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The ring hoop tension test is an important test method for evaluating the deforma-
tion performance of tube. The mechanical model of the hoop tension test is estab-
lished under the condition that deformation caused by the friction of the die is un-
equal. The mechanical model is input into the finite element model and compared
with the tube uniaxial hoop tensile test. The mechanical model simulation obtained
by this method has a better coincidence with the experimental data. Through fur-
ther analysis of the bulging test of the process, it is proved that the established
hoop mechanical model can accurately reflect the plasticity variation characteris-
tics of the tube deformation.
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Introduction

Generally, the method for obtaining the properties of the tube material is a uniaxial
tensile test. But the analysis of the tube bulging process using the data obtained by the axial
tensile test will bring a large error. In order to obtain the hoop deformation performance of the
tube, the test method of the hoop tension came into being, Since Arsene and Bai [1] proposed
the hoop tensile test process in 1996. Dick [2-5] designed a set of circumferential unidirectional
test fixtures. The digital image method was used to observe the change of strain field in the
gauge section of the ring specimen during deformation. He [6] through the hoop tensile test
shows that the bulging performance of magnesium alloy AZ31 tube in the hot state is better than
normal temperature. He et al. [7] and Zha [8] analyzed the mechanical analysis of the uniaxial
hoop tensile test, when the position of the hoop gauge segment was 90° from the horizontal
direction, the D-shaped block of the gauge length segment has the smallest frictional force and
the maximum circumferential pulling force. It can be seen from the above research results that
during the axial tensile test, the friction between the material and the mold causes uneven de-
formation of the gauge length of the test specimen, which brings great error to the calculation
of the test data and the calculation of the material properties.

In this paper, the mechanical model of the hoop tensile test process is established
under the condition of uneven deformation caused by the friction of the mold, and the model
is mathematically processed by the parameter fitting method to obtain the hoop deformation of
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the tube. The performance and the corresponding bulging process test were carried out to verify
the hoop mechanics model.

Hoop tension test process and deformation
analysis of test specimen

The mold for the ring hoop tension test (RHTT) consists of two D-shaped blocks [8],
and the shape is as shown in fig. 1. During the test, the D-shaped block at the lower end is
fixed, and the D-shaped block at the upper end is displaced in the y-axis direction under the
action of the traction force P. The P-S curve, as shown in fig. 1. The geometric relation-
ship between the deformation of the specimen before and after deformation is shown in fig. 2.
According to the geometric relationship shown in the figure, the elongation before and after
deformation of the test specimen can be calculated.
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Figure 1. The RHTT: (a) ring specimen, (b) figure P-S

The length of the whole specimen before and after deformation is, respectively:

Cy=2nR, C=25+2S8,+4R,arcsin (ZLT?) (1)
0
where R, is the radius of the ring specimen, L, — the horizontal end length of the D-shaped
block, and S, — the distance between the two D-shaped blocks, S, = 2[R§ —(Lp/ 2)2]1/ 2,
Therefore, the elongation of the test specimen is:

AC = 4R arcsin [;—goj - 2R, +28 + 285, ()

Mechanical equilibrium analysis
Solution of hoop tension

During the tensile process of the RHTT specimen, the test specimen is cut in half
along the middle section of the upper and lower D-shaped blocks, and the force state is as
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Before deformation After deformation

Figure 2. Deformation geometry relation of ring specimen

shown in fig. 3. The force unit is cut at any position on the test specimen, and the radial and
circumferential force balance is obtained:

F(0) sin% +[F(0) +dF] sind—ze ~N(©)=0 3)

F(G)cos%—,uN(@)—[F(9)+dF]cos%=O 4)

where F(6) is the hoop ¢ of the unit, and N(0) is the supporting force of the D-shaped block to
the unit.

