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Abstract High-pressure pneumatic forming (HPPF) is an in-
ternal high-pressure forming process at elevated temperatures,
which is based on quick plastic forming (QPF), hot metal gas
forming (HMGF) and hydroforming. In this study, the HPPF
experiments were performed on Ti-3Al-2.5V tubes using a
square cross-sectional die at higher pressure levels and lower
temperatures. The uniaxial tensile tests were carried out at
various temperatures and strain rates before the HPPF exper-
iments. The flow stress of Ti-3Al-2.5V tubes is evidently af-
fected by both temperature and strain rate. Because of this, the
corner radii all change linearly over time at the pressurization
stage but exponentially over time at the constant pressure
stage. The cooling effect of the inflow process on the tubes
results in temperature differences between the centre of the
straight wall areas and the corner areas of the tubes during
the inflow process. Adopting the lower pressurization rate
and filling regenerative materials into the tube are effective
methods for decreasing or eliminating the temperature
difference.
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1 Introduction

Titanium and its alloys have become very important commer-
cially over the past 50 years due to their low density, good
strength-to-weight ratio, excellent corrosion resistance and
good mechanical properties [1]. They have been widely used
in the fields of aerospace, chemical processing, marine and
offshore, transportation, medicine, etc. Plastic forming has
been the most applicable forming route for titanium compo-
nents, which cannot only reduce the cost due to machining but
also enhance the performance of the products [2]. However,
titanium alloys are often considered more difficult to form
than other metallic alloys, such as steel and aluminium, be-
cause of their high yield stress and low elastic modulus. As a
potential solution to counter the disadvantages mentioned
above, the use of elevated temperatures as a process parameter
in forming operations is suggested [3].

Huang et al. experimentally studied the quasi-static
(102 s7", 1072 s7") tensile behaviour of a CP-Ti plate at ele-
vated temperatures (25-700 °C) and found that the total elon-
gation presented a complex changing trend with the increase
oftemperature [4]. Tsao et al. studied the flow stress behaviour
of CP-Ti sheets by uniaxial warm tensile testing at tempera-
tures ranging from 350 to 500 °C and strain rates from 8.3 x
107 t0 5.0x107% s~'. They established a constitutive model
using the Fields-Backofen (FB) equation to describe the flow
stress behaviour [5]. Zhang et al. also established the consti-
tutive equations and revised the expression of strain hardening
exponent #, strain rate sensitivity parameter m and strength
coefficient K by studying the quasi-static tensile behaviour
of bent large diameter, thin-walled (LDTW) CP-Ti tubes [6].
Based on the research above, it can be concluded that sheet
metal forming of titanium at elevated temperatures is affected
by temperature and strain rate at the same time. In the high-
pressure pneumatic forming (HPPF) process of Ti-3Al-2.5V
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alloy, uniaxial tensile testing at elevated temperatures should
be done first to gain a fundamental understanding of formabil-
ity with respect to temperature and strain rate.

Hot forming processes are useful for improving the form-
ability of work pieces having low ductility at room tempera-
ture. As a hot forming process with huge potential, pneumatic
forming processes have been widely studied in the past
10 years. Luo et al. presented a novel SPF process utilizing
a mechanical preforming operation of SPF5083 alloy and ver-
ified that this process could deliver a superior thickness profile
as compared to conventional SPF [7]. Based on the two-stage
SPF process, Luckey Jr. et al. designed a preform die to im-
prove the thickness profile of SPF5083 alloy parts [8]. Luo
et al. also compared two-stage gas forming (TSGF) and hot
draw mechanical preforming (HDMP) to conventional SPF
when forming a SPF5083 alloy part and found that HDMP
could provide a superior thickness profile and faster forming
cycle than the other two processes [9]. Liu et al. combined
deep drawing and blow forming into one operation. Together
with a non-isothermal heating system, they successfully
formed Ti-6Al1-4V alloy sheets at 800 °C in 16 min [10].
Tang used hot-bend assisted gas forming (HBAGF) to fabri-
cate aluminium airplane strakelets with improved thickness
profiles [11]. Based on the research above, it can be seen that
blow preforming and mechanical preforming are effective
ways to improve thickness profiles in the pneumatic forming
process. Based on hot stamping and hydroforming processes,
a pneumatic forming process with higher pressure (usually
above 15 MPa) was developed for high-strength materials.
Neugebauer et al. used a pneumatic forming device with the
maximum pressure of 80 MPa to form 22MnB5 high-strength
steel tubes with integrated heat treatment [12]. Elsenheimer
et al. set up hot tube bulge test equipment with the maximum
pressure of 35 MPa to obtain stress-strain curves at elevated
temperatures [ 13]. Drossel developed a measuring instrument
to determine the gas temperature curve during pneumatic
forming processes and to analyse the influence of gaseous
medium with high pressure on the cooling process of work
pieces [14]. Liu et al. presented a HPPF process based on QPF,
HMGEF and hydroforming [15]. With the maximum pressure
of 30 MPa, they also successfully formed Ti-alloy compo-
nents with irregular cross-sections and square cross-sections
at 850 °C [15, 16].

