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Abstract

A novel hot stamping process for Ti6Al4V alloy using cold forming tools and a hot blank was
presented in this paper. The formability of the material was studied through uniaxial tensile tests at
temperatures ranging from 600 to 900 °C and strain rates ranging from 0.1 to 5 s. An elongation
ranging from 30% to 60% could be achieved at temperatures ranging from 750 to 900°C respectively.
The main microstructure evolution mechanisms varied with the deformation temperature, including
recovery, phase transformation and recrystallization. The hardness of the material after deformation
first decreased with the temperature due to recovery, and subsequently increased mainly due to the
phase transformation. During the hot stamping tests, qualified parts could be formed successfully at
heating temperatures ranging from 750 to 850°C. The forming failed at lower temperatures due to the
limited ductility of the material. At temperatures higher than 900°C, extensive phase transformation of
a to B occurred during the heating. During the transfer and forming, the temperature dropped
significantly which led to the formation of transformed B, reduction of the formability and subsequent
failure. The post-form hardness distribution demonstrated the same tendency as that after uniaxial

tensile tests.
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1. Introduction

Demand for low density and high strength materials in the aviation sector has expanded
greatly due to ambitious carbon emission and fuel consumption targets. In order to meet these targets,
manufacturers have focused on weight reduction via the use of lightweight materials. In the aerospace
sector, low strength structural components are commonly produced from aluminium alloys, and high
strength structural components are made from titanium alloys [1]. However, the forming of complex-
shaped components from titanium alloys is time, energy and cost intensive. The aircraft industry

currently uses methods such as superplastic forming [2], superplastic forming with diffusion bonding
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[3], hot stretch forming [4], creep forming [5], hot gas-pressure forming [6] or isothermal hot forming
[7, 8] to produce complex-shaped components. However, these techniques usually require a very high
temperature, slow strain rate and simultaneous heating of tools and sheet during the process. These
characteristics decrease productivity, and proportionally increase the cost of production. For example
in conventional hot stamping using a furnace, the heating time of forming tools is approximately 2 h
[9]. Research into forming technologies with increased productivity has developed processes such as
the solution heat treatment, forming and in-die quenching [10], the quick-plastic forming [11], and the
hot stamping using rapid heating [9,12]. One promising solution to overcome these difficulties
proposed in the literature is using the hot stamping process to form complex-shaped components from
sheet metal with cold dies, and rapidly quenching the workpiece in the dies simultaneously. The hot
stamping process promises to reduce the tool wear commonly found in conventional hot forming
processes and be an overall more efficient and economical process when compared to conventionally
used isothermal hot forming techniques [9]. Traditional hot stamping processes have mainly focused
on forming lightweight alloys, such as aluminium alloys and ultra-high strength steels, for the
automotive industry. However few references can be found focusing on the hot stamping of titanium
alloys. Recently, there has been an increased demand for titanium components in the aerospace
industry due to their high strength to weight ratio, excellent temperature stability and corrosion
resistance [13,14]. There is therefore a clear need to study the hot stamping of titanium alloys to
achieve required mechanical performance whilst reducing manufacturing cost.

To study the hot stamping of titanium alloys, a number of studies must be performed under
varying temperatures and strain rates encountered in the stamping process. The mechanical properties
of these alloys are strongly dependent on the thermo-mechanical history, initial microstructure, alloy
concentration and impurities within the structure [15]. Due to the high yield strength and low elastic
modulus, the springback effect and shape distortion were found to be extensive upon forming thin
sheets. Quan et al. [16] concluded through isothermal compression tests at temperatures ranging from
750 to 1050°C at strain rates ranging from 0.01 to 10 s™, that the formability of titanium alloys could
be increased with increasing temperature and decreased with an increase of strain rate in the lower
temperature region. This phenomenon is related to the dynamic recrystallization that occurred during
deformation. It was concluded that with the increase of deformation temperature, more material
transforms to recrystallized structure as a result of higher mobility of grain boundaries and all grains
tend to be homogeneous due to strong adaptivity for grain boundary migration. It was also shown that
with the increase of strain rate, the grain size decreased. This is because the relatively low strain rates
allow atoms enough time to diffuse, resulting in a lack of accumulation deformation energy and low
driving force for dynamic recrystallization. At elevated temperatures, the compressive flow behaviour
is characterized by a peak stress followed by strain softening. The strain softening may occur as a
result of temperature increase during deformation, phase transformation and microstructural changes

