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Abstract: The investigation into the circumferential mechanical properties of tubular materials has
been receiving increasing attention, since the tube hydroforming process has been used in the tubular
materials forming field, because the circumferential mechanical properties have a significant effect on
the hydroformability of the tubular materials. In the present study, a method for evaluation of the
circumferential mechanical properties of the tubular materials with the flaring test was proposed.
The expressions for the yield stress, strain hardening coefficient and exponent values of the tube were
successfully derived based on the geometrical and mechanical relationships in the tube flaring test.
To verify the reliability of this method, the calculated results of the yield stress, strain hardening
coefficient and exponent values, obtained from the newly proposed method, were compared to the
ones obtained with the conventional tensile tests. It was found that the method proposed in the
current study is reliable, with high accuracy. The method is appropriate to evaluate the circumferential
mechanical properties of the tubular materials.

Keywords: tubular material; flaring test; circumferential mechanical properties; strain hardening
coefficient; strain hardening exponent

1. Introduction

Tube hydroforming technology has been widely used for forming lightweight or
complicated components in the automotive industry and aerospace industry, etc. [1–5].
To obtain the perfect hollow components with the hydroforming process, the appropriate
loading path is required. The circumferential mechanical properties of tubular materials
have a significant influence on the deformation behavior of the tubular materials during
the hydroforming process. Hence, to establish an appropriate hydroforming process
with suitable loading path, investigations into the circumferential mechanical properties
of the tubular materials are needed. As one of the most simple and popular tube-end-
forming processes, the tube flaring process has already been widely used to evaluate the
hydroformability of tubular material and manufacture the products, such as revolution
vessels, connection between tubes, etc. [6–10]. Pushing a conical tool into a tube, which
is axially immovably supported at its bottom, or pushing a tube in its axial direction on a
spatially fixed conical tool to expand the end of the tubular material is understood as tube
flaring [11,12]. As one of the evaluation means of circumferential mechanical properties
and formability of the tubular materials, the tube flaring test features many advantages
compared to other methods, since it is easy to implement and has high accuracy because
of its simple equipment and process. Many research reports have focused on the tube
flaring test. The main factors that influence the deformation behavior of the tube during
the flaring tests with the conical tools [13], the analytical expressions of relationships of
the flaring ratio and strain rate of the tube end with the stroke and velocity of the conical
tools in the tube flaring process [12] and the analytical expressions for determining the
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stress and strain fields, as well as the force required for driving the expansion [14], have
been reported in previous research. The stress and strain state of the conical blanks during
the flaring test with a rigid punch was also studied [15,16]. The effect of the conical tool
angle on the flaring limit of the micro tube in the flaring test was investigated by Mirzai
et al., and the results showed that the flaring limit increases with the increase in the conical
tool angle [17]. To obtain the relationship between the flaring limit and hydroformability,
Manabe et al. investigated the strain correlations of the steel tubes in the flaring tests and in
the various bulge tests [7]. The results show that the flaring test is feasible to evaluate the
hydroformability of the tubes, and with the same conical tool, the tube that has a higher
flaring limit shows better hydroformability. The authors of this study also successfully
evaluated the hydroformability and studied the deformation behavior and the effect of
conical tool vertex angle on the flaring limit of the TRIP seamless steel tubes with the flaring
test [6].

In the tube hydroforming process, the main deformation occurs in the circumferential
direction of the tubular materials. The existence of anisotropy in the tubular materials
suggested that the investigation on their circumferential mechanical properties is more
valuable for the tubular materials that are expected to be used in the tube hydroforming
process. However, overviewing the studies mentioned above, there are few studies that
focused on the evaluation of circumferential mechanical properties for the tubular materials
using the flaring test. The current study aims to propose a simple method to evaluate the
circumferential mechanical properties of the tubular materials through the flaring test. The
analytical expressions for determining the yield stress (σy), strain hardening coefficient
(F) and exponent (n) of the steel tube with the flaring test were derived. To verify the
availability of the method proposed in this study, the flaring tests using the conical tools
with three different semi vertex angles of 10◦, 15◦ and 30◦ were carried out experimentally
and numerically. Moreover, the calculation results of the yield stress, strain hardening
coefficient and exponent values of the steel tube were compared to those obtained with the
conventional tensile test of the tube.

