the first stage. And this result also
showed that TA15 alloy possessed excellent bondability.
The interfacial microstructure of the stiffener and that of the
bonding region between core sheet and face sheet were shown
in Fig. 12b and c, respectively. Some discontinuing voids

Fig. 8 The simplified FEM model for the SPF process of (a) face sheet; (b) core sheet

Fig. 9 The thickness distribution of (a) face sheet; (b) the line at face sheet with arc length varying from 0 to 140; (c) core sheet; (d) the line at core sheet
with arc length varying from 0 to 140;
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were observed at the interface, and it resulted from the insuf-
ficient DB for short time. And these voids would disappear
with the bonding time increasing.

Thickness distribution

Given the strength requirement of the structure, the thickness
distribution of SPF/DB structure must be investigated. And
the thickness at different regions of the hollow structure was
shown in Fig. 13.

The bonding joints’ width and the thickness distribution of
the different stiffeners were almost uniform in Fig. 13a, while

the thickness of the same stiffener at different regions was still
different. The width of the bonding joints was preset as
4.0mm, and the measured width varied from 2.48 mm to
3.06 mm. It was indicated that the bonding width decreased
at the second stage and the maximum reduction was almost
37.5%. Although the minimum width of joints was less than
3.0 mm, it was still larger than the thickness of stiffeners,
which made the width reduction of bonding joints had little
influence on the reinforcement of the stiffeners. The thickness
of the stiffeners near the joints was about 1.0 mm and the
maximum thickness difference was 0.2 mm. The thickness
of these stiffeners near the plate was about 1.25 mm and the
maximum difference was 0.4mm. The thickness reduction
near joints was more severe than that near the plate. And it
was consistent with the results of the FEM silumlation.

The thickness of the top and bottom plates was about 2.3 mm
and themaximum thickness difference was 0.42mm in Fig. 13b.
The thickness of the regions at the middle of the squad grid were
larger than that of the regions near stiffeners which were about ±
18 mm away from the middle symmetry plate.

The thickness distribution was related to the order of the
core sheet contacting with the face sheet. The deformation of
core sheet firstly occurred at the middle part of the squad grids,
and the thickness of this part would not change when the core
sheet contacted with the face sheet due to friction. Then the
deformation began to take place at the parts near stiffeners and
it was so serious that the thickness of this part became the
minimum value. It was also shown that the thickness of the
top plate and the bottom plate at the corresponding positions

Fig. 10 The pressure-time curves
of (a) the first stage; (b) the
second stage

Fig. 11 The microstructure of post-SPF/DB material
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was basically equal, and the maximum thickness difference
was only 0.14 mm. And the thickness distribution was sym-
metrical to the middle plate in height direction.

Mechanical property tests

The thickness distribution and the microstructure evolution
were investigated, thus, the critical demands on the structural
strength of the structure had been determined. It was necessary
to carry out the operation experimental tests for confirming the
applicability. Thus, the compression test and bending test
were conducted to investigate the mechanical property of the
hollow structure.

Compression test The load-bearing capacity was measured to
evaluate the mechanical property of the structure. The com-
pression stress-displacement curve was shown in Fig. 14, and

the compressive stress was calculated from the planar area of
the hollow sample. The compressive behavior of this four-
sheet structure was studied and the deformation after instabil-
ity didn’t need to be researched, so the load stopped when the
specimen began to be instability. The compressive stress in-
creased with the increase of the displacement until it reached
up to the maximum value. The maximum compressive stress
reached up to 50MPa when the displacement value was about
1.9mm. Then the compression stress started to decline.

Bending test The load-displacement curve of this structure in
the bending test was shown in Fig. 15. The load increased
rapidly at the initial stage of the bending test, then began to
increase gradually with the displacement increasing. The load
reached the maximum value of 64.4 kN at the displacement of
2.75 mm and it changed slightly until the displacement up to

Fig. 12 Interfacial microstructure
of: a bonding joint between two
core sheets; b stiffener; c bonding
region between core and face
sheet

Fig. 13 Thickness distribution of
(a) stiffeners; (b) top and bottom
plates
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3.0 mm. Then the load decreased and the minimum load was
about 60 kN. The bending load changed a little with the dis-
placement varying from 3.0 mm to 6.0 mm.

Conclusions

The mechanical property and microstructure evolution of
TA15 alloy for the four-layer hollow structure were investi-
gated, and the following conclusions were drawn from this
investigation:

(1) The four-layer hollow structure of TA15 alloy was
successfully fabricated by SPF/DB process, indicat-
ing that this process was appropriate for manufactur-
ing this hollow structure.

(2) The grain growth was obvious due to the long time ther-
mal exposure. The width of bonding joints decreased and
the sound bonding joints were achieved.

(3) The thickness of the stiffeners near joints was less than
that of the stiffeners near plates and the thickness distri-
bution of the top plate and the bottom plate was symmet-
rical in height direction.

(4) The maximum compressive strength of the specimen
was 50 MPa and the maximum bending load was 64.4
kN in bending test.
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