resulting from dynamic recovery, dynamic recrystallization and local necking [17,18]. It was found by
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Bai et al. [19] that behaviour and deformation mechanisms of Ti6Al4V titanium alloy during hot
forming conditions (heating temperature ranging from 820 to 1020°C, strain rates ranging from 0.1s™
to 10 s™) are strongly dependent on initial microstructure. It was concluded that for a microstructure
consisting of primary alpha phase and beta matrix, the mechanism of plastic flow softening may derive
from globularization of secondary alpha phase during hot working. On the other hand, He [20] found
that at temperatures ranging from 600 to 1020°C at strain rate of 0.001s™, hot deformation during
cooling can be used to control and refine the final recrystallized or even transformed microstructure.
Though a number of publications exist related to hot stamping of titanium alloys [9, 21-23],
deformation mechanisms of titanium alloys under hot stamping conditions are still not fully
investigated. More knowledge and understanding of this technology and material behaviour is urgently
needed to popularise and enable it to be adopted in the future.

Therefore to forward this aim, this paper presents an investigation of a hot stamping process
for Ti6AI4V titanium alloy using cold forming tools and a hot blank. In order to determine the best
forming conditions, uniaxial tensile tests were performed at temperatures ranging from 600 to 900°C
with constant strain rates ranging from 0.1 to 5 s™*. The hot stamping forming tests were conducted at
temperatures ranging from 600 to 950°C. Microstructure evolution during tensile tests and hot
stamping deformation was analysed using Scanning Electron Microscope (SEM) observations and
Electron Backscatter Diffraction (EBSD) technique.

2. Experimental details

2.1 Property and microstructure characterization

Ti6Al4V titanium alloy sheet with a thickness of 1.5 mm was supplied by AVIC Beijing
Aeronautical Manufacturing Technology Research Institute. Dog-bone shaped tensile specimens were

fabricated according to Fig.1.
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Fig. 1 Specimen geometry for the uniaxial tensile test.



A Gleeble 3800 thermo-mechanical testing machine was used to conduct uniaxial tensile tests at
elevated temperatures to characterize the properties of Ti6Al4V samples at a range of strain rates and
temperatures. Samples were heated at a rate of 2°C/s to the testing temperature and deformed
immediately. After failure, samples were cooled to room temperature with an average cooling rate of
40°C/s. Every test was performed at least twice to guarantee the repeatability. The Gleeble testing
machine used a resistance heating method. As a result, non-uniform temperature distribution along the
tensile direction was observed. Therefore, three K-type thermocouples were used to determine the
uniform temperature region. Based on the obtained results, the length of the uniform temperature
region was around 25 mm, which was assumed to be the effective gauge length. Hence deformation
measurements and microstructure observations were focused in this area. Two lines were marked on
the sample within the effective gauge area before the test, and the distance between the two lines
before and after test was measured respectively to calculate the elongation. During the tests,
thermocouples were welded in the center of the specimen to control and monitor the temperature. The
specimen was put between two stainless steel grips, which were positioned and clamped between the
Gleeble jaws. In order to obtain an accurate stress-strain curve, a C-Gauge transducer was used to
measure and record the width at the center of the specimen throughout the tensile test. The true strain
can be deduced by the width change and cross-sectional dimensions. The force was measured by a
load cell fixed to the static jaw of the Gleeble. The true stress was determined by the instantaneous
force and cross-sectional area. The required actuator stroke was set at each time increment of the test
to achieve the target strain rate. This was done by assuming an effective gauge length of 25 mm in the
specimen. The most critical data acquired and recorded during the tests included the C-Gauge readings
of the width and the load history. The true stress and strain could then be calculated using these values
and the initial dimensions of the specimen. The tensile test at room temperature was also performed
with Gleeble. The C-Gauge transducer was used to get the strain. The yield strength and Young
modulus were measured from the curves.