2. FEM Model and Experimental Conditions

For the purpose of determining the yield stress, strain hardening coefficient and
exponent values of the tube with the flaring test, the FEM simulations of the tube flaring
tests were carried out to obtain the deformation behavior and the stress-strain state of the
tube end during the flaring process. The availability of the FEM model was verified by
comparing the load–stroke curves and the thickness of the selected points of the tube end
obtained in the experiment and FEM simulation. The experimental devices in the flaring
test, schematic illustration and partial-amplified schematic illustration of the deformation
part of the tube in the flaring test are shown in Figure 1.

Figure 1. (a) Experimental devices, (b) schematic illustration and (c) detailed view of the schematic
illustration of the deformation part of tube in the flaring test.
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2.1. FEM Simulation Model

The FEM simulation of the flaring test was performed using an explicit dynamic
finite-element code, ANSYS/LS-DYNA (7.0, ANSYS Inc., Pittsburgh, PA, USA). By taking
advantage of symmetry, a one-quarter model, which is similar to the one in Figure 1b,
was used to save the simulation time. The tube is assumed to be an isotropic elasto-
plastic body, and its deformation characteristic is coincident with the power-law expression
(σ = σy + F·εn). The conical tool, the constraint guide and the punch are assumed to be rigid
bodies. The static friction coefficient (µs) and kinetic friction coefficient (µk) between the
tube and conical tool are assumed to be µs = 0.05, µk = 0.03, respectively. The static and
kinetic friction coefficients between the tube and constraint guide are assumed as 0.12 and
0.1, respectively [18].

2.2. Experimental Conditions

The flaring test was carried out in a universal hydraulic testing machine (loading
capacity, 5000 kN, Shimadzu, Kyoto, Japan). A computer was used to record the relationship
between the punch stroke and punch load. The experimental devices in the flaring test,
composed of a punch, a constraint guide, conical tool and conical tool fixed plate, are
shown in Figure 1a. During the flaring test, the tube with initial outside diameter D0, inside
the fixed constraint guide, is pushed by a punch onto the conical tool. The conical tool
is characterized by the semi conical angle α. During the test, the punch keeps moving
until the fracture occurs in the tube end at the final diameter Df. A spray-type lubricant
composed of PTFE and organic molybdenum was evenly sprayed on the internal surface
of the tube and the conical surface, which made contact with the tube’s internal surface
in the flaring test. The conical tools with semi-angles of 10◦, 15◦ and 30◦ were used in
this study to verify the availability of the newly proposed method. The experiment was
performed with a constant punch speed of 0.05 mm/s at room temperature. The welded
tube (JIS STKM11A) was used in this study. The material properties of the tube are listed in
Table 1. To verify the accuracy of the circumferential mechanical properties determined by
the method proposed in this study, the conventional tensile test with a standard specimen
(JIS Z2241:1998) was prepared with the unfolded tube. The specimens were cut from the
unfolded tube in perpendicular and parallel directions to the tube axis, as well as along the
welded part of the tube. The tensile test was performed with a fixed crosshead speed of
3 mm/s at room temperature.

Table 1. Material properties of the tube.

