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Abstract: The forming limit diagram of Ti-15-3 alloy sheet was constituted at room temperature. The effects of different punch and
rubber hardness on the limit principal strain distributions were investigated experimentally. Finite element analysis models of the
samples with dimensions of 180 mmx180 mm were established to analyze the friction coefficients of different interfaces. Effects of
various friction coefficients on the strain distributions were studied in detail. Finally, the friction coefficients in the cold forming were
determined by contrasting the strain results between the experimental data and the simulated ones.
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1 Introduction

Ti-15-3 alloy (Ti—15V—3AIl-3Cr—3Sn), as one type
of the metastable f-phase titanium alloys, is one of the
best candidates for aerospace application, not only owing
to its mutual advantages, but also special advantages
such as excellent cold deformability and ability to age to
high strength [1,2]. Furthermore, the reduction reaches
up to 90% when Ti-15-3 alloy is deformed at room
temperature [2]. Unfortunately, the cold sheet metal
forming process and application of Ti-15-3 alloy are still
at the research stage, mainly owing to its inherent low
plasticity and high deformation force [3].

The traditional sheet metal forming process is
performed through a punch always together with a
blank-holder, in which the sheet metal is forced to
comply with the shape of the punch. Adopting a rubber
pad contained in the rigid chamber acting as a punch, the
process, also known as rubber pad forming or Guerin
process, requires the use of a single metallic die/punch,
in which the sheet is placed between the rubber pad and
the die. With the press advancing, the rubber deforms at
constant volume. Owing to its incompressibility, the
rubber acts somewhat like hydraulic fluid under nearly
equal pressure on the blank sheet surface when it is
pressed around the block or punch. The main attraction
of rubber forming is its simplicity, so it can be used for
prototype development or for low-volume production.
Furthermore, the rubber forming can diminish the

forming procedure, shorten the production preparation
cycle, lessen the springback and improve the surface
quality [4—6].

Nevertheless, the behavior of Ti-15-3 alloy in the
forming deformation is complex and sheets are subjected
to various types of strain and different types of failures
such as necking, fracture or wrinkling will occur when
the strain reaches or exceeds a critical value [7]. It is
difficult to assess the resistance of Ti-15-3 alloy to fracture
owing to its cold deformation behavior in the sheet metal
forming process at room temperature. The study on the
failure is rarely found. The phenomenon of fracture is
generally analyzed according to the forming limit
diagram (FLD), which provides a very useful tool for
characterizing the formability of sheet metals. The FLD
is plots of the limiting principal strains, in which a sheet
metal can sustain prior to the onset of localized necking
when being formed [7,8]. And the FLD is regarded as an
important means of the optimization and die design due
to the fact that it can predict the strain path through
which the strains lead to material failure [8].

Recently, the finite element method (FEM) has been
widely used to simulate sheet metal forming and plays an
important role in quality control and problem analysis,
but the application is limited by the accuracy of the
description of the friction phenomena in the sheet/tool
contact area. However, FEM concerning the rubber
forming process is relatively backward and unbalanced
compared with the developing of FEM in the
traditional sheet forming process with rigid die, owing to
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complicated friction condition and deformation of rubber.
Moreover, the friction between the sheet and the tool has
a significant influence on the material formability and
quality of the formed part [9]. Nevertheless, the friction
condition cannot change the forming limit strain of the
sheet metal but can change the distribution of stress and
strain, which can affect the defects in the metal forming
[10,11].

Based on the circle grid analysis technology, the
major and minor strains in the deformed circle can be
measured directly by the grid measurement and analysis
system (GMAS) [12].

