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Abstract: In aerospace and automotive industries, hot press forming (HPF) technology is widely
used for rapid and precise deformation of the complex sheet metal component, where the fracture
behavior has always been a focused problem. In this study, the hot tensile test and the Nakazima test
were carried out, in order to establish the Misiolek constitutive equation and determine the forming
limit strain points at an elevated temperature, respectively. The microstructure evolution during the
tensile test was also investigated by optical microscope. In addition, the Marciniak–Kuczynski (M–K)
model, considering the Mises, Hill48, and Logan–Hosford yield criteria, was utilized to calculate
the theoretical forming limit curve (FLC). Furthermore, the fracture behavior of the TA32 alloy sheet
during the HPF process was accurately predicted by inserting the predicted FLC into finite element
simulation, and the qualified complex component was obtained by optimizing the shape of the sheet.

Keywords: TA32 titanium alloy; fracture behavior; forming limit curve; M-K theory; finite
element simulation

1. Introduction

Nowadays, titanium and titanium alloys are extensively used in the aerospace, marine,
automotive, and medical industries. This is due to their superior high temperature performance,
high specific strength, low density, corrosion resistance, good creep resistance, and excellent
biocompatibility [1]. The TA32 alloy is a new type of near-α high temperature titanium alloy with good
comprehensive performance. The alloy’s long-term working temperature can reach 550 ◦C, and it has
wide application prospects in the cylinder of the advanced aeroengine afterburner and the structure
of the cruise missile [2]. However, there are plenty of difficulties, such as large forming forces, low
formability, and the occurrence of springback during the cold forming. As one of the more advanced
manufacturing technologies, the hot press forming (HPF) process has been actively developed, which
can reduce forming time and improve dimensional precision [3]. Metal additive manufacturing, which
can directly produce structural components without a mold or additional machining, has also received
much attention in recent years. However, HPF technology is preferred in sheet metal forming, due to
its advantages of higher production efficiency and lower manufacturing cost compared with the metal
additive manufacturing [4]. Therefore, accurately predicting the fracture behavior of TA32 alloy in
HPF has important significance for engineering applications.

The forming limit is an important performance index for the fracture behavior of sheet metal
forming, and reflects the maximum amount of deformation that can be reached before the plastic
deformation of the material is unstable during the forming process. Keeler and Backofen [5] first
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proposed the concept of forming limit diagrams (FLD), and they obtained the right-hand side of FLD.
Goodwin [6] obtained the left-hand side of FLD, by changing the width and thickness of the sheet, and
since then FLD has been broadly used in sheet forming industry. However, it is time-consuming and
expensive to experimentally determine FLD, especially at high temperatures; thus, many researchers
use numerical models to predict FLDs, of which the Marciniak–Kuczynski (M–K) theory is the most
widely applied [7–10].

In recently years, an increasing number of researchers have used finite element method (FEM) to
simulate the process of HPF. Nedoushan [11] simulated the hot forming process of AA5083 aluminum
alloy by combining a constitutive model, which considers inter-granular deformation and grain
boundary mechanisms, and finite element software, and the simulation datas were consistent with
the experimental results. Odenberger et al. [12] analyzed the hot forming process parameters of two
Ti-6Al-4V prototype components by using FEM. Zhao et al. [13] applied a three-dimensional FEM
model to simulate the forming process of atitanium fan blade, and discussed the influence of key
factors like descending velocity and frictional coefficient on the forming force. The above studies
indicate that FEM is an effective way to accurately predict the process of HPF.

To better predict the fracture behavior of a TA32 alloy sheet during the HPF process, it is necessary
to perform a comprehensive study on the tensile properties, microstructural evolution, and forming
limit of the TA32 alloy. In the present work, the hot tensile test and the Nakazima test were conducted to
evaluate the alloy’s mechanical properties and its forming limit strain points at an elevated temperature,
respectively. The Misiolek constitutive equation was used to characterize the flow stress of TA32 alloy,
and the microstructure evolution during the tensile test was also investigated. Then, the M–K model
considering three different yield criteria was used to theoretically predict the forming limit curves
(FLCs) of TA32 alloy. The initial inhomogeneity factor f0 at different temperatures was adjusted by
minimizing the average distances between the necking points of the hot tensile test and the theoretical
FLCs under different strain rates of a certain temperature, and the accuracy of the theoretical FLC was
evaluated by the Nakazima test results. Finally, ABAQUS software, which was developed by Dassault
company in America, combined with the theoretical FLC predicted the fracture behavior of a TA32
alloy sheet during the HPF process, and the reliability of the simulation results were discussed by
actual hot forming experiments.