Parameter Value

Outside diameter, D0/mm 38.1

Thickness, t0/mm 2.24

Tube length, L/mm 100

Density, ρd/kg/m3 7700

Young’s modulus, E/GPa 204

Poisson’s ration, v 0.27

Strain hardening coefficient, K-value/MPa 624

Strain hardening exponent, n-value 0.15

Yield stress, σy/MPa 330

2.3. Validation of FEM Simulation Model

To evaluate the validation of the FEM simulation model, the load–stroke curves and
thickness of selected points (point-I, II, III in Figure 1c) of the specimen, obtained with
the FEM simulation, were compared to the ones obtained in the real experiment. Figure 2
presents the load–stroke curves obtained in the FEM simulation and experiment of flaring
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tests with three different conical tools. It is observed that the load–stroke curves obtained
in the FEM simulation and experiment show good agreement. Figure 3 shows the selected
point’s thickness in the tube end in the FEM simulation and experiment. The thicknesses
of the selected points in the tube end obtained in the FEM simulations agree very well
with the ones obtained in the real experiments. By comparing the load–stroke curves and
thicknesses of the selected points in the tube end, predicted with the FEM simulation and
obtained in the real flaring tests, it could be found that the FEM simulation results have
good agreement with the experimental results. It means that the FEM simulation model
used in the current work is reliable and with high accuracy.

Figure 2. Load–stroke curves in FEM simulation (FEM) and experiment (Exp.) of flaring test with
different conical tools.

Figure 3. Thickness of the selected points in the tube end obtained in the FEM simulations and
experiments. (a) α = 10◦; (b) α = 15◦ and (c) α = 30◦; α: semi angle of the conical tool.

3. Deformation Behavior of Tube End in the Flaring Test

Combining with the load–stroke curve, the flaring process could be divided into four
deformation stages, compression, bending, expansion and fracture, as shown in Figure 4a.
The effective stress distributions of the tube end at different deformation times of the flaring
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test are given in Figure 4b. For the first deformation stage from point-A to C in the load–
stroke curve, the tube was pushed onto the conical tool until yield occurred (at point-C in
the load–stroke curve) because of the increasing compression force. The effective stress
distribution in the tube end at the deformation time of point-B is shown in Figure 4b(B). It
could be seen that the effective stress was asymmetrically distributed along the thickness
direction. The effective stress of the outside surface is higher than that in the internal
surface of the tube end before yield occurs. When yield occurs (point-C), the effective stress
distribution became symmetrical in the thickness direction. The first yield point is almost
along the mid-thickness line of the tube. The effective stress distribution of the tube end
at this moment can be found in Figure 4b(C). With the continuous pushing of the punch,
the load increases slowly from point-C to E. The leading edge of the tube end starts to
deform along the surface of the conical tool. In other words, the tube walls are primarily
bent outwards, but the tube internal surface is not in plane contact with the cone surface
yet. The effective stress distributions of point-C and D are shown in Figure 4b(C,D)). In the
subsequent stage, the load grows with almost constant slope from point-E to F. The tube
internal surface slides on the surface of the conical tool (as shown in Figure 4b(E)) until
fracture occurs on the edge of the tube end (point-F).

Figure 4. Load–stroke curve and effective stress distribution of tube end in the flaring test (α = 30◦).
(a) the load–stroke curve; (b) the effective stress distribution.

4. Determination of Yield Stress of Tubular Material in Flaring Test
4.1. Derivation of the Yield Stress Expression

Figure 5 shows a schematic diagram of the deformation part of the tube end when
yield occurs. Based on the law of the conservation of energy, the work of the load force
should be equal to the sum work of the bending process work (Mi), the pure deformation
work (Wd) and friction work (W f ). The following equations could be obtained.

Mi + Wd + W f = WL (1)

W f =
µNδ

sin ϕ
(2)
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Figure 5. Schematic diagram of flaring test when yield occurred.

During the bending process, from the effective stress distribution at bending stage, as
shown in Figure 4b(C), it could be seen that the continuing full plastic bending moment
happened approximately in the mid-thickness of the tube wall. The approximate maximum
bending moment (M) could be obtained on the base of the geometric relationship and
physical theories.

M = 2M0 = πR0t0
2σy (3)

The pure deformation work (Wd) is expressed as follows.

Wd =
∫

σεdV (4)

The tube is assumed as elastic-plastic body. The pure deformation resistance σ equals
the yield stress, therefore

σ = σy (5)

For the isotropic material, the effective strain could be defined by Equation (6). Based
on the principle of constant volume, Equation (7) is obtained. The thickness of the tube
end is not changed at the yield moment, εt = 0. The effective strain of the tube end at the
yielding moment could be obtained Equation (8).

