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Abstract In order to investigate the deforming behavior of
the tubular components with a large expansion ratio fabricated
by tube gas forming technique, the Ti-3Al-2.5 V tubular com-
ponents with 50 % expansion ratio were studied under the
forming conditions of internal pressure and axial feeding at
800 °C. Through thickness measurements, EBSD and tensile
tests, the effects of axial feeding on deforming behaviors, such
as thickness distribution, microstructure, and mechanical
properties of Ti-3Al-2.5 V tubular components, were investi-
gated in details. The results showed that the average thinning
ratio of the bulging area could be reduced significantly and the
thickness distribution of the workpiece was more uniform
with increasing of the feeding. Feeding length influenced the
microstructure and strength of components. When the axial
feeding ratio (actual feeding length/theoretical feeding length)
was 56 %, the component had even higher tensile strength
than the original tube because of the grain refinement. If the
axial feeding was excessive large, the grain size became ad-
versely coarser, which in turn reduced the tensile strength.
These investigations illustrated that tube gas forming under
high pressure had potential for fabricating complicated shaped
titanium alloy tubular components by reasonably designing
and controlling the deforming process.
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1 Introduction

Hydroforming is considered as one of novel forming process-
es to produce complicated shaped components of metal mate-
rials at room temperature. Among them, tube hydroforming
also has other advantages, such as excellent forming ability,
low cost, and uniform thickness distribution. To improve the
formability of workpieces with low ductility and strong
deforming resistance at room temperature, warm and hot
forming techniques are developed. Geiger [1] and Yuan [2]
developed warm hydroforming systems with maximal heating
temperature of 315 °C to form magnesium tubular compo-
nents. However, the heating temperature of normal warm tube
hydroforming method is usually below 350 °C, which is dif-
ficult to produce complicated shaped products with heat-
resistant and hard-to-deform materials, e.g., Ti alloy.

In recent years, quick plastic forming (QPF) has been de-
veloped by US car manufacturers as a hot blow forming pro-
cess, which is capable to produce mass aluminum panels [3,
4]. For aluminum and magnesium tubular components, hot
metal gas forming (HMGF) with higher forming temperature
has also been developed using low internal pressure gas,
which has drawn much attention due to the advantage of high
efficiency [5, 6]. Wu [7] reported the HMGF mechanism of
Mg-alloy tubes. Kim [8] fabricated an aluminum suspension
component by HMGF at 520 °C under a constant gas pressure
of 7 MPa. Furthermore, the company Heatform Gmbh [9]
developed the hot expansion air forming technology to pro-
duce the tubular components at elevated temperatures. Maeno
[10—12] studied the aluminium alloy tube hot gas bulging by
controlling internal pressure. To form Ti-alloy and high
strength steel tubular component with a large expansion ratio,
it is important to increase the deforming temperature and the
internal pressure. Vadillo [13] and Neugebauer [14] studied
the high strength steel forming process at elevated temperature
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and summarized the applications of high strength steel parts
prepared by tube gas forming. Maeno [15] fabricated an ultra-
high strength steel hollow part by filling pressurized air high
temperature deforming. Elsenheimer and Groche [16] de-
signed a hot tube bulging equipment to test stress—strain
curves of the high strength steel tube at elevated temperature
and the maximal gas pressure of the equipment could be
35 MPa.

On the other hand, titanium and its alloys are found exten-
sive applications including aerospace, marine, chemical, and
medical industries due to their excellent properties such as
good high temperature performance, high specific strength,
good creep resistance, biocompatibility, and good corrosion
resistance [17]. Especially, there has been paid much applica-
ble attention for complicated shaped components of titanium
alloy for aerospace field, e.g. the blade of engine, air-inlet
system, and hydraulic control system [18, 19]. However, due
to its poor formability, high springback, and strong deforming
resistance, it is very difficult to fabricate such components of
titanium alloy using traditional cold-pressing methods at room
temperature [20, 21]. In addition, the superplastic forming is
an effective way to obtain complicated parts in one-step, and it
can reduce the cost for manufacturing Ti alloy [18, 22, 23].
Nevertheless, the disadvantages of localized thinning, expen-
sive microstructure refining processing, low productive effi-
ciency, and high deforming temperature in superplastic
forming have been the bottleneck for actual processing of Ti
alloy.