2. Materials and Experimental Procedure

2.1. Materials

In this paper, the thickness of the as-received sheet was 1.5 mm. The nominal chemical
composition of the sheet was Ti–5.5Al–3.5Sn–3.0Zr–0.7Mo–0.3Si–0.4Nb–0.4Ta (wt %). The β

transformation temperature (at which α+β/β) of the TA32 alloy was 1000 ◦C [2]. The microstructure
of the as-received TA32 alloy is shown in Figure 1. It can be seen that there are a certain amount
of intergranular β phase grains in the equiaxed α phase matrix, and there are some fine and highly
dispersed rare earth phases in the matrix [2]. The contents of the α and β phases, measured by using
Image Pro Plus software (Version 6.0, Media Cybernetics, Inc., Rockville, MD, USA), were about 84%
and 8%, respectively, and the rest were the rare earth phase.
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Figure 1. Microstructure of as-received TA32 alloy.

2.2. Hot Tensile Test

The tensile specimen size is shown in Figure 2a, and the length direction of the specimen is the
rolling direction. The hot tensile tests were carried out on the UTM 5504X electronic universal testing
machine which produced by SUNS company in China, and the test process is shown in Figure 2b.
The furnace was heated to the test temperature at a heating rate of 10 ◦C/s, and the temperature was
maintained for 30 min so that the temperature of the stretching chuck and the furnace chamber could
be sufficiently exchanged. Then we opened the furnace door and quickly placed the sample, held it for
10 min, and performed tensile deformation at a predetermined tensile rate until the sample was broken.
The specimen was taken out quickly and water quenched to retain the high temperature microstructure.
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Figure 2. (a) Tensile specimen size and (b) the hot tensile test process.

Figure 3 shows the specimens before and after the hot tensile test. It can be seen that the elongation
and the section shrinkage of the specimens increases significantly with decreasing strain rates and
increasing deformation temperature. The maximum elongation of the TA32 alloy at 700 ◦C, 750 ◦C,
and 800 ◦C was 92%, 142%, and 204%, respectively.
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2.3. Metallography Procedure

After the hot tensile test, the metallographic specimens with size of 6 mm × 8 mm were cut off
at a distance of 10 mm from the fracture. After being polished by SiC sandpaper, the surfaces of the
specimens were polished by mechanical polishing, until no visible scratches were observed. The polished



Metals 2018, 8, 985 4 of 14

specimens were etched with Kroll reagent at a volume ratio of 3:5:100 (HF: HNO3: H2O) for 3 seconds,
then quickly rinsed with clean water and blown dry. In this paper, the microstructure of TA32 alloy was
observed by an MR 5000 optical microscope (Jiangnan Novel Optics CO., Ltd, Nanjing, China).

2.4. Nakazima Test

The FLC of the TA32 alloy sheet was obtained by the Nakazima test method, which is a
hemispherical rigid punch bulging test [14]. The schematic diagram of the Nakazima test is shown in
Figure 4a. The edge of the sheet was pressed by the blank holder and the concave die, and a certain
part of the sheet was locally necked or broken by punch bulging, which reached its forming limit.
The test apparatus is an improved thermoforming platform, as shown in Figure 4b.

Figure 4. (a) Schematic diagram of the Nakazima test. (b) The forming limit curve (FLC) experimental
platform.

The Nakazima test method requires different specimen geometries to produce all possible strain
and stress states. One set of FLC specimens, with the length of 160 mm and different widths of 20 mm,
40 mm, 60 mm, 80 mm, 100 mm, 120 mm, and 140 mm, were obtained by wire cutting, in which
each specimen represents one strain path on the FLD. The size of the FLC specimens is shown in
Figure 5a. The square grid with the grid size of 5 mm was marked on the surface of specimens for
limit strain analysis.Metals 2018, 8, x FOR PEER REVIEW  5 of 15 
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Figure 5. (a) The sizes of FLC specimens (b = 20406080100120140; a = b + 20. (b) The deformed
FLC specimens.

In the experiment, the heating furnace and the FLC experimental device were heated to 750 ◦C,
respectively, and both were kept for 30 min. High temperature lubricant was applied to the both sides
of the FLC specimens. After waiting for the temperature in the furnace to be uniform, the specimen
with the grid was placed in the heating furnace first, and kept it for 10 min to make the temperature of
the sheet uniform. Then the specimen was removed and quickly put into the FLC experimental device
for the forming experiment. The speed of the punch pressing was 50 mm/min, and the experiment
stopped until the first crack was generated on the specimen. This process should be carried out as
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quickly as possible, so as to avoid the specimen losing too much heat and affecting the experimental
results. The deformed FLC specimens are shown in Figure 5b.