ε =

√
2
3

(
εθ

2 + εϕ
2 + εt

2
)

(6)

εθ + εϕ + εt = 0 (7)

ε =
2√
3

εθ (8)

To simplify the calculation, the flaring part of the tube end is assumed as a taper, as
shown in Figure 6. εθ and dV are defined as Equations (9) and (10), respectively.

εθ =
r

R0
(9)

dV = 2πt cos ϕ(R0 + dr)dx (10)

Figure 6. Schematic diagram of the tube deformation part being assumed as a taper when yield-
ing occurs.
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Substituting Equations (5), (8) and (10) into Equation (4), the pure deformation work
is obtained as

Wd =
∫ 4πσytcosϕ

√
3R0

dr(R0 + r)dV (11)

From the geometrical relationships, r could be determined,

r =
δx
a

(12)

a = ρicosϕ (13)

Substituting Equation (12) into Equation (11), the expression of pure deformation work
Wd could be rewritten as

Wd =
4πσytcosϕ
√

3R0

∫ a

0

(
δ2

a2 x2 +
δR0

a
x
)

dx =
2πσytρicos2 ϕ

3
√

3R0
·
(

2δ2 + 3R0δ
)

(14)

As the value of δ and ϕ is quite small, δ2 and cosϕ are assumed as 0 and 1 in Equation (14),
respectively. Then, the pure deformation work expression could be simplified as

Wd =
2√
3

πtδρiσy (15)

Therefore, the solved yield stress σy is obtained by combining Equation (1), (3) and (14).

σy =
W

πt0i
·
(

L− µδ

(µcosα + sinα)sinα

)/(R0t0

2
+

2√
3

δρ

)
(16)

4.2. Determination of Unknown Quantities for Yield Stress Expression

To obtain the yield stress, the unknown parameters, such as the displacement in radial
direction of the bended tube end, δ, the bending radius, ρ, and the bending angle, i, should
be determined. The flaring test is simplified to get an approximative value of displacement
in the radial direction, δ, as shown in Figure 7.

Figure 7. Schematic diagram of flaring test without consideration of bending radius when yield occurs.

On the basis of theory for the volume of the deformation part remaining constant
before and after deformation, Equation (17) is acquired.

L′· t0 + t
2
·2π

(
δ

2
+ R0

)
= 2πR0·t0L (17)

where L′ = δ/ sin α and substituting to Equation (17),

δ2

2
+ R0δ = R0·

2t0

t0 + t
L (18)



Metals 2022, 12, 764 8 of 14

is acquired. As the value of δ is very small, the high order term, δ is very small, the high
order term, δ2

2 is assumed as 0, and δ is confirmed as follows.

δ =
2t0

t0 + t
L sin α (19)

From Equation (19), it is found that there is a proportional relation between δ and
L sin α. Hence, using a correction factor β replaces 2t0

t0+t because this expression will re-
main unchanged for the flaring test with different material, conical tool and et al. Then,
Equation (19) is simplified as

δ = βL sin α (20)

From the FEM simulation results, the correction factor β equals 0.6 for the material
used in the current study. Figure 8 shows the comparison of calculated values of δ with
Equation (20) between the ones obtained with the FEM simulation. It could be seen that
the displacement in the radial direction, δ values calculated with Equation (20) have good
agreement with these obtained with the FEM simulation. Therefore, Equation (20) is
available to determine δ value.

Figure 8. Comparison between calculated δ values with Equation (20) and the ones obtained with
the FEM.