Based on the above discussions and previous research
achievements on high pressure tube gas forming of Ti-alloy
components [24-26], the deforming behavior of Ti-3Al-2.5 V
tubular components with 50 % expansion ratio was investi-
gated by considering the advantages of hydroforming and
warm processing. To obtain uniform thickness distribution
for this kind of hard-to-deform alloy, a two-stage loading path
during deforming process was well designed. In particular, the
effect of various axial feeding lengths on the microstructure
and mechanical properties of Ti-3Al-2.5 V alloy during pro-
cessing has been comprehensively studied, which will help to
better design and fabricate Ti alloy tubular component using
the hot tube gas forming technique.

2 Experimental procedures
2.1 Materials

The as-received material used in this study is Ti-3Al1-2.5 V
titanium alloy tube with an outer diameter of 40 mm and
nominal thickness of 2 mm. The as-received tubes are pro-
duced through cold rolling method at room temperature and
annealed at 680 °C for 2 h. This alloy is a near-« phase tita-
nium alloy evolved from Ti-6Al-4 V. The «-Ti alloy possesses
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a hexagonal structure and the 3-Ti alloy possesses a body-
centered cubic structure. Figure 1a shows the microstructure
of the as-received tube. The bright contrast is the « phase and
the dark area is the 3 phase. Most of the & phase grains exhibit
equiaxed characteristics. Uniaxial tensile tests were carried
out to evaluate the mechanical properties of as-received tubes
at 800 °C. The as-received tube samples were machined along
the tube axial direction using the low-speed wire electrical
discharge machine (WEDM). The true stress—strain curves
are shown in Fig. 1b. The maximal true strains are 0.45,
0.56, and 0.77 when initial strain rates are 10 ' s', 102 s,
and 107 s~', respectively. The tensile result shows that it is
possible to form a tubular component with 50 % expansion
ratio with feeding at 800 °C.

2.2 High pressure tube gas forming

Figure 2 shows the schematic diagram of high pressure tube
gas forming. Similar to the tube hydroforming, the entire
forming process can be divided into four stages. During the
first stage, a tube is placed into the heated tool and sealed by
punches. Meanwhile, the titanium tube is heated to deforming
temperature. The first stage takes about 500 s. For an annealed
Ti-3Al-2.5 V tube, the effects on grain size can be ignored
because of short heating time and low temperature. At the
second stage, using low internal pressure P, the punch pushes
the materials of tube into the die cavity along axial direction.
Wrinkles are formed in the die cavity because of the axial
stress. Most of the materials of the tube are used to form the
wrinkle and store in the wrinkle. Subsequently, at the third
stage, the tubular component is calibrated by the improved
internal pressure. The wrinkle is flattened by the internal pres-
sure. Since the materials were store in the wrinkle during the
second stage, the thinning ratio of the component is smaller
than that of the tubular component formed without axial feed-
ing. At last stage, the formed tubal component is cooled by
water.

The forming tests are carried out on the platform developed
by the Engineering Research Center of hydroforming in Har-
bin Institute of Technology (ERCH/HIT). The experimental
device is shown in Fig. 3a, including the press, dies, heating
equipment, and high pressure gas system. The constant tem-
perature of the tool can be obtained by the synergetic control
of a water cooling system and electromagnetic induction
heating equipment, with a 5 °C temperature error. Three
through-holes were designed in the molds. Three thermocou-
ples were put into the holes to measure the out temperature of
the tubes. The pressurized Argon with a maximal pressure of
70 MPa is used in the test, supplied by the high pressure gas
system. All of the forming setup is assembled on 3150KN
hydraulic machine. Boron nitride powder is sprayed onto the
surface of the tube uniformly as lubricant and antioxidant. The
designed outer contour with 50 % expansion ratio of the tube
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Fig. 1 a Microstructure of the
as-received Ti-3A1-2.5 V tube. b
True stress—strain curve at 800 °C
of as-received Ti-3A1-2.5 V tube

component is shown in Fig. 3b. Welf-Guntram Drosse [27]
designed an innovative measuring instrument to determine the
gas temperature curve, and the result shows that the cold gas
will cool the heated tube. In this paper, some steel filler was
put inside the tube, which used to reduce the volume of the
tube cavity and preheat the argon gas.