2.5. Hot Press Forming Test

The schematic diagram of the HPF test is shown in Figure 6a. There are twelve independent
resistive heating zones placed in the upper and lower workbench of the machine, and the forming
temperature is controlled by the Proportion Integration Differentiation (PID) controller which produced
by ENVADA company in China. The movement speed of the upper mold can be adjusted by controlling
the flow rate of hydraulic oil. All the activity signals of the machine tool were sent and accepted by
electronic computer. The appearance of the test platform is shown in Figure 6b.
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Figure 6. (a) Schematic diagram of hot forming test. (b) The appearance of the test platform.

In the HPF test, the box furnace was heated to 750 ◦C and held for 30 min to make the temperature
inside the furnace uniform. The TA32 sheet with a high temperature lubricant sprayed on both sides
was placed in the middle of the upper and lower molds. The temperature was kept for 10 min to
make the temperature of the sheet uniform. Then the upper mold was moved downward at a speed of
50 mm/min, by controlling the computer until it contacted with the lower mold, and kept the pressure
at 4 MPa for 15 minutes to make the sheet fully deform. After the hot forming, the component was
taken out and air cooled to room temperature.

2.6. FEM Simulation Model

ABAQUS (version 6.14) software was used to simulate the HPF process of the TA32 alloy sheet.
The assembly diagram of the model is shown in Figure 7. In the simulation, the sheet was modeled
using a shell element with four integration points (S4R), and about 40,000 elements were divided in
total. The molds, which were obtained by extracting the cavity surfaces of the upper and lower molds,
were regarded as the rigid body. The process of HPF was simulated by way of fixing the lower mold
and controlling the displacement of the upper mold. The whole simulation was calculated by the
dynamic explicit method.

Figure 7. The assembly diagram of the model.
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3. Results and Discussion

3.1. Hot Tensile Behavior and Microstructure Evolution

Considering both hardening and softening effects during hot plastic deformation in TA32, the
Misiolek constitutive equation [15] was used to describe the stress–strain relationship:

σ = Kεn exp(n1ε) (1)

where σ and ε represent the true stress and true strain, respectively, and n and n1 are the hardening
index and the softening coefficient, respectively. The parameter K is the equation coefficient. Taking
the natural logarithm of both sides, the Misiolek equation can be expressed as

lnσ = lnK + nlnε + n1ε, (2)

Then n = dlnσ/dln
.
ε. In order to reduce the error, at the strain rates of 0.1, 0.01, and 0.001 s−1, the

flow stresses with true strains of 0.04–0.15 were extracted for linear fitting, and the n-values of the
different strain rates were averaged. Therefore, the values of n obtained at 700, 750, and 800 ◦C were
0.091, 0.080, and 0.069, respectively. According to Equation (2), using a method similar to the solution
of the n-value, the values of n1 at 700, 750, and 800 ◦C were −0.398, −0.553 and −0.697, respectively.
As shown in Figure 3, the flow stress curves are influenced by temperature and strain rate, wherein the
effect of strain rates are reflected in the K-values, which are calculated from Equation (2) based on the
above results. Therefore, the flow stress equation of the TA32 alloy at temperature of 700, 750, and
800 ◦C, with a strain rate of 0.1, 0.01, 0.001 s−1, respectively, can be denoted as

σ =
(
3419.03337 + 73.10624ln

.
ε− 2.56667T

)
ε0.30506−2.2×10−4Texp((2.519− 0.003T)ε) (3)

The comparison between the experimental and fitted curve under different strain rates at
700–800 ◦C is shown in Figure 8. It can be seen that the flow curve could be divided into three
stages in the tensile test. At the first stage, the flow stress increases rapidly with the increase of strain.
At the second stage, the flow stress tends to be stable during the deformation process. Since the
stacking fault energy of titanium alloy is relatively low, the softening behavior in this stage could be
attributed to adiabatic deformation heating or the generation of dynamic recrystallization [16]. At the
third stage, the flow stress gradually decreases, and the localized necking occurs at the specimens until
fracture. The fitting curve accurately reveals this flow behavior. Therefore, the Misiolek equation can
represent the flow stress of the TA32 alloy at the temperature range of 700–800 ◦C with the strain rate
of 0.1–0.001 s−1, and could be used for the theoretical computation of forming limits.