In the present study, the HPPF process of Ti-alloy hollow
parts with square cross-sections was developed further at
higher pressure levels and temperatures ranging from 650 to
800 °C. The circumferential expansion ratio of the die cavity
was increased to 20 % to avoid the preforming process during
closing the die and the corner-filling behaviour could be stud-
ied better. The flow stress behaviour of Ti-3A1-2.5V tubes
were also studied using uniaxial tension tests at temperatures
ranging from 650 to 800 °C and strain rates ranging from
0.001 s~' to 0.1 s™". The effects of pressure loading path and
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temperature on corner-filling behaviour were investigated fur-
ther, and the corner-filling curves were fitted more accurately.
The influence of the inflow process of gaseous media with
high pressure on tube temperature was studied, which was
inspired by the work of Drossel et al. [14]. The corner-filling
time and thickness profiles of the fully formed tubular com-
ponents under different forming conditions were also
discussed.

2 Experimental details

2.1 High-pressure pneumatic forming system
and components

Based on the previous work of Liu et al. [15], the HPPF
system was further developed in this study. The system is
composed of a gas pressure generator unit, a gas pressure
management unit and an induction heating unit. The gas pres-
sure generator unit is able to apply a theoretical gas volume of
1x9 L with the maximum pressure of 70 MPa. The gas pres-
sure management unit applies a user-defined pressure versus
time relationship to form the tube and provides accurate pres-
sure control within +3 % of the target pressure. Laser displace-
ment sensors, thermocouples and a data acquisition module
for temperature are also embedded in the gas pressure man-
agement unit. Laser displacement sensors are used to monitor
and record the bulge height of the tube during the forming
process. Thermocouples and the data acquisition module for
temperature are used to monitor and record the die and tube
temperatures during the heating and forming processes. The
induction heating unit is able to heat the die to the forming
temperature rapidly and the induction coils were designed
according to the shape of the die.

The round-to-square die set was designed and
manufactured for the HPPF experiments. The pneumatic
forming process in the die cavity with circumferential expan-
sion ratio of 20 % was analysed in this study. The cross-
section of the die cavity is shown in Fig. 1, which is almost
the same size as the initial outside diameter of the tube. There
is no preforming process while closing the die, and this is a
typical cross-section for a corner-fill test in the internal high-
pressure forming process.

2.2 Uniaxial tensile tests at elevated temperatures

Ti-3A1-2.5V (ASTM Gr. 9) titanium alloy seamless tubes that
were 40 mm in outer diameter, 200 mm in length and 2 mm in
thickness were used in this study. The curved Ti-3Al-2.5V
tube specimens were designed and wire cut directly along
the longitudinal direction of the tube, as shown in Fig. 2.
The tensile tests were carried out on an Instron 1361 testing
machine at temperatures ranging from 650 to 800 °C. Three
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Fig.1 The cross-section of the die cavity with circumferential expansion
ratio of 20 %

nominal strain rates of 0.001, 0.01 and 0.1 s ' were applied
between 650 and 800 °C at intervals of 50 °C. For accuracy
and repeatability, the tensile tests were repeated at least twice
at each condition. To get a homogenous temperature distribu-
tion, three thermocouples were used and attached to the top
side, central part and bottom side of the gauge. Prior to testing,
all specimens were polished to remove any major scratches in
order to prevent fractures at undesired locations, and oxidation
was prevented by painting water glass (sodium silicate) on the
specimens. Under constant temperatures, the specimens were
stretched to failure, and then the engineering stress-strain re-
lations were obtained.