The most important parameters in tube hydroforming pro-
cess are internal pressure and axial force loading paths. In
hydroforming, some researchers [28, 29] investigated the ef-
fect of internal pressure and axial feeding loading paths on
qualities of components. Apparently, the loading path of high
pressure tube gas forming is different from the one in
hydroforming. In this paper, a two-stage loading path is pro-
posed, as shown in Fig. 4. During the first 20 s, two ends of the
tube are deformed and sealed by the axial feeding with a
length of 5 mm. During the period from 20 to 220 s, the
internal pressure is supplied as relatively low pressure
(5§ MPa) and the two punches push the materials into die
cavity with 0.1 mm/s, which is defined as the first feeding
stage. During the period from 220 to 320 s, called the second
feeding stage, the punches feed materials with 0.2 mm/s and
the internal pressure is adjusted to 7 MPa. After the feeding
stage, the internal pressure was increased to 30 MPa to cali-
brate the tubular part. The whole calibration stage takes about
180 s.

In hydroforming, the feeding ratio is an important parame-
ter. The ratio between the actual axial feeding length and the
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theoretical axial feeding length is called the feeding ratio. It is
usually to estimate the theoretical feeding length following the
principle of volume and thickness constancy. In this paper, the
theoretical axial feeding length is 45 mm. Following the load-
ing path in Fig. 4, different tubular components were formed
by feeding 25, 35, and 45 mm at 800 °C to study the effect of
on the formed components, whose axial feeding ratios are
56 %, 78 %, and 100 %, respectively. A tubular component
is deeded to comparison, which formed by constant internal
pressure of 10 MPa with feeding 0 mm. Then, the various
components were studied to get a better axial feeding ratio.

2.3 Microstructure and mechanical property

The microstructures of the specimens were observed by opti-
cal microscopic (OM) and electron backscattering diffraction
(EBSD). The EBSD measurements were carried out on a FEI
Quanta 200 FEG scanning electron microscope, and the anal-
ysis was performed by the software TSL OIM 5.31. Speci-
mens were prepared by the standard grinding and electro-
chemical polishing (chemical composition 60 % carbinol+
34 % butarol+6 % perchloric acid, temperature —20 °C, the
electric current 0.89A and time 1 min). The EBSD data were
collected with a step size of 1.2 mm and 1000 magnification.
Specimens of metallographic observation were etched by cor-
rosive solution (2 % HF+2 % HNO3+96 % H,0). The uni-
axial tensile specimens were cut from the center of
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Fig. 2 Schematic diagram of high pressure gas forming
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Fig. 3 Experimental conditions:
a the experimental platform of
high pressure tube gas forming, b
the designed model of a tubular
component with large expansion
ratio

Cooling
water piping

Temperature
collegting —

components along the axial direction and ground to obtain
uniform thickness. Then, uniaxial tensile tests at room tem-
perature with an initial strain rate of 0.001 s ' were carried out
to evaluate the mechanical properties of tubes formed by dif-
ferent technological parameters.

3 Discussion and result
3.1 Thickness distribution

The large expansion tubes formed with different axial feeding
lengths are shown in Fig. 5. The wall thickness distributions
are investigated to evaluate the effect of different axial feeding
lengths on forming ability of components. The thinning ratio
distribution along the axial position is shown in Fig. 6a. For
the convenience of discussion, the component is divided into
three zones, i.e., the feeding zone (zone A), transition zone
(zone B), and bulging zone (zone C), respectively. With the
increasing of the axial feeding, one can see the average thin-
ning ratio of zone C decreases significantly. The average thin-
ning ratios of zone C are 34.75 %, 24.29 %, 14.28 %, and
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Fig. 4 Two stage axial feeding and pressure paths used for experiments
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6.29 % when the theoretical feeding ratios are 0 %, 56 %,
78 %, and 100 %, respectively.

It is also of interest to note that the thinnest positions of
tubular components change with increasing of feeding dis-
tance. For the tubular components with a feeding ratio of
0 %, the minimal wall thickness exists at the point of tangency
near filleted corner. Chen [30] and Hwang [31] have investi-
gated the effect factors of the thickness distribution: (1) the
deforming stress of the material at the corner is smaller than
that at the point of tangency; (2) the effect of the friction
between tube and die at straight wall on the thickness distri-
bution. With the increasing of feeding ratio, the plastic defor-
mation of the alloy takes place along the circumferential di-
rection. When the feeding ratio is 56 %, the thinnest position
shifts to the center of the tube because the feeding material
mainly accumulates at the corner position at this case, rather
than the center. With further increasing the feeding ratio to
78 % and 100 %, the minimal wall thickness returns to near

40mm

(© (d)