Several studies have been carried out to analyze the
friction behavior in the rubber forming. DIRIKOLU and
AKDEMIR [11] and PRETE et al [13] carried out finite
element simulation studies concerning the flexible
forming process to investigate the influence of rubber
hardness and blank material type on stress distribution in
the formed blank. All of them took into the frictional
behavior by using a constant coefficient of friction but
neglected the effects of various friction coefficient on the
stress distribution. PENG et al [9] carried out finite
element simulation using the Coulomb friction model
and MAZIAR et al [4,10] presented the theoretical
friction model to investigate the effects of various
friction coefficients on the blank thinning and stress
distribution in the rubber forming. But all of these can
not find reference of strain and lack comparison of stress
with the experiment. The Coulomb friction model is
probably the most well-known and the easiest friction
model, which is widely used in the finite element
simulation to describe the friction in mechanical contacts
[4]. Therefore, it is necessary to investigate the
coefficient of friction in the rubber forming of Ti-15-3
alloy at room temperature, which is an essential input
parameter for the use of FEM for rubber forming.

Physically, the friction changes in the forming
process owing to the tangential reaction force between
surfaces in contact, which is the result of many different
mechanisms depending on contact geometry and
topology, properties of the bulk and surface materials of
the bodies, displacement and relative velocity of the
bodies and the presence of lubrication. Therefore, the
friction test can provide an approximate value of friction
coefficient. In the present work, the FLD of Ti-15-3 alloy
at room temperature is plotted from the forming limit test
to characterize the formability of Ti-15-3 alloy and study
the effect of friction coefficient on the strain path leading
to failure. Friction test for Ti-15-3 alloy sheet is carried
out in friction machine tool in order to investigate the
friction coefficient between the sheet and steel punch
under neither lubricant nor deformation condition.
Furthermore, to determine the friction coefficient effect
on the limit strain, bulging test and corresponding FEM

simulation using ABAQUS/Explicit are carried out for
the samples with dimensions of 180 mm x 180 mm. The
friction coefficients of Ti-15-3 alloy in contact with steel
punch, under lubrication and deformation conditions, and
with the rubber are finally determined by contrasting the
strain results between the experimental data and the
simulated ones.

2 Bulging experiments

2.1 FLD tests

In this study, Ti-15-3 sheet titanium alloy with 1.0
mm in thickness was used. Hecker’s simplified technique
was used to evaluate empirical FLD [14], which mainly
involves three stages: grid marking the sheet specimens,
punch stretching the grid-marked samples to failure or
onset of localized necking, and measurement of strains.

A set of specimens with a fixed length of 180 mm
and a width between 180 mm and 20 mm in the step of
20 mm were prepared in the rolling direction of the sheet
metal. Figure 1 shows the geometry and dimensions of
the specimens. The sheets were subjected to different
states of strain, such as the tension—tension zone, the
plane strain zone and the tension—compression zone by
decreasing the width of the samples [15].

Then the surfaces of specimens were etched on the
grid circle pattern electrochemically to measure the strain
and the initial diameter of circles was 2.5 mm. Before
tests, the interfaces between the sheet and the punch
were cleaned and lubricated. Subsequently, punch-
stretching experiments were carried out on the BCS 50
press machine using a hemispherical steel punch with
100 mm in diameter. Tests were run up to fracture or
local neck. In addition, at least three specimens were
tested for each width to get the maximum number of data
points.

After the forming process, the grid circles were
deformed to elliptic shapes. And the major and minor
limited strains for each specimen were measured directly
from ellipses at the onset of localized necking or nearest
to the fracture zone utilizing the GMAS. Finally, the
FLD was constituted by plotting the principal strains
with the minor strain along the abscissa and the
corresponding major strain along the ordinate, as shown
in Fig. 2.

Figure 2 expresses that under tension—tension
condition the principal strain limit of Ti-15-3 alloy is
extremely low when the maximum major and maximum
minor strain are 0.28 and 0.24, respectively, which
means that it has poor formability to sustain when being
formed.

