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Abstract
Titanium hollow blade is applied in aircraft turbo-machine to gain higher thrust-to-weight ratio. The typical combined super-
plastic forming and diffusion bonding (SPF/DB) technology has been widely used in manufacturing complex multi-layer hollow
structures such as the titanium hollow blade. This study introduced a TC4 hollow blade with internal reinforcing ribs fabricated
with a series of hot forming operations including diffusion bonding, hot twisting, stamping and gas bulging. During the forming
process, the blade outer surface will sink at the cavity locations due to lack of internal support. The gas pressure bulging process is
necessary to repair the defect and bulge the caved surface to the required profile. In order to predict the TC4 blade deformation
during the SPF/DB process, its hot flow behavior in the DB and SPF were separately investigated by carrying out isothermal
tensile tests at corresponding temperature range and strain rate range. And taking the initial microstructure influence in consid-
eration, samples which experienced the DB heating history were used to characterize the flow behavior in the SPF processes. A
strain hardening form power law equation and a hyperbolic-sine law equation were employed to describe the constitutive
relations during the DB and SPF respectively. Both models were calibrated with the hot flow curves and applied in the
corresponding forming step finite element (FE) simulations. The blade outer surface profiles extracted from each forming step
simulation showed good correlation with the experimental measurement. It proved that the hollow blade surface sinkage defect
during the SPF/DB process can be accurately predicted by the FE simulation with the calibrated constitutive models. And the
effectiveness of the gas bulging process for repairing the sinkage defect were verified in both simulation and experiment.
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Introduction

Wide chord fan blade can improve the aerodynamic efficien-
cies of the aircraft turbofan engines by removing the mid-span
damper [1]. Hollow structures with balanced stiffness can
contribute to higher thrust-to-weight ratio [2]. The hollow
wide chord blade with cavities and complex shape required
a unique manufacture process as which is impossible to be
manufactured by conventional forming methods like forging,
casting and milling [3]. The superplastic forming and diffu-
sion bonding (SPF/DB), typically combined to fabricate

hollow structures with internal reinforcing ribs, have been
developed and widely applied in the hollow blade production.

The titanium alloys are essential lightweight materials in
aircraft due to the high specific strength and good corrosion
resistance [4]. They also exhibited excellent superplasticity
and diffusion bondability at elevated temperature. Its SPF/
DB feasibility has been investigated by Rockwell
International in early 1970s [2] and widely used for forming
sandwich structures with internal reinforced cores. Titanium
wide cord hollow blade is a representative application which
effectively reduced the turbine engine weight and improved
the fuel economy as well as the thrust capability [5].

In this study, the α +β titanium alloy TC4 was applied for
manufacturing a wide cord hollow blade as given by Fig. 1. The
blade SPF/DB process is based on the method given by Bichon
et al. [6] as illustrated in Fig. 2. In the DB process, the two blade
halves with flat inner side and grooves given by Fig. 2a are
assembled in the DB tools as Fig. 2b. After heating to the DB
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temperature in a vacuum furnace, pressure is applied to the
middle flat surface by a hydraulic load cell to weld the specific
areas including the reinforcing ribs. At the superplastic temper-
ature and strain rate range, the bonded blade is twisted by the
up-end moment meanwhile the blade root is fixed as shown in
Fig. 2c. A blade with rough shape can be obtained then.
Thereafter, hot stamping and gas bulging are performed in the
same tools as shown in Fig. 2d. Continuous gas pressure is
loaded in the blade cavity to assure the contact between the
blade outer surface and the mold internal surface in the closed
tools [1]. In addition, it is necessary to remove the machining
allowance by numerical control milling to meet the precision
requirement [3].