To determine the bending radius ρ and bending angle i at the yield moment, a simple
model of the tube deformation part is used, as shown in Figure 9. According to the
deformation behavior of tube end in the flaring process, it is known that the radius (ρ_const)
of the bending part kept constant from the bending process finished point (point-E in
Figure 4a) until fracture occurred (point-F in Figure 4a). From the geometrical relationship,
the length of the mid-thickness axis of the bending part in the expansion process (see
Figure 4a) equals the sum length of mid-thickness axis length (ρi), when yield occurs and
the displacement (∆L) of the tube from the time when the yield starts occurring (point-C in
Figure 4a) to the finished point of the bending moment (point-E), i.e.,

ρi + ∆L = ρconstα (21)

In addition, according to the geometrical relationship between δ, i and ρ, it is known that

ρ = δ/(1− cos i) (22)

Solving Equations (21) and (22), an expression for bending angle at the yield moment
is obtained.

i = (ρconstα− ∆L)(1− cos i)/δ (23)
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Thus, the unknown quantities in the expression of yield stress are all acquired. The
yield stress in the tube flaring test is confirmed.

Figure 9. Simple model for deformation part of flaring test.

5. Determination of Strain Hardening Coefficient and Exponent
5.1. Derivation of Expressions for Strain Hardening Coefficient and Exponent

According to the basis equation about punch load in the tube flaring process, proposed
by Manabe [12], the expressions for the punch load W and the bending radius ρconst are
obtained for the flaring test in this study.

W = 2πR0tc

[
σϕc + F

{
tb + tc

4ρconst

}1+n
]

(24)

ρconst =
√

t0D0/(1− cos α) (25)

where F and n indicate the strain hardening coefficient and exponent, respectively. D0,
Ra, Rb, ta, tb and tc are the initial outside diameter, mid-thickness circle radius of point-I,
radius of point-II, thickness of point-I, point-II and point-III, respectively (see Figures 1c
and 10). σϕc is compressive stress in the meridian direction at point III.

Figure 10. Mechanical equilibrium diagram of the deformation part of tube end during the expansion
stage of the flaring test.

To determine two unknown quantities of F and n in Equation (24), the flaring tests
with any two different conditions, such as using the conical tools with two different vertex
angles, are required to be performed for the purpose of acquiring two different measured
values of other parameters. Two equations with two unknown quantities of F and n could
be obtained according to the experimental results of two different flaring tests. Solving the
simultaneous equations, the values of F and n are confirmed.



Metals 2022, 12, 764 10 of 14

F =

(
W

2πR0tc
− σφc

)
·
(

4ρconst

tb + tc

)1+n
(26)

n = ln

(
tc1

tc2
·
W2 − 2πR0tc2σφc2

W1 − 2πR0tc1σφc1

)/
ln
(

ρconst1(tb2 + tc2)

ρconst2(tb1 + tc1)

)
− 1 (27)

5.2. Determination of the Parameters of Strain Hardening Coefficient and Exponent Expression

In Equations (25) and (26), the unknown quantity σϕc is required to obtain F and n
values. The expression for σϕ, proposed by Furuya [19], is also applicable for the tube
flaring process. The tube flaring test is simplified to obtain the σϕ value, as shown in
Figure 10. A small hexahedral element is chosen to study the stress state in the flaring
part. The stress in the thickness direction is assumed as zero. According to the mechanical
equilibrium in the punch moving direction and the direction perpendicular to the conical
surface of the conical tool, two equations are obtained as follows.

σθ(tdr/ sin α)·∆θ cos α = p(r∆θdr/ sin α) (28)

d
(
σϕtr∆θ

)
= σθ(tdr/ sin α)·∆θ sin α + µp(r∆θdr/ sin α) (29)

Solving the simultaneous equations with Equations (28) and (29) and eliminating the
quantity p, one equation with two unknown quantities σϕ and σθ is obtained.

d
dr
(
rσϕt

)
− σθt(1 + µ cos ϕ) = 0 (30)

Von Mises yield criterion with a form of Tresca yield criterion is used to confirm σθ ,

σθ = mY (31)

where m is a constant (1 < m < 1.155), Y is the yield strength in tensile test. In the current
study, the yield strength in the flaring test, σy, determined by Equation (16), is used.

On the other hand, from the Levy–Mises equation, the relationship between the strain
in the circumferential and thickness directions is expressed as follows.

dεθ

σθ −
(
σθ + σϕ + σt

)
/3

=
dεt

σt −
(
σθ + σϕ + σt

)
/3

(32)

where dεt = dt/t, dεθ = dr/r.
From Equations (30)–(32), eliminating the quantity t, a differential equation with σϕ is

acquired.