The Vickers hardness values of the specimens after the uniaxial tensile tests and hot stamping
forming were measured by means of a Zwick hardness tester at room temperature with 6
measurements per condition. Each hardness measurement was performed using a 10 kgf force and the
dwelling time of 10 seconds. The microstructure of investigated material was characterized by SEM
and EBSD. The samples for both SEM and EBSD characterization were prepared by conventional
metallographic procedures for titanium, which included hot mounting, grinding and polishing. After
the mounting, the sample was ground by a Struers® polishing machine using 600, 800, 1200 and 4000
SiC papers. The initial polishing was carried out using Metrep® Durasilk M cloth, 3um diamond
polishing solution and water based lubricant. The final polishing was performed using Metrep® MD-
Chem cloth and 0.04 um Colloidal Silica solution. Volume fraction of coexisting phases was

measured by ImageJ software.



2.2 Hot stamping of titanium alloy

To verify the feasibility of the proposed technology, forming tests were conducted on a 250
ton Instron press. The setup of facilities for hot stamping is presented in Fig .2. These tests were
conducted at a speed of 10 mm/s at room temperature and at heating temperatures ranging from 600 to
950°C. The specimen size was 90*8*1.5 mm. The heating and forming temperature was monitored by
welding a thermocouple wire on the specimen. Once the temperature of the specimen was stable, it
was removed from the furnace, transferred to the forming tool and formed immediately by cold dies.
The transfer time from the furnace to the cold die was controlled to be around 3s. The formed
specimen was held for 5 s within the die. Then the formed specimen was removed from the stamping
tool to allow further cooling in air to room temperature.

Top Gas Topdie Guiding
Springs plate springs set  pillars

s

Furnace

Bottom die Gas Middle Bottom
set springs plate plate

Fig.2 Setup of facilities for hot stamping experiment.

3. Results

3.1 Initial material

The tensile test results for the as-received titanium alloy Ti6Al4V at room temperature is
shown in Fig. 3. The results show an ultimate tensile stress for the tested material of 1120 MPa, a
yield strength of 850 MPa and Young’s modulus of 97 GPa. The hardness of the as-received material
was measured to be 360HV10.
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Fig.3 Stress - strain curve obtained for as received material at the room temperature.

A microstructural investigation of the as-received material was performed on the SEM using
Backscattered Electron (BSE) mode. The initial microstructure is presented in Fig. 4. The

microstructure of the investigated titanium alloy contains the a-phase matrix and small particles of f3-
phase.
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Fig.4 SEM microstructure images of the as-received material.
3.2 Flow behaviour of Ti6AI4V alloy

To investigate the formability of Ti6Al4V alloy, tensile tests were performed under a range of
temperatures (600 - 900°C) with a strain rate of 1s™ (Fig. 5). It was observed that the temperature has
a great influence on the elongation. In the range of temperatures from 600 to 700°C, there is little
change in elongation. However, for temperatures greater than 700°C, the elongation increased
dramatically from 30% at 750°C to 60% at 900°C as shown in Fig. 6. At elevated temperatures, high
dislocation mobility led to an increase in ductility (Fig. 6). It should be mentioned that in the range of
temperatures from 600 - 700°C, strain hardening occurs. At 600°C significant strain hardening is
observed, leading to an UTS of 600 MPa. At 750°C and higher temperatures, the flow stress curve
became flat due to the occurrence of materials softening, indicating that the deformation mechanisms
vary with the deformation temperature.
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Fig.5 Stress - strain curves obtained for Ti6Al4V samples at the range of 600 - 900°C with a constant
strain rate of 1 s™.
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Fig.6 Ductility obtained for Ti6Al4V samples at the range of 600 - 900°C.