2.3 High-pressure pneumatic forming

HPPF experiments were carried out at various temperatures
and pressure loading paths. Boron nitride was chosen as the
lubricant during the HPPF experiments. It was also sprayed on
the inner surface of the tube to prevent oxidation. In order to
investigate the effects of forming pressure on the corner-filling

behaviour at relatively lower temperatures, four different pres-
sure loading paths were used in HPPF experiments at 700 °C,
which were programmed into the gas pressure management
unit. The gas pressure would hold constant as soon as it
reached the designated value, and the total forming time was
within 300 s. HPPF experiments were also carried out at var-
ious temperatures to further explore corner-filling behaviour.
Using the same defined pressurization profiles, the corner was
formed, respectively, at temperatures of 650, 700, 750 and
800 °C. The forming times were within 300 s. During the
HPPF experiments, A KEYENCE laser displacement sensor
was used to measure the displacement of the horizontal corner
of the square zone in real time, as shown in Fig. 3. The data
recorded was used to calculate the horizontal corner radius in
real time. During the corner-filling process, the instantaneous
radius and displacement of the corner can be expressed as
Eq. 1.

F=R+0414AL (1)

where r is the instantaneous radius of the corner, R is the
radius of the die and AL is the instantaneous displacement of
the corner.

In order to investigate the effect of the inflowing gas on the
tube temperature, the temperature at the centre of the horizon-
tal corner was measured and recorded during the pneumatic
forming process. This is because corner area came into contact
with die cavity finally and it was convenient to insert the
thermocouple in the horizontal direction. At the same time,
the temperature at the straight wall area of the die cavity was
measured and recorded because the tube would come into
contact with the straight wall area first and the temperature
would be in accordance with the die’s temperature immediate-
ly. The temperature-measuring method is also shown in Fig. 3.
In this case, two calibrated, type K thermocouples from
Omega Engineering Inc. with diameters of 0.5 mm were used.
It was very hard to spot-weld the thermocouple onto the tita-
nium tube tightly, and the thermocouple failed away from the
tube easily during the HPPF process, so a compressed spring
force (F;) was applied to the thermocouple for measuring the
tube temperature to keep it in contact with the tube during the
pneumatic forming process. The other thermocouple was
placed within the die 2 mm from the middle area of the straight
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Fig. 3 Illustration of the measuring method for displacement and
temperature

wall. A data acquisition module with eight differential chan-
nels from Omega Engineering Inc. was used to record the
temperature data. The acquisition frequency was 10 Hz.
Based on the preparation above, two pressure loading paths
with different pressurization rates were used in the HPPF ex-
periments at 700 °C. The gas pressure would hold constant as
soon as it reached the designated value, and it would not be
released until the tube came into total contact with the die
cavity. Tubes filled with ceramic balls of @ 8 mm were also
bulged with the same pressure loading paths as comparisons.

3 Results and discussion
3.1 Tensile behaviour of Ti-3Al-2.5V alloy tube

Figure 4 shows the true stress-strain curves of Ti-3Al-2.5V
alloy tubes from the tensile tests at temperatures ranging from
650 to 800 °C and strain rates of 10_3, 102and 10 's ' Itcan
be seen that both temperature and strain rate have pronounced
effects on the flow stress of Ti-3Al-2.5V alloy tubes. As ex-
pected, the flow stress decreases with increasing temperatures
and decreasing strain rates. At 650 °C and under a strain rate
of 10" s, the flow curve exhibits the power-law constitutive
relation obviously until peak stress is reached, at which level a
softening region leading to fracture is observed [17]. At
800 °C and under a strain rate of 107> s !, the flow curve
has a slight drop when the strain is increased through thermal
softening [6]. A lower hardening effect and a longer softening
region leading to fracture were noted when testing at a higher
temperature and a lower strain rate. The results indicate that
dynamic recovery and dynamic recrystallization occurred dur-
ing testing. The flow behaviour variations at different defor-
mation conditions are most likely related to the hardening and
softening mechanisms. An increase in the strain rate will in-
crease the dislocation generation rate and the accumulation
rate. However, an increase in temperature will increase the
dislocation annihilation rate [5, 17].
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Fig. 4 True stress-strain curves of Ti-3Al-2.5V alloy tubes at various
temperatures and strain rates a & =10 s ', b e =102 s ' and ¢ &
=10"s™"