− dr
r

=
σϕ − 2mY

2σϕ
2 −mY(2 + cot α)σϕ + 2m2Y2(1 + µ cot α)

dσϕ (33)

After integrated computation with boundary conditions of σϕ = 0 as r = Ra, and
σϕ = σϕb as r = Rb, an expression for determination σϕb is obtained.

ln
Rb
Ra

=
1
4

ln

{
1− 2 + µcotα

2(1 + µcotα)

(
σϕb

mY

)
+

1
1 + µcotα

(
σϕb

mY

)2
}
+

6− µcotα

2
√

12 + 12µcotα− µ2cot2α

tan−1 2 + µ cot α− 4
σϕb
mY√

12 + 12µcotα− µ2cot2α
− tan−1 2 + µcotα√

12 + 12µcotα− µ2cot2α


(34)

In addition, without the consideration of the bending part, the relation between σϕb
and σϕc is

σϕc = σϕb/cosα (35)

Thus, σϕc for determination of F and n values with Equations (26) and (27) is obtained.
It means that the values of F and n are determined.
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6. Validation of Reliability of the Method

In order to verify the reliability of the calculation results, the calculation values of σy, F
and n were compared, with these determined by the conventional tensile tests. The tensile
properties of the tube in the perpendicular and parallel direction to the tube axis, as well as
the weld zone, were investigated at room temperature using an unfolded tube.

6.1. Yield Stress

The parameters given in Table 2 were submitted into Equation (16) to calculate the
yield stress in the flaring test. The friction coefficient (µ) is assumed as 0.03 [16]. The
calculation results of the flaring test using the conical tools with three different semi angles
are summarized in Table 3. It could be seen that the yield stresses determined by the
flaring test with semi-angles of 10◦ and 15◦ are almost the same, about 320 MPa. However,
the calculated yield stress is a little higher, about 344 MPa, when the conical tool with a
semi-angle of 30◦ was used. The tensile test results of the tube in the perpendicular and
parallel direction to the tube axis, as well as weld zone obtained with the unfolded tube,
are shown in Table 4. The yield stress of the weld zone is 369 MPa, which is higher than
that in the other part of the tube. The yield stress obtained with the new method is near to
the one obtained with the conventional tensile test.

Table 2. Parameters for calculating yield stress.

10◦ 15◦ 30◦Parameters
Conical Tool Semi-Angle

W/kN 5.36 7.80 15.56
L/mm 0.98 1.38 1.03

∆L/mm 3.45 3.48 3.38
δ/ mm 0.10 0.21 0.31
ρ/mm 151.3 72.4 54.3
i/rad 0.037 0.084 0.106

Table 3. Calculated results of yield stress with the flaring tests with different conical tools.

Conical Tool Semi-Angle 10◦ 15◦ 30◦

Calculated Yield Stress, σy/MPa 319 321 344

Table 4. Yield stress determined by the conventional tensile test.

Yield Stress, σy/MPa
Weld Zone Perpendicular Direction Parallel Direction

369 330 340

6.2. Strain Hardening Coefficient and Exponent

The parameters for calculating the strain hardening coefficient and exponent with
Equations (25) and (26) are given in Table 5. The calculation results obtained with the
combination of the flaring tests using any two of the three conical tools are listed in Table 6.
The strain hardening coefficient determined by the combination of flaring tests using the
conical tools with the semi-angles of 10◦ and 15◦ is a little smaller than those obtained
using other combinations. The F-value determined with the new method has reasonable
agreement with the one obtained from the tensile test. The calculated strain hardening
exponent of the tube is about 0.15. The strain hardening coefficient determined with the
conventional tensile test is about 620 MPa, in both perpendicular and parallel directions to
the tube axis direction. The strain hardening exponent is about 0.15 in the perpendicular
direction and 0.13 in the parallel direction. The n-value obtained with the flaring test has
good agreement with the one obtained in the tensile test. The F-value of the weld is a little
high, about 642 MPa, but a lower n-value of 0.12 is observed, as shown in Table 7.
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Table 5. The parameters for calculating F and n values.