Fig. 5 Tubular components formed by high pressure gas tube forming
with different axial feeding ratios: a feeding ratio 0 %, bulged with
constant internal pressure 10 MPa, b feeding ratio 56 %, formed
following path loading and calibrated after axial feeding 25 mm, ¢
feeding ratio 78 %, formed following path loading and calibrated after
axial feeding 35 mm, d feeding ratio 100 %, formed following path
loading and calibrated after axial feeding 45 mm
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Fig. 6 Thickness distribution of tubular components formed by different technological parameters. a Thickness distribution along axial direction. b
Thickness distribution along circumferential direction at the thinnest position of tubular component along axial direction

the filleted corner, because the accumulated materials are ad-
equate to prevent the thickness reducing of tube center.
Moreover, in order to reveal the comprehensive deforming
behavior of this Ti alloy with different feedings, the circum-
ferential thickness distributions at the minimal thickness posi-
tion along axial direction of the tubular components are further
investigated, as shown in Fig. 6b. The wall thickness of the as-
received tube is in the range of 2.0-2.1 mm, and the straight
line with the thickness value around 1.3 mm in Fig. 6b de-
scribes the circumferential thickness of the tubular component
formed by theoretical superplastic forming without feeding,
which is regarded as a reference. Obviously, with the increas-
ing of axial feeding, the circumferential thickness distribution
becomes uniform, i.e., the maximal thinning ratios are 58.7 %,
27.3 %, 22.1 %, and 10.9 % for the cases of axial theoretical
feeding ratios of 0 %, 56 %, 78 %, and 100 %, respectively.

3.2 Microstructure after bulging

Figure 7 depicts EBSD results of the as-received tube.
Figure 7a shows the microstructure and orientation distribu-
tion of & phase for the as-received tube while (3 phase is so
scarce to analyze. The chart of the grain size distribution is

Fig. 7 The microstructure and
orientation distribution of the as-
received tube: a IPF map showing
LGBS. In this map, TD is the
axial direction, RD is the
circumferential direction, ND is
the thickness direction. White
contours represent low angle
grain boundaries (2°-15°). (b)
Chart of the grain size distribution

shown in Fig. 7b. The mean size of equiaxed grains is
12.8 um. Small grains with numerous low angle grain bound-
aries (LGBS, 2°-15°) existed along large grains. These small
grains are connected with each other, which is termed as
“necklace structure”, a common product of the thermo-
mechanical processing for two-phase Ti-alloys [32-34].

In order to evaluate the effect of axial feeding on micro-
structure and mechanical properties, the microstructure of tu-
bular components formed by different technological parame-
ters was observed, as shown in Fig. 8. The sampling points are
illustrated. The microstructure (including grain boundaries)
and the orientation distribution were presented. True strains
along axial position, circumferential position, and thickness
position are also shown. Figure 10 shows the distribution of
grains size for tubular components formed by different tech-
nological parameters. Grain sizes are significantly different
although the equivalent strains of different samples are almost
equivalent.

Figure 8a shows the microstructure and orientation distri-
bution of the tubular component formed without axial feeding.
Tiny recrystallized grains (<5 pum) are presented in a large
number (Fig. 9a). The mean size is 7.5 um. When the feeding
ratio is 56 %, the result is shown in Fig. 8b. The microstructure
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Fig. 8 The microstructure and
strain state of tubular components
formed by different schemes. In
this map, TD is the axial direction,
RD the is circumferential direction,
ND is the thickness direction, and
white contours represent the low
angle grain boundary (2°-15°). a
feeding ratio 0 %, b feeding ratio
56 %, ¢ feeding ratio 78 %, d
feeding ratio 100 %

with uniform tiny recrystallized grains is presented. There are
a mass of LGBS in coarse grains, which are caused by large