It can be concluded from the above tensile test results that the material exhibits good ductility
at temperatures greater than 700°C. However as the strain rate during actual forming is not constant,
the material behaviour was studied through tensile tests conducted at temperatures ranging from 750 to
850°C, and strain rates ranging from 0.1 s to 5 s™. Fig. 7 presents the stress-strain curves of the initial
material under different test conditions. The ductility of the investigated material increased with
increasing temperature and decreasing strain rate from 0.2 at 750°C (strain rate of 5s™) to 0.3 at strain
rate of 0.1s™ and from 0.4 at 850°C (strain rate of to 5s™) to 0.47 at strain rate of 0.1s™. Peak stress
decreased with temperature increase and strain rate decrease from 445 MPa at 750°C to 200 MPa at
850°C. Material softening during the hot deformation process was observed, and it was found that the
softening rate increased with decreasing strain rate. It could be observed that the investigated material
was strongly strain rate sensitive. This phenomenon is related to the dislocation mobility and atom

diffusion at higher temperatures and lower strain rate resulting in larger elongation and lower stress.
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Fig.7 Ti6AI4V stress - strain curves obtained by tensile test at different strain rate conditions for
temperatures of 750°C (a), 800°C (b) and 850°C (c).

3.3 Properties and microstructure after deformation

Following tensile testing, the hardness distribution of all specimens was evaluated. A
microstructural investigation of specimens was performed on a SEM using BSE mode. The
distribution of Vickers hardness of samples following deformation at a strain rate of 1 s for different
temperatures is shown in Fig. 8, and the corresponding microstructure and fraction of various phases
are presented in Fig. 9 and Fig. 10 respectively. It can be seen that the hardness of the material
decreased at first and then increased with increasing temperature. The microstructure of the
investigated material showed limited change after tensile testing at temperatures of 600 and 650°C.
The dimension of the B-phase particles and their content in the whole volume of the material were
almost the same in comparison to the initial microstructure (Fig. 9 a-b, Fig. 10). This may be because
the temperature was too low to initiate phase transformation. However, increased dynamic recovery
occurred at higher temperature with the consumption of more dislocations, and as a result the hardness
and flow stress began to decrease gradually with the increasing temperature before 750°C. When the
temperature was greater than 750°C, both the content and size of B-phase increased with increasing
temperature (Fig. 9 d-f, Fig. 10) which caused material softening during the tensile tests. Both phase
transformation and recovery reduced the dislocation density resulting in a reduction in material’s
strength and a simultaneous increase in elongation [24]. When the sample was cooled after tensile

tests, transformed beta phase and o' (secondary o) formed during the cooling process which could
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improve the hardness of the material at room temperature. The fraction of transformed beta increased
with temperature, resulting in the simultaneous increase in hardness [25]. It is worth noting that
dynamic recrystallization of a grains may also occur during the deformation, which could refine the
microstructure and improve the hardness [26].
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Fig.8 Evolution of Vickers hardness of tensile tested samples conducted at different temperatures.

Fig.9 SEM microstructure images of the Ti6Al4V samples tested at 600°C (a), 650°C (b), 750°C (c),
800°C (d), 850°C (e) and 900°C (f).
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Fig.10 Volume fraction of o and B phase during the tensile test at different temperatures.