The microstructure of the TA32 alloy under different temperatures, with strain rate of 0.001 s−1,
is shown in Figure 9. When the strain rate is constant, the content of the primary α phase decreases
with the increasing of the deformation temperature, and the volume fraction and grain size of the β

phase continue to increase. When the deformation temperature is 700 ◦C, the grain shape of the α

phase is obviously elongated along the tensile direction, and the grain size of the β phase is slightly
larger than that of the as-received microstructure. When the temperature is raised to 750 ◦C, the grains
are uniformly distributed, and finely equiaxed recrystallized grains appear near the grain boundaries,
indicating that dynamic recrystallization occurs at this temperature [17]. As the temperature is further
increased to 800 ◦C, the fine recrystallized grains grow significantly.
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Figure 8. Comparison between the experimental and fitted curve under different strain rates at
(a) 700 ◦C, (b) 750 ◦C, and (c) 800 ◦C.

Figure 9. Microstructure of the TA32 alloy under different temperatures, with a strain rate of 0.001 s−1:
(a) 700 ◦C, (b) 750 ◦C, and (c) 800 ◦C.

The microstructure of the TA32 alloy under different strain rates at 750 ◦C is shown in Figure 10.
When the deformation temperature is constant, with the change of strain rate, the change of α phase
is mainly reflected in the grain shape—the phase content has no obvious change. Moreover, because
the α phase grains are in a hexagonal, close-packed structure (HCP), and the β phase grains are
in a body-centered cubic structure (BCC), the latter lattice structure has better plasticity, due to it
possessing more slip systems. Therefore, the shape of the β grains are elongated more obviously.
When the strain rate is 0.1 s−1, the distortion activation energy can meet the energy requirement
of recrystallization, but the deformation time is too short to allow the atoms to fully diffuse, so the
recrystallization phenomenon is not obvious [17]. When the strain rate is reduced to 0.001 s−1, the
dynamic recrystallization process has enough time to further refine the microstructure, so that the
plasticity of the material is enhanced and the elongation is continuously increased, which reasonably
reflects the macroscopic mechanical properties of the TA32 alloy.
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Figure 10. Microstructure of the TA32 alloy under different strain rates at 750 ◦C: (a)
.
ε = 0.1 s−1,

(b)
.
ε = 0.01 s−1, (c)

.
ε = 0.001 s−1

3.2. The Forming Limit Curve at an Elevated Temperature

After the Nakazima test, the grids near the fracture region of the deformed specimen were selected
to measure the forming limit strain point. In the limit strain evaluation process, the fracture region
should be located near the centerline of the deformed specimen. Furthermore, the distance between
the measured grid and the crack cannot exceed the size of one grid, and the strain points of the selected
grid are measured three times for determining the average value. In this paper, the grid–triangle nodes
method proposed by Vogel and Lee [18] were used to calculate the limit strain. Figure 11 shows the
measured forming limit strain points from each deformed FLC specimen. It can be seen that as the
specimen width increases, the position of the limit strain point in the strain space moves from left to
right, and the major limit strain of the TA32 alloy sheet at the plane strain state was about 0.31.

Figure 11. The measured forming limit strain points from each deformed FLC specimen.

In the M–K model, it is assumed that there is a shallow groove on the sheet surface which causes
the localized necking, as shown in Figure 12. The safe region is called “A” and the groove region
is named “B”. The safe region is subjected to proportional strains, and it is assumed that strains at
the groove direction are equal in the two regions. The initial inhomogeneity factor of the groove
f0 is defined as the thickness ratio f0 = tB0/tA0 , where t represents the thickness and subscript “0”
represents the initial state. This initial inhomogeneity grows continuously with plastic straining to
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form a localized neck eventually [19]. During the deformation process, the strain ratio ρ(ρ = ε2/ε1)

outside the groove is constant, but decreases in the groove region.

Figure 12. Schematic of the Marciniak–Kuczynski (M–K) model.

To start the analysis, a small certain value for dεA (0.001) was applied, with which we could
calculate dεA1 and dεA2, and got value of dεA3 with the volume condition dε1 + dε2 + dε3 = 0.
The equivalent strain εA would be obtained by εnew = εold + dε. For each strain increment dεA in the
safe region, there was a corresponding strain increment dεB in the groove region. Finding the value of
dεB involved an iterative procedure. A force equilibrium equation (σA1tA = σB1tB) and compatibility
condition (dεA2 = dεB2) was used to link region A and region B with the following equation:

KA
ϕA

(εA + dεA)
n exp(n1(εA + dεA)) exp(εA3)

= KB
ϕB

f0(εB + dεB)
n exp(n1(εB + dεB)) exp(εB3)

(4)

where K, n, and n1 are the material coefficients of the Misiolek equation, and ϕ = σ/σ1 can be
determined from the associated yield criterion.