The TC4 exhibits great temperature and strain rate depen-
dence and its flow stress will drop while the ductility will
increase at elevated temperature. In the SPF/DB process, the

blade is heated to high temperature to obtain good bondability
and superplasticity. However, due to the low flow stress and
the greatly increased formability, the blade surface of the cav-
ity portion where lacks internal support is easily caved under
the gravity, the tool restriction on expansion and the torque
load. The gas bulging process with sufficient gas pressure and
loading time can effectively repair the concave surface. To
estimate the forming defects and verify the gas pressure load
curve, the numerical finite element analysis (FEA) is very
necessary which has showed great capability in metal forming
simulation. And a three-dimensional FE simulation work on
the titanium hollow blade SPF/DB process has been carried
out by Bing et al. [7]. It investigated the influences of the
forming rate, friction coefficient and other factors on the
forming force and verified the feasibility of the FE method
for simulating the hollow blade SPF process. However, as the
blade structure and forming process are very different, it is
essential to characterize the TC4 flow behavior and establish
a unique FE model to predict the two-piece hollow blade
deformation during the SPF/DB process.

As the FE simulation accuracy relies much on the
material model, it is important to provide a precise con-
stitutive description by performing tensile or compression
tests. Investigations on the TC4 hot flow behavior and
constitutive modelling have been presented in many pub-
lished literatures. Sun et al. [8] investigated the TC4 flow
behavior in the temperature range from 650 °C to 950 °C
which covered the SPF/DB temperature range. At a
higher temperature range, Momeni and Abbasi [9] stud-
ied the flow behavior in single phase β and dual phase
α + β regions and a kinetic equation employing the

Fig. 2 TC4 SPF/DB wide cord hollow blade manufacturing process

Fig. 1 TC4 SPF/DB wide cord hollow blade geometry model

Table 1 As received mechanical properties of TC4 at room temperature

Ultimate Tensile Strength 1321 MPa

Tensile Yield Strength (0.2% offset) 1140 MPa

Uniform Elongation 13.0%

Total Elongation 15.5%
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Zenner-Hollomon parameter was applied to describe the
peak flow stress at different strain rates and temperatures.
Shafaat et al. [10] provided a flow curve model combining the
Cingara model and Johnso-Mehl-Avrami-Kolmogorov (JMAK)
theory. Bai et al. [11] used a set of mechanism-based constitutive
equations to model the softening mechanism in temperature
range of 820–1020 °C. In the two-phase temperature range,
Zhang et al. [12] studied the superplastic forming behavior of
fine-grain size TC4 at 700–850 °C. Quan et al. [13] also studied
the TC4 flow behavior and proposed a model for the dynamic
recrystallization (DRX). The phase transformation and DRX in
isothermal compression tests were simulated by a multi-scale
FEM method [14]. Tao et al. [15] employed a modified
Arrhenius and artificial neural networks (ANN)models tomodel
the TC4 tube hot compression flow behavior. At lower SPF
temperature range, Velay et al. [16] built the constitutive equa-
tions to model the viscosity, strain hardening and grain size
evolution. However, none of the above researches considered
the initial microstructure influences on the hot flow response. In
a TC4 isothermal compression study performed by Luo et al.
[17], the effect of the alpha grain size on the flow behavior was
investigated. It verified that the flow stress increased with larger
equiaxed alpha phase volume fraction and the flow stress de-
creased with increased alpha phase grain size. As the TC4 hol-
low blade is first diffusion bonded at a temperature over 900 °C
leading to phase transformation and grain growth, the micro-
structure evolution is very necessary to be taken into consider-
ation for characterizing the follow-up SPF flow behavior.

In the FE simulation work carried out by Bing et al. [7], a
Backofen equation ignoring the temperature and strain effects

on stress was employed in the FE model and the forming
defects of the blade cavity portion was not predicted.
Though Wu et al. [18, 19] has predicted the blade outer sur-
face groove during twisting using a creep model at 750 °C, the
blade deformation during diffusion bonding process was not
simulated and the temperature effect was neglected. And yet
no simulations have taken the diffusion bonding heating his-
tory effects on the TC4 flow behavior into consideration.
Aiming at predicting and repairing the TC4 hollow blade sur-
face sinkage defects during DB/SPF forming process, this
study characterized the TC4 hot flow behavior and simulated
the hollow blade deformation in each forming step based on

Fig. 3 TC4 microstructure
evolution during SPF/DB pro-
cess: a initial microstructure; b
microstructure after DB heating
path; c microstructure after DB
and hot twisting heating path; d
microstructure after DB, hot
twisting, stamping and gas bulg-
ing heating path

Fig. 4 Heating paths for the SPF/DB forming process microstructure
evolution investigation
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the experimental works carried out by Wu et al. [18, 19]. The
TC4 flow behavior under the DB temperature range and strain
rate range was first investigated. And in consideration of the
initial microstructure effects, the samples which went through
the DB heating path were used for characterizing the flow
behavior during the SPF process. Creep models implanted in
the commercial FEA software Abaqus were employed for
constitutive modelling and applied in the hollow blade SPF/
DB FE simulation. The FEmodel accuracy were evaluated by
comparing the outer surface profiles of the simulation results
with the experimental measurements.