3.5 Hot stamping of titanium alloy

From the above tensile tests, it can be found that the Ti6Al4V alloy has a good formability at
elevated temperature even with a high strain rate and the deformation conditions have a huge impact
on the material properties. In order to further verify the feasibility of the hot stamping of titanium
alloys and determine the processing windows, forming tests were conducted. The hot stamping of
titanium alloy includes three main steps: heating, transfer, and simultaneously forming and quenching
as shown in Fig. 11. During the whole forming process, temperature is one of the most important
parameters, which will affect not only the formability of the material but also the post-form properties
of the formed part. Therefore, a thermocouple wire was welded on the sidewall of the specimen to
monitor the temperature evolution during the whole process. Fig. 12a presents the typical temperature
history of one sample. The sample was heated to 850°C and then soaked until the temperature became
stable. The total time for heating and soaking was approximately 180 s. Subsequently, it was
transferred from the furnace to forming tool, formed immediately by cold dies and quenched. During
the transfer, the actual temperature of the sample reduced from 850°C to approximately 700°C just
before forming. During forming the temperature rapidly dropped to approximately 350°C and then
gradually decreased to room temperature. Fig. 12b shows the load and displacement information
during the forming process. The displacement curve could be divided into two parts: forming and
holding. In the forming part, the press moved at a constant speed of 10 mm/s, but the load curve
represented different characteristics. Before the punch contacted with the sample, the movement of the
press would compress the gas spring in the dies, which led to the slow increase of load to around 10
KN. After the punch contacted with the sample, the load increased dramatically as the sample was
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deformed within cold dies. After displacement reached its maximum value, the sample was held for 5
seconds within the forming tools.
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Quick transfer '

Gas Gas
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Heating Positioning Forming & quenching Forming & quenching
Stage I Stage IT

Fig. 11 Schematic of the forming process during heating of the sample (a), at the positioning stage (b),
during forming (c) and at the final stage (d).
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Fig. 12 Evolution of temperature (a) and load/displacement (b) during forming process.

Fig. 13 shows the cross-section of the formed parts using cold forming tools at different
temperatures. Titanium features have been formed with heating temperatures ranging from 600 to
950°C (Fig. 13b-f) since room temperature forming led to the fracture of the sample into several
pieces (Fig. 13a). A qualified part could only be formed between heating temperatures ranging from
750 to 850°C with sample heated to 600°C and formed, displaying cracks on the surface indicating
that forming temperature was too low to form the component (Fig. 14a). Obvious cracks (Fig. 14b)
were also observed in parts heated to 900°C and formed. When the heating temperature was increased
to 950°C, the forming also failed due to the occurrence of cracking (Fig. 13f). This tendency is
different to the uniaxial tensile tests, where the elongation increased with increasing temperature.

During the tensile tests, the sample was deformed under isothermal condition, whereas the temperature
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reduced significantly during the transfer and forming stages of hot stamping. The formability of the
material is determined by its microstructure under certain conditions, therefore one can infer that the
crack and failure that occurred at 900 and 950°C was caused by the temperature dropping and the
corresponding microstructure alteration. The detailed explanation of this can be found in Section 3.6.

a) b)

10mm

10mm

—

Fig. 13 View of part formed at room temperature (a), and heating temperatures of 600°C (b), 750°C
(c), 850°C (d), 900°C (e) and 950°C (f).

Fig. 14 View of cracks of parts formed at heating temperature of 600°C (a) and 900°C (b).

3.6 Post-form properties of the formed parts under hot stamping conditions

Hardness tests were conducted on the formed parts to evaluate the post-form properties of the
as-formed part, and the results are shown in Fig. 15. The microstructure of the formed parts and the
fraction of different phases are shown in Fig. 16 and Fig. 17, respectively. It can be seen that the
hardness values increased from 341HV10 at 750°C to 392HV10 at 950°C (Fig. 15) due to phase
transformation (Fig. 16 , Fig. 17), which is in good agreement with the tensile test results (Fig. 9,Fig.
10). It could be observed that the microstructure of the formed part changed little after forming at
temperature of 600°C. The fraction of the B-phase in the whole volume of the material and the

dimension of its particles were almost the same as compared with the initial microstructure (Fig. 16,
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Fig. 17). When the heating temperature was increased, significant phase transformation occurred and
the content of B-phase increased dramatically from 6.7% at 600°C to 58% at 950°C as shown in Fig.
17.
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Fig. 15 Post-form strength of components formed at different heating temperatures