After dεB was obtained in each step, it was compared to dεA, and if dεB/dεA > 10 the necking had
begun and εA1 and εA2 were saved; otherwise, a greater value for dεA was assumed and the process
repeated. This procedure was done for different values of strain ratios until the whole diagram was
computed. The calculation process was programmed by MATLAB software.

According to Equation (4), the determination of ϕ and ε are dependent on the employed yield
criterion, the utilization of different yield criteria results in different critical strains, and correspondingly
different FLCs. Three yield criteria that have been used extensively to study forming limit of sheet
metals, namely Von Mises, Hill48, and Logan–Hosford, were used to predict the FLCs for the TA32 alloy.

The Von Mises yield criterion [20] states that under certain deformation conditions, when the
second invariant of the stress deflection tensor at a point in the stressed object reaches a certain value,
the point begins to enter a plastic state. Its yield function is represented by principal stress as

2σ2
YF = (σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2, (5)

The Hill48 yield criterion [21] considers that the material was supposed to have an anisotropy
property with three orthogonal symmetric planes. The yield criterion can be written as a function of
principal stresses:

(1 + r)σ2
YF = R(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2, (6)

where R is an average anisotropic parameter, determined from hot tensile texts at 0◦, 45◦, and 90◦

to the rolling direction (R = (R0 + 2R45 + R90)/4). The measured R values of the TA32 alloy at the
temperatures of 700 ◦C, 750 ◦C, and 800 ◦C were 0.836, 0.839, and 0.726, respectively.

Independently of Hill, Hosford proposed a yield criterion in the form [22]

(1 + R)σa
YF = R|σ1 − σ2|a + |σ1|a + |σ2|a, (7)
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where the exponent parameter a is an integer greater than two. Hosford associated a to the
crystallographic structure of the material and concluded that the best approximation was given
by a = 6 for BCC materials and a = 8 for FCC materials. However, in this paper, the temperature of
the Nakazima test was 750 ◦C, which is different from the transformation point of TA32 alloy; the
lattice structure was mainly the close-packed hexagonal, and the value of a was not certain. Therefore,
the values of the exponential parameter a were considered to be 4, 6, and 8, respectively, in order to
calculate the theoretical FLC.

By measured the width strain εb and the thickness strain εt at the necking position of the specimens
in the hot tensile test, the strain ε l in the tensile direction was obtained according to the volume
invariance principle, and the necking points (ε l ,εb) under different temperature and strain rates were
obtained. The M–K model based on the Misiolek constitutive equation and Mises yield criterion
was selected to predict the FLCs under the corresponding conditions. In addition, the effect of the
initial inhomogeneity factor to the prediction of forming limits cannot be ignored. By comparing the
distances between the measured necking points and the theoretical FLCs under different strain rates of
a certain temperature, the value of f0 is adjusted to minimize the average distance. Using this method,
the values of f0 at the temperature of 700, 750, and 800 ◦C were determined to be 0.98, 0.993, and
0.996, respectively. Comparisons between the necking points of the hot tensile test and theoretical
FLCs under different strain rates at 700, 750, and 800 ◦C is shown in Figure 13. It can be seen that the
theoretical FLCs can agree well with every necking point.

Figure 13. Comparisons between the necking points of hot tensile test and theoretical FLCs under
different strain rates at (a) 700 ◦C, (b) 750 ◦C, and (c) 800 ◦C.

Figure 14 shows the comparison between theoretical FLCs with different yield criteria and
experimental forming limit strain points at 750 ◦C. For theoretical analysis, yield surfaces were
described by Mises, Hill48, and Logan–Hosford yield functions, and the hardening model was
expressed by the Misiolek equation. In Figure 14, on the left-hand side of the FLD, the application
of different yield criteria has little effect on the theoretical calculation results, while the differences
are obvious on the right-hand side of the FLD. The results of two predicted FLCs based on the Mises
and Hill48 yield criterion are very close. This is because the anisotropic parameter R of the sheet is
0.839 at 750 ◦C, which is close to 1, and the yield function of the two yield criteria is the same when
R = 1. In addition, it can be seen that when the Logan–Hosford yield criterion is used for theoretical
prediction, the change of the exponential parameter a has little effect on the prediction result of the hot
tensile zone—while in the biaxial tensile zone, the theoretical FLCs increase with a decreasing a-value.
The theoretical prediction result is the most consistent with the experimental data when a = 4.
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Figure 14. Comparisons between theoretical FLCs with different yield criteria and experimental
forming limit strain points at 750 ◦C.