Fig. 9 Chart of the grain size
distribution: a feeding ratio 0 %, b
feeding ratio 56 %, ¢ feeding ratio
78 %, d feeding ratio 100 %
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Figure 9b shows that the proportion of small grains (<5.0 pm)
is about 45 %. The mean size of grains is 7.4 um. As feeding
length increasing, the mean size of grains becomes larger and
the proportion of recrystallized grains reduces significantly.
Figure 8c shows the microstructure of tubular components
formed with a feeding ratio 78 %. The grains were elongated
along circumferential position because the tube material was
compressed along the axial position and stretched along cir-
cumferential position. The grain size distribution is presented
in Fig. 9c, as like the original tube. This can be interpreted in a
dynamic equilibrium between refining grains by recrystalliza-
tion and coarsening grains normally at elevated temperature.
As which can be seen from Fig. 8d, the grains are elongated
more severely when the feeding ratio is 100 %. As shown in
Fig. 9d, tiny recrystallized grains and abnormal coarse grains
(>15 um) are both plentiful. The coarsening grains are pro-
duced because the grains are growing normally in hot working
and the small deformation can’t break down them. The mean
grain is 13.8 um. Through analysis above, we can get the
speculation that the microstructure of tubular component de-
pends on the technological parameters (axial feeding distance,
feeding speed, strain rate, heat treatment time after deforma-
tion, the plastic deformation during the calibration stage, etc.).

3.3 Mechanical properties

Tensile tests are carried out to evaluate the mechanical prop-
erties of tube gas forming processed specimens. Figure 10
presents the engineering tensile stress—strain curves at room
temperature. The position of specimens on the tube compo-
nent is illustrated. The original tube has the tensile strength of
643 MPa and elongation of 24.6 %. In the case of the tubular
component without feeding, a slightly decrease for the
strength of the material can be seen, although it has relatively

s Original tube
700+ — Theoretical feeding ratio 0%
T — — -Theoretical feeding ratio 56%
o I — = -Theoretical feeding ratio 78%
% 650 ~:-— Theoretical feeding ratio 100%
[] L
17, R e
L 600+
s
17} 7 N
(@)] e . \\
c 550/ AN
= | fi _Tube o,,(Mpa) cp(Mpa) “a
8 | Blank 5073 643.0 246 .
£ 900 0%  468.4 6237 257 A NS
= 56% 4869 655.3 29.1 \
w 450 78%  463.6 6178 239 \ N,
100% 455.8 614.8 31.0 '
1 1 1 1

5 10 15 20 25 30
Engineering strain(%)

Fig. 10 The result of engineering tensile stress—strain curve of formed
tube in tensile text at room temperature

smaller grain. The decreasing of strength is mainly caused by
the internal defects, i.e., micro-sized cavitation in the tube after
severe deformation [17]. When the feeding ratio increases to
56 %, the tensile strength is even higher than the original tube
because of grain refinement effect, which follows the Hall-
Petch relationship. Moreover, a more compacted microstruc-
ture (Fig. 8b), namely fewer internal defects caused by the
axial feeding, also contributes to excellent mechanical perfor-
mance. For larger feeding ratios of 78 % and 100 %, the grains
become coarser. Therefore, both of the yielding strength (0 5)
and the tensile strength (op,) decrease. However, the lowest
tensile strength can be 614.8 MPa when the feeding ratio is
100 %, which is similar to the original tube.

4 Conclusions

Compared with conventional hydroforming process, tube gas
forming at elevated temperature is especially suitable for the
alloys with high strength, high springback, and poor formabil-
ity at room temperature. The Ti-3Al-2.5 V titanium alloy tu-
bular components with 50 % expansion rate are formed by
tube gas forming using different technological parameters.
The deforming behavior, microstructure, and mechanical
properties of component are investigated. The following con-
clusions are drawn from this work:

1. At800 °C, the tensile strength of Ti-3Al1-2.5 V is sensitive
to the strain rate. Based on this, a two-stage loading path is
adopted. At the first feeding stage, low internal pressure
and low feeding speed are used to obtain a uniform defor-
mation. At the second feeding stage, the internal pressure
is increased to prevent dead winkles, while the feeding
speed is also increased to improve the thinning of alloys
on the wrinkle peak.

2. Without axial feeding, multiple necking occurs along the
cross section of the component, which results in serious
non-uniform thickness distribution. With the increasing of
axial feeding, the maximal thickness thinning of component
becomes smaller and the thickness is much more uniform.
For example, the maximal thickness thinning without feed-
ing is 53.23 %, while they reduce to 29.17 % and 13.02 %
when the feeding increases to 56 % and 100 %, respectively.

3. During the tube gas forming process, the microstructures
of the alloys experience different futures and the micro-
structure such as the grain size and defects can be effi-
ciently designed and controlled by selecting the axial
feeding. In this work, when the feeding ratio is 56 %,
the mean grain size is 7.4 pum, which is nearly half of
13.2 um for the as-received alloy. With further increasing
of the feeding ratio, the mean grain size of alloys becomes
larger and the grains are typically elongated along the
circumferential direction.
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