Fig. 16 SEM microstructure images of the Ti6Al4V samples formed at heating temperatures of 600°C
(@), 850°C (b), and 950°C (c).
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Fig. 17 Volume fraction of a and 3 phase during forming at different heating temperatures.
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During thermo-mechanical processing of metals, recovery, recrystallization and phase
transformation are three important microstructure evolution mechanisms. The SEM results above
revealed that obvious phase transformation took place when the temperature was greater than 750°C.
To further verify whether recrystallization occurred, Kernel Average Misorientation (KAM) map was
captured by EBSD as shown in Fig. 18, where the blue colour represents low values of misorientation
while the green colour represents large values. It can be observed that the average KAM values tended
to decrease with increasing heating temperature and the average grain size of o grains decreased first
(Fig. 18c) and then increased (Fig. 18d). The initial material (Fig. 18a) before the forming process
consisted of grains with relatively high KAM value. It indicates that the dislocation density of the
initial material was high [27]. When the forming temperature increased to 850°C (Fig. 18b), many fine
grains with low KAM value appeared, demonstrating the occurrence of recrystallization. At this stage,
the temperature was high enough to initiate the recrystallization nucleation. With the temperature
increasing to 900°C (Fig. 18c), recrystallization became more obvious, leading to grain refinement. At
the temperature of 950°C (Fig. 18d), secondary o precipitated in the B matrix and the equiaxed a
grains grew coarser. This is because significant phase transformation of o to p took place at 950°C,
which led to the secondary a phase precipitates during the cooling stage. The high temperature also
intensified the diffusion process and led to the merging of adjacent a grains [28], which resulted in the
noticeable increase of the a phase grain size. Both refinement of microstructure and transformed 8
phase could improve the hardness at room temperature. Therefore when the temperature was lower
than 900°C, the hardness increase may be caused by the recrystallization and phase transformation. At
950°C, the hardness increase was mainly caused by the phase transformation [16 - 17]. Both the
possible grain growth during heating and the transformed B formed during the stamping process
reduced the formability of the material, which led to the forming failure when the heating temperature
was greater than 900 °C.

0.0 1.0 2.0 3.0 4.0 5.0
Misorientation / Degree

Fig. 18 KAM maps of the material in the initial state (a) and after forming at different heating
temperatures: 850°C (b), 900°C (c) and 950°C.

4. Discussion

4.1 Microstructure evolution mechanisms of titanium alloys under hot stamping conditions
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One can find from both tensile and hot stamping test results that both the formability and post-
form properties varied greatly with the deformation conditions, indicating that deformation
mechanisms under different conditions may be different. Based on the obtained results, the
mechanisms for Ti6Al4V alloy under hot stamping conditions were summarized in Table 1.

At heating temperatures ranging from 600 to 700°C, work hardening was observed (Fig. 5)
during tensile tests, and the microstructure morphology changed little after deformation, indicating
that the main mechanism was recovery. At heating temperatures ranging from 750 to 900°C, work
hardening disappeared and material softening appeared during the tensile tests. After the deformation,
the fraction of p phase and post-form hardness increased with the temperature; recrystallization of «
grains was also observed, and therefore the main mechanism at this temperature range would be phase
transformation and recrystallization. When the heating temperature was greater than 900°C, significant
phase transformation of a to B and noticeable grain growth of a grains occurred, which increased the
post-form hardness and simultaneously reduced the formability of the material. Therefore, the main
mechanism at this temperature range would be phase transformation and- recrystallization. Similar

conclusions were also reported by Ning et al. [18].