Experiments

As-received material properties

The as-received TC4 for carrying out the hot tensile tests is
1.0 mm thick hot rolled plate with the composition of 5.5–
6.8 wt.% Al, 3.5–4.5 wt.% V, 0.3 wt.% Fe, 0.1 wt.% C,

0.05 wt.% N, 0.0115 wt.% H and 0.2 wt.% O. The room
temperature mechanical properties are given in Table 1.

Microstructure evolution in SPF/DB processes

The as-received TC4 microstructure is given in Fig. 3a.
The heating paths in Fig. 4 were applied to study the
SPF/DB heating history effects on the microstructure evo-
lution. The strain path effects on the recrystallization ki-
netics and grain size could sufficiently lead to significant
errors for the flow behavior prediction [20]. In this study,
the simulation results of the blade forming processes
showed that the maximum equivalent creep strains of the
DB, twisting, stamping and gas bulging were 0.08425,
0.08008, 0.6331 and 0.0007957 respectively. As the defor-
mation was relatively small in the DB and twisting process
and the stamping and gas bulging were regarded as a con-
tinuous process, the deformation influences on the micro-
structure evolution and flow behavior were not discussed
in this paper. And this may be the major simulation error
factor for the blade surface sinkage prediction. The distor-
tion of the yield surface associated with the tension–
compression asymmetry was observed for a TA6Valloy [21]
which indicated that the strain path can make strong impacts
on the flow behavior. And in the SPF/DB forming process, the
blade experienced deformations including tension, compres-
sion and torsion. But due to the relatively small deformation in
the DB and twisting process as mentioned above, the tension/
compression asymmetry was not considered. And this also
could be a critical source of prediction error.

Figure 3b gives the microstructure after 2 h stay at 940 °C
in a vacuum furnace which simulated the DB heat treatment.
The alpha phase shows obvious increase in grain size and
volume fraction. In the SPF twisting process, the TC4 was
heated to 750 °C and hold for 1 h. The corresponding micro-
structure after twisting is shown in Fig. 3c which exhibits a
microstructuredynamic recrystallization similar to that before
twisting. And Fig. 3d is the microstructure after the represen-
tative heat treatment of the gas bulging process during which
the TC4 was heated to 750 °C and hold for 1 h. The volume
fraction and averaged size of primary alpha of a 171.43 μm×
128.57 μm area at each step were measured by the image
analysis program Image-Pro Plus. as given in Table 2.

Experimental procedures

Figure 3 shows that the alpha phase volume fraction and grain
size grain size significantly increased in the DB process while
the SPF twisting heating history made minor influence on the
microstructure evolution. Considering the initial microstruc-
ture influence, the samples used to characterize the flow

Table 2 Measurements of the primary alpha volume fraction and size at
each step

Forming Step Initial DB Twisting Stamping and
gas bulging

Volume fraction (%) 71.09 82.67 84.83 87.21

Diameter-mean (μm) 10.57 12.25 12.69 13.92

Size-length (μm) 14.84 17.09 16.87 17.00

Size-width (μm) 8.17 9.09 9.27 10.05

Fig. 5 Heating paths for hot tensile tests
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behavior during SPF twisting, stamping and gas bulging were
first heated to the DB temperature 940 °C and hold for 2 h in a
vacuum furnace. The heating paths for the tensile tests at the
DB and SPF temperatures are illustrated in Fig. 5.

The experiment matrix for TC4 isothermal uniaxial
tensile tests are given in Table 3. The temperatures and
strain rates were determined according to previous FE
simulation results of the hollow blade SPF/DB process
[18, 19]. In the DB tensile tests, both the temperature
range and strain rate range are much narrower than the
SPF tensile tests because the DB occurs in a strict tem-
perature range at very low deformation rate.