2.2 Bulging with soft punch
To determine the friction effect on the limit strain,
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Fig. 1 Geometry and dimensions of specimens with fixed length of 180 mm and varied width between 180 mm and 20 mm in

forming limit test (mm)
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Fig. 2 Forming limit curve of Ti-15-3 alloy with 1.0 mm in
thickness

the samples with dimensions of 180 mmx180 mm were
bulged by soft punch including rubber forming and
hydroforming. Figure 3 shows the schematic view of the
equipment used in this work, including die, blank holder,
pressure chamber, disk. Table 1 gives the dimensions of
the tools used for the soft bulging. The disk at the bottom
can move up due to the advance of the punch and
transfer the loading force through the viscous medium in
the chamber. The sheet metal, on which circles with 2.5
mm in diameter were etched as shown in the forming
limit diagram, is placed between the blank holder and the
chamber; in the forming process, the sheet was pressed

Blank
Holder

Chamber

o~
Disk

Fig. 3 Schematic view of equipment used in soft bulging

Rubber

Table 1 Tool dimensions

Part Diameter/mm
Die 105
Inside punch (disk) 108
Chamber 100
Inside blank holder 100

tightly under the blank holder force. As the punch moves
up, the soft bulging process starts, in which the medium
in the chamber is in contact with one side of the blank.
All of the experiments were performed on the BCS 50
press machine. Two kinds of hardness Shore 70 A and 90
A of rubber were adopted in the rubber bulging to
investigate the influence of rubber hardness on the
friction.
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2.3 Results and discussion

Table 2 presents the measurements of the maximum
bulge heights of the parts and illustrates that the height of
the hydraulic bulging result is the smallest. Figure 4
gives the results of the different bulging tests on the
Ti-15-3 alloy with dimensions of 180 mmx180 mm. The
bulged component in this work no matter from the
experiment or the finite element simulation is placed as
the rolling direction marked by the arrow line in
Fig. 4(a).

Table 2 Bulging height (mm)
Shore 90 A

Steel punch Shore 70 A°  Hydroforming

252 24.6 243 233

It can be seen from Fig. 4 that the fracture zone
differed with the bulging condition. The distance from
the proximity of the crack to the pole of the dome is near
20 mm in the steel punch bulging, as shown in Fig. 4 (a);
while under other conditions the onset of cracking is at
the pole of the dome, as shown in Figs. 4(b)—(d),
indicating negligible friction in the soft bulging tests.

V. « i
Fig. 4 Components of bulge forming: (a) Steel punch; (b) Shore
90 A; (c) Shore 70 A; (d) Hydroforming

The measurements of the major and minor strains
nearest to the fracture zone were carried out by utilizing
the GMAS and fed into the FLD, as shown in Fig. 5. It
indicates that the major and minor limit strains of
component formed by the rubber bulging near to the
equi-biaxial tension condition and the effects of rubber
hardness on the principal strains are less than 2%, which
are negligible. This means that the hardness of rubber is
not a decisive factor in the rubber bulging process
owing to the fact that the capability to transfer the
loading force is equal in a close container, though the
hardness of rubber is different.
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Fig. 5 Distribution of principal limit strains resulting from
different bulgings

3 Friction in rubber forming of Ti-15-3 alloy

3.1 Friction between Ti-15-3 alloy and steel
3.1.1 Friction test

Friction test on the cleaned Ti-15-3 alloy specimen
with thickness of 1.0 mm, length of 350 mm in the
rolling direction and width of 25 mm was carried out on
the IRDI DBS Triboteester 5.01 friction testing machine
at 200 mm/min. Specimens after testing are presented in
Fig. 6. The friction between the Ti-15-3 alloy and the
steel with neither deformation nor lubrication is 0.45,
derived from the average value of the experiments,
which is relatively large than the friction of steel—steel.

Fig. 6 Photos of specimens after friction test

3.1.2 Friction with deformation

In the present work, the influence of the friction
coefficient between Ti-15-3 alloy and the steel punch on
the strain path and the distribution of strain was studied
by simulating steel punch bulging tests
ABAQUS/Explicit.

By taking advantage of the symmetric geometry and
boundary conditions, only one quarter of the tooling and
the part was modeled. In the finite element simulation,
the forming tool consisting of punch, blankholder and die
was modeled as rigid body, correspondingly the S4R
rigid shell elements were used only to define the tooling
geometry and were not for the stress analysis. The metal
sheet was defined as deformable and meshed by the
4-node shell elements with reduced integration (S4R).
The material plasticity was directly imported to form

using
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tension test results of Ti-15-3 alloy sheet specimens with
1.0 mm in thickness prepared according to GB/T228—
2002 standard and the elastic-plastic material model was
computed with the classical isotropic hardening in FEM.
The anisotropy was described by Hill's 1948 yield
condition [15,16], in which the material constants F, G,
H, L, M, N (stress ratios in ABAQUS/Explicit) were
calculated based on Lankford's. Coefficients of ry, 45 and
roo were given in Ref. [17].