Table 1 Microstructure evolution mechanisms for Ti6AI4V alloy under hot stamping conditions

Temperature (°C) 600 - 700 750 - 900 >900
. Phase transformation of a to p | Phase transformation of
Microstructure . . .
. Little change and recrystallization of o o to B and grain growth
morphology evolution . .
grains of a grains
Decrease with the . Increase with the
Post-form hardness Increase with the temperature
temperature temperature
. . Phase transformation and Phase transformation and
Main mechanisms Recovery L -
recrystallization recrystallization

4.2 Determination of processing windows for hot stamping of Ti6AI4V alloy

It can be seen from the hot stamping tests that the qualified part cannot be formed when the
heating temperature was lower than 750°C or higher than 850°C, but can be formed between 750°C
and 850°C as shown in Fig. 19, where green colour represents safe forming zone and the orange
colour represents dangerous forming zone. The formability of the material was determined by both
deformation conditions and the corresponding microstructure. Therefore it is very important to fully
understand the relationship between the forming process and microstructure evolution. The hot
stamping process is a non-isothermal forming process, and the temperature varied in different stages
as shown in Fig. 19. The heating temperature was higher than the temperature before forming due to

the temperature drop during the transfer. There would be microstructure evolution during the heating,
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soaking and transfer stages before forming. Hence the heating and soaking condition would determine
the microstructure before forming, and the heating temperature and temperature drop during transfer
would determine the initial forming temperature. The microstructures of the material at different
stages formed at heating temperatures of 850 and 950°C are shown in Fig. 19. It can be seen that
despite the considerable drop of temperature during manual transfer from furnace to forming tools
during the forming process, the microstructure changed little during the transfer. Moreover, the
microstructure of the material after heating and soaking was also very similar with that after forming,
even at the heating temperature of 950°C. It can be concluded that both formability and post-form
properties of the material were mainly determined by the heating temperature and soaking time.
Therefore both formability and post-form properties of the material could be tailored through the

control of the forming process and material microstructure.
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Fig. 19 Evolution of microstructure during the forming process at 850°C and 950°C.

Control of the phase transformation during heating and improving the forming temperature are
the two basic guidelines to further extend the processing window. The transformed B would impair the
ductility of the material, therefore in order to reduce the phase transformation during heating, a
reduction of soaking time should be considered. It will also prevent the precipitation of secondary o
phase within the structure, when the temperature will be great enough to initiate the phase
transformation. On the other hand, the formability of the material could also be improved by using
warm forming tools to reduce the temperature reduction during the forming process. It also should be

mentioned that at elevated temperatures, oxidation became an obvious problem. This phenomenon
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may also reduce the formability and increase the hardness of material during forming. In order to
prevent oxidation during the forming, the use of high quality oxidation resistant lubricant coating
should be considered.

5. Conclusions

In this study, the formability and microstructure evolution mechanisms during a novel hot
stamping process for titanium alloys using cold forming tools and a hot blank were investigated.
During uniaxial tensile tests, a satisfactory elongation of the material ranging from 30% to 60% was
achieved at temperatures ranging from 750 to 900°C. The main microstructure evolution mechanisms
during deformation were recovery, phase transformation and recrystallization. The hardness of the
material after deformation first decreased with the temperature due to recovery, and subsequently
increased due to the phase transformation. During the hot stamping tests, titanium parts were
successfully formed at heating temperatures ranging from 750 to 850°C. Forming at temperatures
lower than 750°C, failed due to limited ductility of the material. At heating temperatures above 900°C,
significant phase transformation occurred. During the following transfer and forming, temperature
reduction led to formation of transformed f, formability reduction and subsequent failure. The post-
form hardness distribution demonstrated the same tendency as that after uniaxial tensile test. The post-
form mechanical properties and microstructure were mainly determined by heating temperature and
soaking time, hence formability and post-form properties of the material could be tailored through the
adjustment of the forming process. In order to extend the processing window, measures such as
reduction of soaking time, use of warm forming tools and oxidation resistant lubricants during the hot

stamping process should be considered.
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