The tensile sample geometry was designed according to
the ASTM E2448 as shown in Fig. 6c. And the fixture is
given in Fig. 6b. The isothermal tensile tests were carried
out on a SUNS UTM5000 electronic universal testing ma-
chine equipped with an environment chamber. In the ten-
sile test, the tensile sample was mounted in the tensile
grips, heated to the target temperature and hold for 5 min
and then tested at the targets strain rate.

Experiment results

One true stress-true strain curve is plotted for each combi-
nation of temperature and strain rate as given by Figs. 7
and 8. Figure 7 summarizes the flow curves at the DB

strain rate range of the 1 × 10−4 s−1 to 7 × 10−4 s−1 and
temperature range of 860–940 °C. At the all strain rates
tested of the temperatures above 900 °C and the relative
low strain rates of 860 °C and 880 °C, a unique steady
hardening behavior can be observed which is very different
from the typical dynamic recrystallization and recovery. At
the strain rate of 7 × 10−4 s−1 of both 860 °C and 880 °C,
the flow curves show an initial steady region indicating
that the dynamic recovery or grain boundary sliding is
the dominant deformation mode. The subsequent strain
hardening shows that the deformation mechanism changes
with increased strain [22]. Figure 8 gives the flow curves at
the SPF temperature range of 650–750 °C and strain rate
range of 10−3–10−1 s−1. Each curve has a single stress peak
after initial strain hardening and a subsequent linear de-
crease till failure. The peak flow stress and softening be-
havior indicate that the dynamic recrystallization and the
dynamic recovery are the dominant deformation mecha-
nism under the SPF temperature and strain rate scope.
Meanwhile, the temperature softening effects are obvious
in both the DB and SPF tensile tests. The strain rate has
minor effects on the flow stress under the DB temperatures
compared with the flow curves of SPF temperatures be-
cause of the narrow strain rate scope applied in the DB
tensile tests. It verifies that the TC4 flow stress is sensitive
to the temperature and strain rate.

Fig. 6 Tensile sample and grips: a
tensile sample; b tensile grips; c
tensile sample geometry (in mm)

Table 3 Experimental matrix of
TC4 hot uniaxial tensile test DB Tensile tests SPF Tensile tests

Orientation Longitudinal Longitudinal

Strain Rate (s−1) 0.0001,0.0003,0.0005,0.0007 0.001,0.01, 0.1

Temperature (°C) 860, 880, 900, 920, 940 650, 675, 700, 725, 750
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Constitutive modeling

As the TC4 flow curves exhibit strong dependence on tem-
perature and strain rate under the SPF/DB deformation condi-
tions, precise constitutive models capable of describing the
temperature and strain rate effects on flow stress are important
for the FE modelling. And due to the pronounced hardening
behavior shown in Fig. 7, the constitutive model used for DB
flow behavior description also needs to take the strain hard-
ening effect into consideration. Although the flow curves
show initial strain hardening and subsequent softening in the
SPF tensile tests, only the increasing portions can be used for
constitutive modelling because a smooth and monotonically
increasing stress-strain curve input is required by the FEA
software Abaqus (version 6.10) to prevent spurious behavior.
Constitutive models in different forms for the creep behavior
definition are provided by Abaqus. The strain hardening form
creep model expresses the creep strain rate as a function of
strain and stress. And the equation coefficients can be input as

temperature dependent which make it qualified for modeling
the DB stress-strain curves. For the TC4 constitutive model-
ling at the SPF temperatures, the peak stress points were ap-
plied to calibrate the hyperbolic-sine lawmodel which ignores
the strain effects on stress.

A strain hardening form power law equation for DB
creep behavior modelling

The strain hardening form power law equation for modelling
the creep deformation during DB was given by Eq. (1):

ε˙ C ¼ Aσ
n

mþ 1ð ÞεC
h imn omþ1

ð1Þ

where ε̇C is the uniaxial equivalent creep strain rate in s−1, σ is
the uniaxial equivalent deviatoric stress inMPa which equals 2/3
of the uniaxial stress, εC is the equivalent creep strain, and A, n
and m are defined as functions of temperature. A and n must be
positive and −1 <m ≤ 0.