The corresponding model with appropriate
boundary conditions was established and high stroke of
punch was used in the simulation to reflect the influence
of friction coefficient on the onset of fracture zone in the
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bulging process. The pure master-slave contact algorithm
was used to simulate the contact between the rigid tools
and the penalty function algorithm was utilized to model
the friction behavior. The friction coefficient between the
sheet and the blankholder/die under neither lubricant nor
deformation was u;. The value of 1, was 0.45, which was
recommended by previous friction test. While the real
coefficient of friction between the sheet and the punch
with lubricant, indicated as u,, was obtained through
trial-error method in the finite element simulation.
Numerical simulations were carried out with different
values of u,, defined from 0 (no friction) to 0.45.

Figure 7 provides the thickness distribution of
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Fig. 7 Distribution of thickness of various friction coefficients between Ti-15-3 alloy and steel punch: (a) 1,=0; (b) 1,=0.1; (¢) 1,=0.2;

(d) 1p=0.3; (e) 11,=0.4; (f) 1,=0.45
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formed workpiece with various u,. It is clear to see that
thickness thinning regions are different owing to various
I , indicating that the onset of crack is distinct.

Figure 7 indicates the occurrence of necking and
cracking is at the pole of the punch’s dome when there is
no friction in the simulation (1,=0), as shown in Fig. 7(a);
and the distance of cracking zone from the pole increases
when the friction coefficient x4, increases from 0 to 0.4
along with diagonal (45°) to the rolling direction of the
sheet; however, the failure happens in the rolling
direction of the sheet when u, is 0.45, as shown in
Fig. 7(f), inconsistent with the experimental result shown
in Fig. 4(a). Therefore, the range of y, is from 0.1 to 0.3
based on the comparison of the fracture distribution
between the simulation and experimental results.

The thickness thinning was used to evaluate the risk
of crack. The principal strains in the region, where
thickness thinned severely, were extracted every
increment step and fed into the FLD, as shown in Fig. 8.
Figure 8 illustrates the strain paths dependent on various
4> and the maximum limit strain is smaller for the higher
friction coefficient.
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Fig. 8 Stain paths of various friction coefficient between
Ti-15-3 alloy and steel punch

To determine the optimal friction coefficient
between Ti-15-3 alloy sheet and the steel punch with
lubricant and deformation, further investigations were
carried out as follows. Equivalent strain of the simulation
results in the direction perpendicular (90°) to the rolling
direction of the sheet were extracted and compared with
the experimental results in the same location. Figure 9
plots the equivalent strain as the ordinate and
corresponding distance from the pole of the punch’s
dome and when u is 0.3, and the simulation has
relatively excellent consistency with experimental results
but with errors. Subsequently, a serial successive
approximation investigations of x, ranging from 0.25 to
0.3 with step of 0.01 was carried out. When g, is 0.27,
the error of comparison of equivalent strain in the

direction perpendicular (90°) to the rolling direction is
less than 5%. It is concluded that the friction coefficient
between the Ti-15-3 alloy and the steel punch with
lubrication and deformation is 0.27.
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Fig. 9 Comparison of equivalent strain of various friction
coefficient between Ti-15-3 alloy and steel punch

3.2 Friction between Ti-15-3 alloy and rubber

Rubber has nonlinear stress—strain characteristics
for relatively large deformations in the rubber forming
process, generally assumed as isotropic and nearly
incompressible. Generally, the Mooney—Rivlin model is
used to describe the hyper-elastic behavior. The form
uses a strain energy potential U, whose derivative with
respect to a strain component determines the
corresponding stress component. The form of the
Mooney—Rivlin strain energy potential is

N N
U= 3¢ (1-3) (b3 + X a =) (1)
i+j=1 izt D;
where U is the strain energy potential; J, is the elastic
volume ratio; /; and I, are the measures of the distortion
in the material; N, Cj;, and D; are material constants,
which may be functions of temperature. C; determines
the material response, and D; introduces compressibility.
Commonly, two Mooney—Rivlin parameters (Cy and Cy;)
are used to describe hyper-elastic rubber deformation,
which can be determined by experiments [18].