The effects of temperature and strain rate on fracture elon-
gation are shown in Fig. 5. The results indicate that the frac-
ture elongations of Ti-3Al-2.5V alloy tubes show increasing
tendencies with increasing temperatures and decreasing strain
rates. The minimum facture elongation is 43.6 % at the
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Fig. 5 Effects of temperature and strain rate on fracture elongation

temperature of 650 °C and strain rate of 10" s~ '. The maxi-
mum fracture elongation can reach 330.4 % at the temperature
of 800 °C and strain rate of 10> s, which is most likely the
result of dynamic recrystallization. In addition, at the temper-
ature range of 700 to 800 °C, fracture elongation is still above
70 %, even at strain rates of up to 10" s, This indicates that
this strain rate is suitable for the HPPF process of Ti-3Al-2.5V
alloy tubes at temperatures below 800 °C.

The work-hardening exponent (n value) and the strain rate
sensitivity exponent (m value) are not constant, varying main-
ly with temperature and strain rate, which are very important
parameters influencing the formability of metal tubes. Based
on the experimental true stress-strain data, the values of m and
n were calculated according to the method Tsao et al. adopted
[5]. As shown in Fig. 6, the work-hardening coefficient (n
value) increases as the strain rate increases due to an increase
of dislocation density and dislocation multiplication rate. In
comparison, it decreases as the temperature increases due to
an increase of shifts at boundaries for the nucleation, disloca-
tion disappearance and the growth of DRX grains [5]. For the
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Fig. 6 Variations of n value with temperature at various strain rates and m
value with temperatures

strain rate sensitivity exponent (m value), it generally in-
creases as the temperature increases due to higher flowability
and lower dynamic yield stress resulting from more DRX.

3.2 Corner-filling behaviour under various pressure
loading paths and temperatures

Based on the further developed HPPF system, the pressure
loading path can be controlled more precisely and recorded
at the same time during the pneumatic forming process. As
shown in Fig. 7a, the pressure loading paths with four different
pressurization rates were recorded during the HPPF process at
700 °C. The pressurization rates were 1.5, 2.5, 3.5 and
4.5 MPa s ', respectively. The forming time of 300 s was
divided into a pressurization time of 10 s and a constant pres-
sure holding time 0f 290 s. From the recorded results, it can be
concluded that the pressure can be controlled within +3 % of
the target pressure.

Table 1 shows the corner radii of the tubular components
formed under various pressure loading paths at 700 °C. It can
be seen that the corner radius is smaller at higher pressure
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Fig. 7 a Pressure loading paths with four pressurization rates and b
corner-filling curves under various pressure loading paths at 700 °C
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Table 1  Corner radii under various pressure loading paths at 700 °C 24 | (a) 0-10s
Temperature (°C) Time (s) Pressurization rate  Corner radius (mm) 2 -
(MPas™")
700 300 1.5 17.5 B
700 300 25 11 =
700 300 35 7 £
700 300 45 6 s |
g 12} —o— 1.5MPa/s
© —0— 2.5MPa/s
levels. The corner-filling process is shown in Fig. 7b. It indi- 10 | —A— 3.5MPals
cates that the corner radius changes faster at higher pressure sl 4.5MPas
levels, and this result is similar to our previous work at 850 °C L
[15]. As is generally known, forming smaller corners requires 6 0 é :1 é é 10
higher pressures in conventional hydroforming processes at Time t(s)
room temperature. When the pressure reaches a certain value 24
and holds constant, the corner radius will also be constant with (b) 10-300s -0 15MPa
a certain value, and the corner-filling process will stop. Only =4 @ 25MPa
the work-hardening effect affects the corner-filling process at 20 e i ;i’g:
room temperature. However, it is very different at elevated T e SO
temperatures because the work-hardening effect and strain § ) M
rate sensitivity affect the corner-filling process at the same 8 185
time. When the pressure reaches a certain value and holds Y
constant, the corner radius gets smaller and smaller. From ?E' 15
the analysis of tensile behaviour of Ti-3Al-2.5V alloy tubes S »
above, the flow stress decreases as the strain rate decreases at 10 N
700 °C, the work-hardening exponent (n value) ranges from sl - \\M
0.05 to 0.16, and the strain rate sensitivity exponent (m value) r S S —
is 0.13 under strain rates ranging from 10" s™' to 1072 s/, g 310 ‘ 6.0 ’ 910 ‘ 150 'TEE'T&) ' 2110 ‘ 241,0 ‘ 2;0 300

which is evidence for the inference above.