Fig. 7 True stress-true strain
curves of TC4 DB tensile tests
sorted by temperature
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Taking the natural logarithm of both sides, a relation can be
obtained as following:

ln σ
� �

¼ −m=n*ln εC
� �

þ mþ 1ð Þ=n*ln ε˙ C
� �

−ln Að Þ=n−m=n*ln mþ 1ð Þ
ð2Þ

Taking ln εCð Þ and ln ε̇Cð Þ as the independent variables and
ln σð Þ as the dependent variable, the data points of ln σð Þ
-ln εCð Þ, ln ε̇Cð Þ were applied in the surface fitting for Eq. (2)
by the nonlinear least squares fitting method as shown in Fig.
9. The calibrated coefficients for different temperatures are
given in Table 4. Them values are close to −1 which indicates
that the calibrated model has minor strain rate dependence.

To evaluate the model prediction accuracy, the mean square
error (MSE) and correlation coefficient R were calculated by
Eqs. (3) and (4):

MSE ¼ 1

n
∑
n

i¼1

^
σ̂i−σi

� �2

ð3Þ

R ¼
∑
n

i¼1
σi−σ
� �

^
σ̂i−

^
σ̂

 !
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
σi−σ
� �2

∑
n

i¼1

^
σ̂i−

^
σ̂

 !2
vuut

ð4Þ

where n is the number of picked data points on the equivalent
deviatoric stress vs. equivalent creep strain curves, σ and σ̂ are
the experimental and calculated equivalent deviatoric stress in
MPa,σ and σ̂ are the mean experimental and calculated equiv-
alent deviatoric stress in MPa.

The correlations between the calculated equivalent
deviatoric stress and the experimental results at different tem-
peratures are shown in Fig. 10. And the MSEs at each com-
bination of temperature and strain rate are plotted in Fig. 11.
Both R values andMSEs show that the calibrated creep model
gives better prediction for the constitutive relations at 900 °C
and 920 °C. It is because that this calibrated strain hardening
form power lawmodel has little strain rate dependence and the
flow curves at both 900 °C and 920 °C are close to each other
showing minor strain rate effects.

Fig. 8 True stress-true strain
curves of TC4 SPF tensile tests
sorted by temperature
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A hyperbolic-sine law equation for SPF creep behavior
modelling

The hyperbolic-sine law equation for modelling the creep de-
formation was given by Eq. (5)

ε˙ C ¼ A sinh Bσ
� �h in

exp −
Q
RT*

� �
ð5Þ

where ε̇C and σ are as mentioned above, Q is the activation
energy in J/mol, R is the universal gas constant 8.314 J/
(mol*K), T∗ = (T − T0), T is the temperature in K, T0 is the
temperature of absolute zero 0 K, A, B and n are material
parameters. And this equation can be expressed as following:

σ ¼ 1

B
ln

ε̇C

Aexp − Q
RT*

� �
2
4

3
5

1
n

þ 1þ ε̇C

Aexp − Q
RT*

� �
2
4

3
5

2
n

8><
>:

9>=
>;

0:58><
>:

9>=
>; ð6Þ

Taking the peak stress values of each flow curve, Eq. (6)
can be fitted with ε̇C and T∗ as the independent variables and σ
as the dependent variable by the nonlinear least squares fitting
method. The fitting results is shown in Fig. 12. And the ob-
tained equation coefficients are A = 7.717E8 s−1, B =
0.005454 MPa−1Q = 2.131E5 J/mol and n = 3.829.