3.3. Prediction of Fracture Behavior in Hot Press Forming

This paper adopted the FEM to predict fracture behavior in HPF. The theoretical FLC, based on
the Logan–Hosford yield criterion with a = 4, was imported into the FLD Damage module in the
ABAQUS software, and the calculated forming limit diagram damage initiation criterion (FLDCRT)
chart is shown in Figure 15a. The FLDCRT chart can visually reflect the fracture position of the
component. When FLDCRT = 1, it indicates that the strain state just reaches the limit strain, and
FLDCRT < 1 indicates that the sheet is safe—otherwise, fracture occurs. Therefore, the fracture zone
will be generated at the sharp corner position of the sheet. Figure 15b shows the comparison between
the strain states of the grids of the fracture zone in the model and the theoretical FLC. Obviously, there
are many fracture points above the FLC. Figure 15c shows the actual deformed component, and it can
be found that fracture indeed occurred at the sharp corner of the component, which is consistent with
the simulation result.
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Figure 15. (a) FLDCRT chart, (b) forming limit diagram (FLD) result, and (c) the deformed component.

The reason for this phenomenon was that the material mobility at the sharp corner position of
the component was restricted by the molds. After optimizing the shape of the sheet, the FLDCRT
chart simulated by ABAQUS software is shown in Figure 16a. It can be seen that the maximum
value of FLDCRT at the sharp corner of sheet is 0.86, which is less than 1, indicating that the complex
component can be properly formed. Figure 16b shows that the strain state of the grids of the fracture
zone in the model are all at the safety point below the predicted FLC. Figure 16c shows the actual
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deformed component after optimizing the sheet. It can be seen that the sharp corner of sheet was well
formed without cracking, which is again consistent with the simulation result.
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Figure 16. (a) FLDCRT chart of optimized sheet, (b) FLD result, and (c) the deformed component after
optimizing the sheet.

In this study, the theoretical FLC calculated by the M–K theory was in conjunction with the finite
element simulation to accurately predict the fracture behavior of TA32 alloy sheet during the HPF
process, which can effectively optimize the shape of the sheet and process parameters. This method is
efficient and reliable for the industrial applications of a TA32 titanium alloy rolled sheet.

4. Conclusions

This work focused on the fracture behavior of a TA32 alloy rolled sheet in hot press forming.
The hot tensile behavior, microstructure evolution, and forming limit of a TA32 alloy rolled sheet were
studied in this paper. Furthermore, FEM was used to accurately predict the fracture behavior of the
TA32 alloy sheet during the HPF process, and the qualified complex component was obtained by
optimizing the shape of the sheet. Some conclusions were summarized as follows:

(1) The flow stresses of TA32 alloy at the temperature range of 700–800 ◦C, with the strain rate
of 0.1–0.001 s−1, are accurately characterized by the Misiolek constitutive equation, which is
expressed as σ =

(
3419.03337 + 73.10624ln

.
ε− 2.56667T

)
ε0.30506−2.2×10−4Texp((2.519− 0.003T)ε);

this equation was used for the calculation of a theoretical FLC. The microstructure evolution of
the TA32 alloy is related to the temperature and the strain rate. The dynamic recrystallization
temperature at the strain rate of 0.001 s−1 is 750 ◦C. When the temperature is constant, the lower
strain rate provides sufficient time for the dynamic recrystallization process to further refine
the microstructure.

(2) The forming limit of a TA32 alloy at the temperature of 750 ◦C was measured and predicted
by the Nakazima test and the M-K theory, respectively. The predicted FLC calculated by the
Logan–Hosford yield criterion with the exponential parameter a = 4 is the optimal result for
predicting the forming limit strain points of the Nakazima test.

(3) The fracture behavior of the TA32 alloy sheet during the HPF process was accurately predicted
by combining the predicted FLC and ABAQUS software, and the qualified complex component
was obtained by optimizing the shape of the sheet. This method can be used to optimize the
initial configuration of a metal sheet in HPF, and provides guidance for the further application of
TA32 alloy in engineering practice.
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