According to the pressure loading paths, the corner-filling
curves were divided into two stages: the pressurization stage,
which lasted 10 s, and the constant pressure stage, which
lasted 290 s. Curve fitting was conducted during the two
stages to understand the effect of different pressure loading
paths on the corner-filling behaviour better. After many at-
tempts, it was found that the pressurization stages all fit into
linear curves very well, and the constant pressure stages all fit
into exponential curves very well. The fitted curves are shown
in Fig. 8. The linear curves can be expressed as Eq. 2.

r=A+ Bt (2)

where r is the corner radius, 7 is the forming time and 4 and B
are coefficients, which are listed in Table 2. The exponential
curves can be expressed as Eq. 3.

r=Ce"+E (3)

where 7 is the corner radius, ¢ is the forming time and C, D and
E are coefficients, which are listed in Table 3. It can be seen
that the corner radius got smaller and smaller at a constant
filling rate during the pressurization stage and the filling rate
was higher at higher pressurization rates. However, the filling
rate decreased obviously as the corner radius got smaller
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Fig. 8 Fitted comer-filling curves under various pressure loading paths
and at 700 °C a pressurization stage and b constant pressure stage

during the constant pressure stage. As a corner radius gets
smaller, it needs higher pressures to keep the filling rate stable.
Even if the pressure holds constant, the strain rate will get
lower to decrease the flow stress because of the strain rate
sensitivity at elevated temperatures, and the corner will con-
tinue changing at a lower filling rate.

In order to investigate the effect of temperature on corner-
filling behaviour further, the corner was formed, respectively,
at temperatures of 650, 700, 750 and 800 °C, and the forming
time was within 300 s. The same pressure loading path with
the pressurization rate of 2.5 MPa s~' was used at various
temperatures. As shown in Fig. 9a, the repeatability of the
same pressure loading path is satisfactory, and the pressure
can be controlled within +3 % of the target pressure.

Table 4 shows the corner radii of the tubular components
formed at various temperatures, and Fig. 9b shows the corner-
filling process. It can be seen that the filling rate is faster and
the minimum corner radius is smaller at higher temperatures
when using the same pressure loading path. Corner filling is
easier because of decreased flow stress and weakened work-
hardening effect at higher temperatures, which can be seen in
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Table 2 The fitted results of pressurization stage at 700 °C

Pressurization rate (MPa s ') COFA COF B Fitting precision (%)

1.5 2003  -0.02  98.57
2.5 2042  -0.17  92.66
35 2076  -039  97.51
4.5 21.12 -0.82  99.20

Figs. 4 and 6 above. It can also be seen that the corner-filling
process does not stop at 650 °C when the pressure reaches
25 MPa and holds constant. This indicates that strain rate
sensitivity starts to affect corner filling at 650 °C. The strain
rate sensitivity exponent (m value) of 0.08, as shown in Fig. 6,
is also evidence for this inference.

According to the pressure loading path, the corner-filling
curves could also be divided into two stages: a pressurization
stage of 10 s and a constant pressure stage of 290 s. In the same
way, the two stages of the curves were fitted, respectively, to
better understand the effect of temperature on corner-filling
behaviour. It was also found that the pressurization stages all
fit into linear curves very well, and the constant pressure stages
all fit into exponential curves very well. The fitted curves are
shown in Fig. 10. The linear curves can be expressed as Eq. 4.

r=A4+ Bt 4)

where 7 is corner radius, ¢ is forming time and 4 and B are
coefficients, which are listed in Table 5. The exponential curves
can be expressed as Eq. 5.

r=Ce" +E (5)

where 7 is corer radius, 7 is forming time and C, D and E are
coefficients, which are listed in Table 6. It can be seen that the
corner radius got smaller and smaller at a constant filling rate
during the pressurization stage and the filling rate was higher at
a higher temperature.