Ring specimen

D block

Figure 3. Stress analysis of ring hoop tension

When 6 is very small, sin(df/2) = 1/2d6, cos(df/2) = 1, combined differential equa-
tion, from the balance of the forces in fig. 3, the boundary condition is: when 8 =0, F(6) = P/2,
the constant ¢ = —In(P/2) can be determined. The tension of the specimen is satisfied:
F(0) = _r
2exp(—u0)
where P is the tensile force of the D-shaped block and i — the friction coefficient between the
test specimen and the D-shaped block.

)

Material parameter solving model

The deformation part of the hoop tensile test specimen is divided into m parts, each
part is a unit, and the specimens during the test is placed in the deformation position with re-
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spect to the y-axis. The central angle of the total length
of the deformation zone is a, the corresponding central
angle of each part is Aa, and the angle between the outer-
most edge and the x-axis is o', fig. 4. During the deforma-
tion process, each unit undergoes elongation deformation
under the direction of tension. Therefore, each unit is in
a unidirectional stress state. According to the analysis of
hoop tension, the hoop tensile stress and the hoop strain
of the i element are:

F(0)|p-a'+(i-1)a [,

oy = F@omwricina £or=In" (6)
Byt ly

Figure 4. Ring specimen where B;, ¢, [; are respectively the width, thickness and

deformation zone division length of the i unit after deformation, B, t,, , are the width,

thickness and length of each unit before deformation.
Obtained by constant volume conditions:

1171

Ignore the elastic deformation, and assume that the plastic stress-strain hardening
relationship of the material satisfies the exponential hardening model: o = Ken, and considering
the uniaxial stress state o,=0, €, = &, so the eqgs. (5)-(7) can be substituted into the material
model formula:

Pl exp[—pa’ — u(i —DAa] _ K{lnl—’) ®)
The length of each unit after deformation can be inversely solved by eq. (8), However,
limited to the eq. (8) is complex, the explicit analytic expression of /; cannot be obtained, and
temporarily use an implicit function /, = f(P) for P to represent:
The elongation of the gauge length is:

AL=3I - aR, 9)
i=1

Since the gauge length of the test specimen is narrower than the other parts, the de-
formation of the test specimen during the stretching process is mainly concentrated in this part.
If the elongation caused by deformation of other parts besides the gauge section is slightly
removed, it can be considered that the elongation of the specimen is equal to that of the gauge
section (AL = AC). Thus:

Zf(P) —aR) +2nR, - 25 - 2S5, — 4R, arcsin [;—goj =0 (10)
i=1
By using the data points acquired, the two parameters K, n in the fitting eq. (10) can be

obtained, thus the material performance parameters can be obtained. The MATLAB math soft-
ware can be used to perform the fitting process and the explicit function of the implicit equation.
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Tensile test and finite element simulation verification

High-strength aluminum alloy tube is poorly plastic at room temperature. The plastic
deformation of thin tubes is usually achieved by warm forming [9] or immediately forming
after solution treatment [10, 11]. Based on the previous research [12], the material forming
quality and plastic forming properties of the material at 190 °C is optimal, the parameters used
in the tests are shown in tab. 1. The P-S curve measured by the test is shown in fig, 5(a), and the
material performance parameters obtained by fitting are shown in tab. 2.

Table 1. Known variable parameter values for the ring hoop tension test

Initial .. . Angle between
D-shapqd D-block | thickness LT s Pitch | the edge of the Ul putpber
Test known | block straight . of gauge of units in the
. . radius of angle o | gauge length
variables side length . segment . gauge length
7 [l R, [mm] | specimen 13, | [rad] and the x-axis seament is m
2 f, [mm] ® a' [rad] g
Variable 99.87 50.00 | 120 10.00 0.70 0.93 50.00
value

Load, P [kN]
Stress, o [MPa]

0 4 8 12 16 0 0.08 0.16 0.24 0.32
(a) Displacement, S [mm] (b) Strain, &

Figure 5. The RHTT of aluminum: (a) ring hoop tensile load displacement curve,
(b) axial tensile stress-strain curve

The main chemical components of tube Table 2. Material’s mechanical properties

are shown in tab. 3. At the same time, the uni- || Material performance |  Hoop Axial
directional tensile tests were carried out on the parameters tensile test | tensile test
standard tensile specimens cut along the axial itfizlgg]l coefficient, | -5 55 307.93
direction. The true stress-strain curve obtained P —

by the uniaxial tensile test is shown in fig. 5(b), |idardeningindex.n | 02553 03316

and the material performance parameters are
shown in tab. 2.