Tensile tests according to GB/T528—2009 and
compressive tests were performed on the rubber of Shore
70 A, which is adopted in the later simulations and used
to construct the response curves of polynomial models.
The results are summarized in Fig. 10. The Mooney—
Rivlin form is more accurate in fitting the experimental
results. The Mooney—Rivlin parameters Cj, and Cy; are
0.63 and 1.20, respectively.

A quarter of the tooling and the part were modeled
by taking advantage of the symmetry. The rigid tool and
the blank were defined same as the simulation of the
steel punch bulging process. And C3D8R elements by
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visco-elastic hourglass control approach were used to the
discrete of the rubber pad. Boundary conditions were
defined according to actual boundary conditions. There
were two different interfaces in the rubber bulging. The
penalty function algorithm was utilized to model the
friction behavior. The interfaces between the rubber and
the metal, including sheet and rigid punch, were modeled
using the general contact algorithm while the interface
between the rigid punch and the Ti-15-3 alloy sheet using
the pure master-slave contact algorithm with a friction
coefficient of 0.27.

11.2r

9.6

8.0

6.4r

Stress/MPa

4.8

A --- Mooney-Rivlin
[ e Neo Hooke
7 == Yeoh

w
]
T
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Strain
Fig. 10 Comparison of different hyper-elastic models’ stress—

strain curves

The friction coefficients between the rubber punch
and the metal (u3) were supposed as 0, 0.05, 0.1, 0.15,
0.25, 0.27, which are derived from analyses of bulging
experiments. Simulations were performed with the punch
advancing up. But simulations could not perform when
3 was 0, 0.05 or 0.1, owing to the severe distortion of
the rubber. Principal strains were extracted and imported
into FLD by the same method as in the steel punch
bulging analysis shown in Fig. 11, which presents that
the strains increase independent on u;. Furthermore,

W

Minor strain

0'_l

-0.24 -0.16 -0.08 0 0.08 0.16 0.24
Minor strain

Fig. 11 Stain paths of various friction coefficients between
Ti-15-3 alloy and rubber punch

equivalent strains were extracted and compared between
simulation and experiment in the steel punch bulging
analysis, as shown in Fig. 12. It can be seen that the
distribution is almost equal for x#3=0.15 or 0.25, even
0.27.

0.65
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=
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Fig. 12 Comparison of equivalent strain of various friction
coefficients between Ti-15-3 alloy and rubber punch

In conclusion, the friction between the rubber punch
and the metal is not an important factor, whereas the
friction between the rigid punch and the sheet is a main
parameter that influences the distribution of the strain.
The reason may be that the rubber deforms along with
the sheet during the forming process, so the relative
motion and the friction influence are much smaller.
However, the relative motion at the interface between
rigid punch and the sheet is much larger, also the friction
force, which makes the sheet flow more difficultly
especially when the friction coefficient increases. This is
consistent with the previous observation of PENG et al

[9].
4 Conclusions

1) The results from steel punch bulging demonstrate
that the Ti-15-3 alloy sheet has poor formability under
tension—tension condition at room temperature. The
major and minor limit strains near to the equi-biaxial
tension condition in the rubber bulging of the 180 mm
%180 mm Ti-15-3 alloy sheet.

2) At room temperature, the friction coefficient
between the Ti-15-3 alloy sheet and the steel punch with
neither lubrication nor deformation is 0.45 and the
coefficient between the sheet and the steel punch with
lubrication is 0.27 in the forming. The friction coefficient
between the sheet and the rubber is supposed as 0.15 in
the simulation of the rubber forming process. And the
hardness of rubber does not affect the distribution of
strain significantly.

3) The friction between the Ti-15-3 alloy sheet and
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the steel punch has a significant influence on the
distribution of the strain while the friction between the
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