During corner-filling process under various pressure load-
ing paths and temperatures, the corner radius changed linearly
over time during the pressurization stage (the pressurization
rate was constant), but it changed exponentially over time
during the constant pressure stage. The regularity of corner-
filling behaviour in the HPPF process is obvious, but the fill-
ing behaviour itself is complicated because the work-
hardening effect and strain rate sensitivity affect this

50
| @) ——650C
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40 | ——750C
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30 |, t=10s
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1 A 1 n 1 L 1 " 1
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L (b) —650C

Corner radius r(mm)
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Fig. 9 a Pressure loading paths at various temperatures and with the

same pressurization rate and b corner-filling curves at various
temperatures

behaviour at the same time during pneumatic forming at ele-
vated temperatures. The high-pressure inflow process of gas-
eous medium also affects the behaviour because it can affect
the temperature of the tube. This will be discussed further in
section 3.3.

3.3 The influence of gaseous medium with high pressure
on tube temperature

The high level of turbulence of inflowing gas causes the av-
erage heat transfer coefficient between the active medium and
the work piece to be large enough. This should not be

Table 3 The fitted results of

constant pressure stage at 700 °C Constant pressure (MPa) COF C COF D COFE Fitting precision (%)
15 3.71 —0.004 16.32 99.89
25 7.87 —0.009 10.57 99.54
35 10.06 -0.013 6.83 99.31
45 7.86 -0.021 5.99 99.01

@ Springer



876

Int J Adv Manuf Technol (2016) 85:869-879

Table 4  Corner radii at various temperatures in 300 s

Temperature (°C) Time (s) Pressurization rate  Corner radius (mm)

Table 5 The fitted results of pressurization stage at various
temperatures

(MPas™") Temperature (°C) COF A COF B Fitting precision (%)
650 300 25 15.5 650 20.07 —0.04 97.06
700 300 25 11 700 20.42 -0.17 92.66
750 300 25 6.2 750 20.55 —0.31 97.03
800 300 2.5 6 800 21.26 —0.68 97.39

neglected during the HPPF process in spite of gas’ low ther-
mal conductivity [14]. In our previous work about the HPPF
process of Ti-3Al-2.5V alloy parts with square cross-sections
[15], there was a preforming process during the closing of the
die because of the mere 10 % circumferential expansion ratio.
After preforming, the tube significantly came into contact with
the die cavity, and the cooling effect of the inflowing gas on
the tube could be ignored because of the strong heat conduc-
tion between the tube and the isothermal die. In this study,
however, the situation was very different. The circumferential
expansion ratio increased to 20 %, and no preforming process

24
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E 18
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= 16
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=
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Time t(s)
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Time t(s)

Fig. 10 Fitted corner-filling curves at various temperatures a
pressurization stage and b constant pressure stage
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would occur during the closing of the die. There was only line
contact between the die cavity and tube, as shown in Fig. 1.
Without the strong heat conduction at the beginning, the
inflowing high-pressure gas would influence the tube temper-
ature during the pneumatic forming process.

During the gas bulge forming process, the tube came into
contact with the straight wall area of die cavity first, and the
tube temperature in this area became consistent with the die
temperature immediately due to the strong and direct heat
conduction between the tube and die. Therefore, the tempera-
ture at the straight wall area of the die cavity corresponded to
the temperature at the straight wall area of tubular component.
Actually, the temperatures of two typical points on the tubular
component can be measured accurately based on the two ther-
mocouples and the measuring method we adopted, viz the
temperature at the centre of straight wall area and the temper-
ature at the centre of corner area.

The results of the recorded temperature measurements and
pressure loading paths are shown in Fig. 11, where T} refers to
the temperature at the centre of straight wall area and T, refers
to the temperature at the centre of the corner area. As shown in
Fig. 11a, when the gas flowed into the tube at a pressurization
rate 0f 0.194 MPa s~ (with a 180 s pressure build-up time), 7,
descended from 700 °C immediately, but 7; almost held con-
stant. This is because the direct contact with the straight wall
centre of the die cavity at the beginning and the strong heat
conduction at this point counteracted the cooling effect of the
inflowing gas. A temperature difference between the centre of
the straight wall area and the corner area occurred, and the
maximum value could reach 9 °C. With a very long pressure
build-up time, the pressure presented a stair pattern of contin-
vously rising, and 0.194 MPa s~ ' was an average pressuriza-
tion rate. At the same time, the isothermal die heated the tube