The correlations between the calculated equivalent
deviatoric stress and the experimental results at different tem-
peratures are shown in Fig. 13. The total MSE is 561.17. And

Fig. 9 Calibration of the strain hardening form power law equation with ln σð Þ -ln εCð Þ, ln ε̇Cð Þ

Table 4 Coefficients of the strain
hardening form power law
equation

Temperature (°C) 860 880 900 920 940

m −0.99985 −0.99992 −0.99997 −0.99997 −0.99997
n 2.37 2.05 1.65 1.34 1.87

A 7.80E-08 1.43E-07 2.25E-07 5.36E-07 1.55E-07
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the MSEs at different temperatures and strain rates are plotted
in Fig. 14. It indicates that the hyperbolic-sine law equation

can accurately predict the peak flow stress in the SPF temper-
ature and strain rate scope. Better predictions were obtained at

Fig. 10 Correlations between the
calculated equivalent deviatoric
stress by the strain hardening
form creep model and the
experimental results at different
temperatures

Fig. 11 MSEs of the strain hardening form creep model at different
temperatures and strain rates Fig. 12 Calibration of the hyperbolic-sine law equation with σ -T∗, ε̇C
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the temperatures of 675 °C and 700 °C. And it shows little
difference in the peak stress prediction accuracy for different
strain rates.

Finite element analysis

Based on the TC4 hollow blade SPF/DB process, FE models
have been established to simulate blade deformation during
the diffusion bonding, hot twisting, hot stamping and gas
bulging in sequence. After each forming step, the blade outer
surface profile extracted from the simulation results can be
compared with the experimental measurements to evaluate
the FE model quality.

FE model setup

The diffusion bonding FE model is applied to simulate the
blade deformation under the gravity load and expansion

effects during the heating process. In the DB process, the
two blade halves are assembled in the DB dies as shown in
Fig. 15a and b. In the DB FE model, the blade halves can
be regarded as one part and the additional positioning
structures which has no influence on the blade deformation
can be removed. As illustrated by Fig. 15c, the blade root is
totally restricted in the DB tools and the gravity load is
added to the blade. Y direction movement of the outer
surface is also restricted by the inner surfaces of the DB
tools as shown in Fig. 15d. The temperature field is added
to the blade according to the recorded actual heating curve
as given by Fig. 16. The difference between the programed
heating path and the heating history recorded by a temper-
ature recorder was caused by the insufficient heating power
and heat transfer efficiency. In the simulations, the whole
part was assumed being heated uniformly. Thermal expan-
sion effects on the high temperature steel tools and TC4
blade can be simulated by defining the linear thermal ex-
pansion coefficient (CTE). The averaged CTE of TC4 dur-
ing the temperature range of 100–900 °C is 8.9 × 10−9 °C−1

[23] while the expanded tool inner surfaces are applied
taking the CTE of 13.6 × 10−9 °C−1 which is the averaged
value at 700 °C provided by Xie et al. [24]. And the cali-
brated strain hardening form power law creep model is
defined in the material model with temperature dependent
coefficients.

In the FE modelling of the hot twisting, stamping and gas
bulging processes, the calibrated hyperbolic-sine law equation
is employed to define the constitutive relation.

The diffusion bonded hollow blade model extracted
from the DB simulation result is applied in the hot twisting
process simulation. As shown in Fig. 17, the blade root is
fixed in the lower fixture while the head end is held by the
upper fixture which rotates around the marked axis. In the
FE model given by Fig. 17b, the lower fixture is removed
by applying a total movement constraint to the root instead.
The upper fixture holds and twists the blade to the required
rotation angle with a rotation speed of 0.367 °/s. The rota-
tion angle is determined by the diffusion bonded flat blade
and the required final blade shape as illustrated in Fig. 18.
The two ends of the blade heads in both the DB model and
the required model are extracted to draw two vertical mid-
lines. The rotation axis is vertical to the XYplane and goes
through the intersection point of the vertical midlines.
Fig. 17b shows the rotation direction and the total rotation
angle α is 22 °. The blade heating history of the twisting
process is also given in Fig. 19 to define the temperature
field during the hot twisitng.

The hot twisting process can provide a rough shape hol-
low blade allowing to it to be installed on the lower
stamping tool as shown in Fig. 20a. Then the hot stamping
and gas bulging are performed to obtain a precise shape
blade with machining allowance. In the closed stamping

Fig. 13 Correlations between the calculated max equivalent deviatoric
stress by the hyperbolic-sine law model and the experimental results

Fig. 14 MSEs of the hyperbolic-sine law model at different temperatures
and strain rates
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tools as shown in Fig. 20b, the blade outer surface is
bulged to the stamping tool inner surface by argon gas.
The FE model is given in Fig. 20c. The stamping tool inner
surfaces are used to stamp the blade and restrict its outer
surface deformation during gas bulging. The blade root and
the upper tool are fixed at the directions of X and Z while
the lower tool movement is totally restricted. In the
stamping process, the upper stamping tool moves along -
Y direction at 0.05 mm/s and the total travel distance is
60 mm. In gas bulging, the gas pressure is added to the
blade cavity inner surfaces. The heating history and gas

pressure load curve are given by Figs. 21 and 22
respectively.