10◦ 15◦ 30◦Parameters
Conical Tool Semi-Angle

W/kN 36.36 46.64 64.08
tb/mm 2.22 2.22 2.25
tc/mm 2.25 2.25 2.28

ρconst/mm 37.50 25.00 12.60
Ra/mm 24.70 26.10 29.10

m 1.018 1.095 0.961

Table 6. F and n values of the tube calculated with Equations (26) and (27).

10◦&15◦ 10◦&30◦ 15◦&30◦Parameters
Combination of Semi-Angle

F-value/MPa 605 621 628
n-value 0.14 0.15 0.15

Table 7. F and n values of the tube obtained with the tensile test.

Parameters Weld Zone Perpendicular Direction Parallel Direction

F-value/MPa 642 624 619
n-value 0.12 0.15 0.13

7. Discussion

Based on the geometrical and mechanical relationships in the model of the flaring
test, the expressions of σy, F and n values were derived. From the yield stress expression
Equation (16), it could be seen that the friction coefficient (µ) in the equation has a strong
influence on the accuracy of the calculated yield stress. At the ideal lubrication condition
(the friction coefficient is zero), the yield stress calculated with Equation (16) should be near
to the one determined by the conventional tensile test.

For the calculation of the F and n value, the Von Mises yield criterion, with a form of
the Tresca yield criterion, is used to confirm σθ (σθ = mY). Generally, m value is chosen
at the range from 1 (axisymmetric stress state) to 1.155 (plane strain-stress state). In the
cases of the flaring tests using the conical tools with semi-angles of 10◦ and 15◦, m values
were assumed to be 1.018 and 1.095, which are in the range of normal values, as shown in
Table 5. However, in the case of the flaring test using the conical tool with a semi-angle of
30◦, the m value is assumed to be 0.961, which is smaller than 1, to approach the F and n
values determined by the conventional tensile test.

In the case of the flaring test using a conical tool with a semi-angle of 30◦, the m value
was assumed to be 0.961, which is out of the range of normal value because the wavy
deformation is considered. The wavy deformation leads to the decrease in punch load
compared to the theoretical value in the flaring test, indicated by Manabe et al. [12]. This
unfavorable deformation will occur within the flaring test using a conical tool with a big
vertex angle. Generally, the flaring test using a conical tool with a small vertex angle is more
meaningful for investigating the tube hydroformability and circumferential mechanical
properties [5]. In order to obtain F and n values with high accuracy and reliability, as well
as reduce the adverse effect of the wavy deformation of the tube during the flaring test
using a conical tool with a semi-angle of 30◦, the m value is chosen to be a little smaller
than 1. From Equations (34) and (35), the smaller m value will result in a smaller σϕc value.
From Equation (24), it also could be seen that the punch load, W value, decreases with
the decrease in σϕc value. In other words, with the decrease in W value, the m value will
decrease. For the flaring test with wavy deformation, the σϕc value is smaller than the
theoretical one because the decreased punch load W value is caused by the unfavorable
deformation. Therefore, the m value was assumed to be 0.961 to offset the adverse effect of
unfavorable deformation on the decrease in punch load.
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8. Conclusions

To study the hydroformability of the tube, a method for the evaluation of circumferen-
tial mechanical properties of tubular materials with the flaring test was proposed in this
study. The main findings are summarized as follows.

(1) The expressions for yield stress, strain hardening coefficient and exponent of the tube
were successfully derived based on the geometrical and mechanical relationships in
the tube flaring test.

(2) By comparing with the yield stress, strain hardening coefficient and exponent values
determined by the conventional tensile test, it is known that the method proposed in
this study is viable and has high accuracy. It is appropriate to evaluate the circum-
ferential mechanical properties of tubular materials because it is relatively easy to
implement and has high reliability.
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