Table 6 The fitted results of constant pressure stage at various
temperatures

Temperature (°C) COFC COFD COF E Fitting precision (%)
650 6.82 —0.003 1291 99.95
700 7.87 —0.009 10.57  99.54
750 1270  -0.018 6.16 99.89
800 1497  -0.061 5.81 99.96
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continuously. Combined with the two effects, 7, undulated
during the inflow process and reached agreement with 7 at
the beginning of the constant pressure stage. However, when
the gas flowed into the tube at a pressurization rate of
3.5 MPas ' (with a 10-s pressure build-up time), the cooling
effect of the inflowing gas became much more obvious, and
even T descended slightly. The maximum temperature differ-
ence between the centre of the straight wall area and the corner
area could reach 19 °C. This is shown in Fig. 11b. At the end of
pressurization stage, 7;. descended to the minimum value, and it
reached agreement with 7, during the constant pressure stage.
Inspired by the high-temperature air combustion technolo-
gy, which adopted regenerative materials to preheat the air or
gas fuel to a specific temperature previous to fuel combustion
[18], the regenerative ceramic balls were filled into the tube to
heat the inflowing gas. This method could also reduce the gas
volume required to reach equal pressure. As expected, when
the gas flowed into the tube at a pressurization rate of
0.194 MPa s ' (with a 180-s pressure build-up time), the 7,
and T; of the tube filled with ceramic balls both held constant.
This is shown in Fig. 11c. Even when the gas flowed into the
tube at a pressurization rate of 3.5 MPa s~ ' (with a 10-s pres-
sure build-up time), the T of the tube filled with ceramic balls
only descended a little, and the difference between 7, and T
was within 3 °C, which could be ignored and considered to be
isothermal. This is shown in Fig. 11d. When the die was heat-
ed up to 700 °C, the frequency of the induction heating unit
had to be adjusted intermittently to keep the die temperature
constant. The control accuracy was =5 °C. Because of this, it
was found that the temperature curves fluctuated slowly, ex-
cept for the sharp fluctuation caused by inflowing gas, as

Time t(s)

shown in Fig. 11. Reaching the same constant pressure, the
temperature difference is larger with a higher pressurization
rate, and filling the tube with ceramic balls is an effective way
to decrease or even eliminate the difference.

The corner-filling curves corresponding to the four forming
conditions in Fig. 11 are shown in Fig. 12. The cross-section
of the hollow part formed at a pressurization rate of
3.5 MPa's ' with no ceramic balls is shown in Fig. 13. With
no ceramic balls filled in the tube, the corner-filling process
was faster with higher pressurization rates. It took 400 s to
fully form the corner at 3.5 MPa s ', but it took 550 s at
0.194 MPa s'. The shapes of the corner-filling curves when
the tubes were filled with ceramic balls were similar to the
shapes of those formed with nothing in the tube, but the filling

24
—— 0.194MPa/s-35MPa, none
22 —— 3.5MPa/s-35MPa, none
56 0.194MPa/s-35MPa, ceramic balls

| 3.5MPa/s-35MPa, ceramic balls
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14 I

t=290s t=400s t=460s t=550s

Corner radius r(mm)
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6 — .t >
0 100 150 200 250 300 350 400 450 500 550 600

50

Time t(s)

Fig. 12 Corner-filling curves under four forming conditions
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Fig. 13 The cross-section of the hollow part fully formed with the

pressurization rate of 3.5 MPa s ' and no ceramic balls

time was shorter. It took 290 s to fully form the corner at
3.5MPas ' and 460 s at 0.194 MPa s . In the gas forming
process at elevated temperature, the strain rate is higher with
higher pressure, so the forming time required is shorter. With
higher pressurization rate, the pressure is higher at the same
time, as shown in Fig. 11, so the strain rate is higher and the
time required is shorter.