Simulation results

The diffusion bonded hollow blade and the simulation result
of the displacement distribution along Y direction are given in
Fig. 23. The sinking depths of seven marked locations on the
cavity surface at the cross section 125 mm away from the
blade root bottom surface were measured. The measurement
method is as shown in Fig. 24. A straight line is drawn with
the two top points on the outer surface which are 1 mm away
to the cavity walls. As the reinforcing rib height is consistent
in the diffusion bonding process, the dash line shown in
Fig. 24 is regarded as a reference to evaluate the outer surface
sinking depth. The sinking depth D is determined as the dis-
tance between the lowest point on the outer surface and the
dash line. The depth can be calculated with the marked points
coordinates by following equation:

D ¼ j½ Y2−Y1ð ÞX0þ X1−X2ð ÞY0þ Y1 X2−X1ð Þ

−X1 Y2−Y1ð Þ�=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Y2−Y1ð Þ2 þ X2−X1ð Þ2

q
j

ð7Þ

where D is the sinking depth, X0 and Y0 are the selected
sinking surface point coordinates, X1, X2, Y1 and Y2 are the
coordinates of the surface points 1 mm from the cavity walls.

The calculated sinking depths are compared with the ex-
perimental measurements in Fig. 25. In the hot stamping sim-
ulation works [25], predictions of thickness with error less
than 0.1 mm were considered precise in which both sides of

Fig. 15 The hollow blade DB model: a blade halves and DB tools; b assembled blade; c gravity load and blade root boundary condition in FE model; d
boundary conditions of DB tool inner surfaces in FE model

Fig. 16 Heating history in diffusion bonding
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the blank deformation was well restricted by the forming
tools. For the simulation of the blade defects, the sinkage
depth prediction error less than 0.2 mm are acceptable as the
blade surface was not supported by any forming tools in this
study. Both experiment measurement and simulation calcula-
tion show that the sinking is more serious at location of #1 and
#7. The simulated sinking depths at most locations are higher
than the measured depths. And at the grooves ends as indicat-
ed by the red circle in Fig. 23b, the surface sinkage is more

serious which are not predicted by the simulation. It is because
the gas pressure produced by the air sealed between the upper
diffusion bonding tool and the blade upper surface while the
cavities are vacuumed which is connected the vacuum furnace
through the air channel as marked in Fig. 1. For the discrep-
ancies between the predictions and experimental measure-
ments were caused by the constitutive relation and tempera-
ture field definitions. The sinkage depth were overestimated as
the temperature field was uniformly added to the whole part

Fig. 17 Hollow blade hot twisting model: a blade and twisting fixtures; b blade root and upper twisting fixture rotation boundary conditions in FEmodel

Fig. 18 Hollow blade hot
twisting angle calculation
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applying the recorded temperature-time curve with thermal
couple attached to the DB molds. The actual temperature of
the blade should be lower than the curve given in Fig. 21.

The twisted blade is shown in Fig. 26. The section profile
which is 125 mm from the blade root bottom plane is given by
Fig. 27. The sinking depths of the marked locations are calcu-
lated with the same method mentioned above and compared
with the measurements as shown in Fig. 28. The simulation
overestimated the deformation during the twisting process.
Compared the blade shape after twisting and diffusion bond-
ing, it can be seen that the sinkage is more serious due to the
twisting torque. And as indicated by the red circle in Fig. 26,
the stress concentration area close to the blade root showed
more serious sinkage. As the softening behavior was not sim-
ulated, the prediction for the twisting process was not so good

compared with the DB simulation results as shown in Figs. 25
and 28.