In Fig. 11a, it can be seen that the circular temperature
difference between the centre of the straight wall area and
the corner area came into being immediately as the gas flowed
into the tube, and it lasted for 115 s. During this time period,
the corner radius decreased from 20 to 16 mm, as shown in
Fig. 12. Because of this, there was a non-isothermal stage
(corner radius decreasing from 20 to 16 mm) during the whole
corner-filling process. The same situation can be seen in
Figs. 11b and 12, where the circular temperature difference
lasted for 37 s and the corner radius decreased from 20 to
12 mm. With no ceramic balls filled in the tube, the cooling
effect of the inflowing gas is obvious, even with a very slow
pressurization rate. However, with ceramic balls filled in the
tube, the cooling effect of the inflowing gas could be elimi-
nated in this study, and the whole corner-filling process was
isothermal. With the same pressurization profile, the flow
stress is larger and strain rate is lower at lower temperatures.
This is why the isothermal corner-filling process is faster than
the non-isothermal corner-filling process.

The thickness profiles of the tubular components corre-
sponding to the four forming conditions in Fig. 11 were also
analysed, as shown in Fig. 14. Considering the symmetry of
the die cavity with a square cross-section, an eighth of the
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Fig. 14 Thickness profiles under four forming conditions

component was analysed. With no ceramic balls filled in the
tube, deformation at the straight wall area was found to be
larger than that at the corner area. This was caused by temper-
ature difference between the centre of the straight wall area
and the corner area during the HPPF process. At 3.5 MPas ',
the maximum thinning ratio was 22.8 %, and it occurred close
to the centre of straight wall area. The minimum thinning ratio
was 13.3 % and it occurred close to the centre of corner area.
At 0.194 MPa s ', however, the thickness uniformity was
improved to a certain degree. The maximum and minimum
thinning ratios were 19.5 and 15.2 %, respectively.
Furthermore, the position where the maximum thinning ratio
occurred shifted to the transition point between the centre of
the straight wall area and the corner area to a certain degree.
This is very different from hydroforming at room temperature,
in which the maximum thinning ratio usually occurs close to
the transition point between the centre of the straight wall area
and the corner area [19]. The non-isothermal stage resulted in
this case. During this stage, the straight wall area deformed
more easily because of the higher temperature. Lower strain
rates, smaller friction forces and smaller temperature differ-
ences at lower pressurization rates could provide more uni-
form thickness profiles.

With ceramic balls filled in the tube, the whole process was
isothermal, and the thickness profile was similar to that of
hydroforming at room temperature. At 3.5 MPa's ', the max-
imum thinning ratio was 20.6 %, and it occurred close to the
transition point; the minimum thinning ratio was 13.3 %, and
it occurred close to the centre of straight wall area. At
0.194 MPa s, the thickness uniformity was improved slight-
ly. The maximum and minimum thinning ratios were 19.9 and
15.7 %, respectively. This case was caused by lower strain
rates and smaller friction forces at lower pressurization rates
[15, 20]. With the same pressure loading path to eliminate the
influence of friction force, it was also found that temperature
difference affects the thickness profile significantly, which can
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be seen by comparing the thickness profiles of tubes formed in
isothermal and non-isothermal conditions. Adopting a lower
pressurization rate is effective for improving thickness unifor-
mity, especially in the pneumatic forming process with no
regenerative materials in the tube. Filling regenerative mate-
rials into the tube was found to be an effective way of decreas-
ing or eliminating temperature differences.

4 Conclusions

The HPPF system was further developed based on previous
work. The results of HPPF experiments indicate that this sys-
tem can provide accurate pressure control within +3 % of the
target pressure.

The flow stress of Ti-3Al-2.5V tubes decreases with the
decrease of strain rate and the increase of deformation temper-
ature at elevated temperature. The fracture elongation is above
70 % even at strain rates of up to 10" s! at 700 °C, which
indicates that it is suitable for the HPPF process of Ti-3Al-
2.5V alloy tubes at temperatures below 800 °C.

Based on the accurate pressure control, the corner-filling
process can be divided into pressurization stage and constant
pressure stage. Under various pressure loading paths and tem-
peratures, the corner radii all change linearly over time during
the pressurization stage, but they change exponentially over
time during the constant pressure stage.

During the HPPF process, the cooling effect of inflow gas
on the tube is obvious. Because the straight wall area of the
part comes into contact with the die first, there is temperature
difference between the centre of the straight wall area and the
corner area during the inflow process. Because of this, defor-
mation at the straight wall area is greater than that at the corner
area. Adopting the lower pressurization rate and filling regen-
erative materials into the tube are effective for decreasing or
eliminating the temperature difference.
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