The simulated blade shape after hot stamping is given
by Fig. 29a which shows more surface sinkage at the
cavity locations. By comparing the blade shapes in
Fig. 29b, c and d, it shows that the gas bulging process
can effectively repair the surface to the required shape in
both simulation and experiment. In Fig. 30, the predicted
profile of the section 125 mm from the root bottom plane
is compared with the required shape and actual blade part
measurement. It also indicates that the blade outer surface
defects produced in the diffusion bonding, twisting and
stamping process can be well repaired. And the FE simu-
lation accurately predicted the blade deformation after gas
bulging.

Fig. 19 Heating history in hot twisting

Fig. 20 Hollow blade hot stamping and gas bulging model: a blade installed on lower stamping tool; b blade in closed stamping tools; c blade root and
upper stamping tool boundary condition

Fig. 21 Heating history in hot stamping and gas bulging process
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Conclusions

The TC4 hot flow behavior at the diffusion bonding and
superplast ic forming condit ions were separately

characterized by carrying out isothermal hot tensile tests.
A strain hardening form power law equation and a
hyperbolic-sine law equation provided by the FE software
Abaqus have been calibrated to describe the flow behavior

Fig. 22 Gas pressure load curve

Fig. 23 Diffusion bonded blade: a simulation result of the Y direction displacement (in mm); b experimental part

Fig. 24 Surface sinking depth
measurement of the diffusion
bonded blade at the section
125 mm from the blade bottom
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Fig. 25 Sinking depths after diffusion bonding of simulation and experiment

Fig. 26 Twisted blade: a
simulation result of the Mises
stress (in MPa); b experimental
part

Fig. 27 Surface sinking depth
measurement of the twisted blade
at the section 125 mm from the
blade bottom

Int J Mater Form (2019) 12:827–844 841



in the DB and SPF FE models respectively. According to
the TC4 constitutive relation study and the FEA results, it
can be concluded that:

1) In the DB temperature range of 860–940 °C and strain
rate range of the 1 × 10−4 s−1 to 7 × 10−4 s−1, the TC4 flow
stress increased with strain during the uniaxial tensile test.
Meanwhile the flow curves in the SPF temperature of
650–750 °C and strain rate range of the 10−3 s−1 to
10−1 s−1 showed obvious peak flow stress with continu-
ous so f t en ing behav io r caused by dynamic

recrystallization and recovery. The DB creep model
showedminor strain rate sensitivity in the small strain rate
range applied in this study. The maximum strain in the
DB simulation was 0.08425 of which the step time was
2 h. Tensile tests at strain rates ranging from 10−6 s−1 to
10−4 s−1 should be performed in future works to improve
the DB process simulation accuracy.

2) The strain hardening form power law and hyperbolic-sine
law creep model can accurately predict the DB flow
curves and the peak stresses of the SPF flow curves re-
spectively. And the equation parameters of both models
are temperature and strain rate dependent.

3) The FE models with the calibrated constitutive equa-
tions are capable to predict the hollow blade surface
defects during the SPF/DB process and forecast the
outer surface sinkage. The gas pressure load curve is
verified able to repair the hollow blade surface sinkage
defects and assure meeting the shape requirement of
the outer surface. The feasibility of the constitutive
models and the FE models for TC4 hot flow behavior
prediction in the hollow blade SPF/DB forming pro-
cess are demonstrated.

4) In general, the simulations over predicted the sinkage
defects for both the DB and hot twisting processes. To
improve the simulation accuracy, more precise consti-
tutive models considering the softening flow behavior
and the strain path effects need to be established in
future works. And thermal models for temperature
field simulation are also very necessary to increase
the model precision.

Fig. 28 Sinking depths after twisting of simulation and experiment
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Fig. 29 Blade after hot stamping and gas bulging: a simulation result of
Mises stress distribution after hot stamping (in MPa); b simulation result

of Mises stress distribution after gas bulging (in MPa); c required blade
shape; d blade after hot stamping and gas bulging

Fig. 29 Blade after hot stamping and gas bulging: a simulation result of
Mises stress distribution after hot stamping (in MPa); b simulation result

of Mises stress distribution after gas bulging (in MPa); c required blade
shape; d blade after hot stamping and gas bulging
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