Table 3. Chemical composition of aluminum alloy tube
Si Mg Cu Fe \ Ti Cr Ga Zn Mn Ni Al
0.815 | 0.181 | 0.136 | 0.08 | 0.023 | 0.019 | 0.011 | 0.01 | 0.083 | 0.054 | 0.051 | Rem

In this paper, considering the uneven deformation caused by friction during the hoop
tension, the deformation process of the hoop specimen is mechanically modeled, and the plastic
strain hardening parameters of the material are obtained by the inverse fitting method. The re-
sults obtained by this method can whether it accurately reflects the hoop hardening performance
of the tube needs further research. Based on the previous two points, the finite element simula-
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tion of the hoop tensile test process is carried out, and the load-displacement historical output
of the D-shaped block is extracted to compare with the test results to evaluate the accuracy of
the material model.

The comparison between simulation and experiment is shown in fig. 6(b). It can be
seen that the plastic hardening performance of the tube used in this paper is different in the
hoop direction and axial direction. The hardening properties obtained by fitting the mechanical
model in this paper can more accurately reflect the hoop properties of the tube. In order to fur-
ther verify the accuracy of the hoop mechanical model, the corresponding tube bulging test is
carried out.

Ring test specimen

(deformed body) 5
/ =4
)
L
T3
5]
._]
21
------- Test results i
1 —— Loop simulation result
//,,/-/ —— Axial simulation result
D—shéped block 0 ‘ ‘ ‘
(rigid body) 0 4 8 12 16 20
() (b) Displacement, S [mm]

Figure 6. Finite element simulation model and simulation results: (a) simulation
model, (b) comparison of simulation results with tests

Tube forming simulation and process test

The non-metallic granules (NMG) medium pressure forming process is an exten-
sion of the high pressure forming technology in the tube [13]. The ZrO, and SiO, were se-
lected as the medium components in the process test. The particle size between 0.22-0.38
mm, and the appearance is smooth and rounded to a hardness of 48-55HRC, which is a
discrete non-stick material [14-16]. The extended Drucker-Prager linear material model in
geotechnical mechanics can be used
to express the mechanical properties

Friction angle | Stress | Dilation | External friction of & anular Fn_edla under monotonic
in medium, ﬁ [0] ratio,x angle, v [0] factor, i, loadlng conditions [17] The extended
341 0.82 175 02 Drucker-Prager material parameters

at 190 °C are shown in tab. 4.

In order to ensure the accuracy of the simulation results, the NMG medium and the
tube mesh are given adaptive function, the thick anisotropy of the tube is ignored. Seven inte-
gral points are selected in the thickness direction, and the penalty function contact algorithm
is used between the contact surfaces. The length of the bulging zone and the radius of the fillet
of the die are based on the actual process tests, which are 30 mm and 6 mm, respectively (as
shown in fig. 7).

Figure 8 is an experimental device for tube thermal bulging. The initial length of the
tube blank is /, = 90 mm. As the head force increases, the bulging diameter of the free forming
area of tube increases. When the indenter force /=230 kN, the bulging profile and wall thick-
ness of the tube are changed uniformly, when the indenter force reaches £ =250 kN, the bulging

Table 4. Drucker-Prager linear model
parameters of NMG media (=190 °C)
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zone of the tube is broken along the axial Indenter | F 3
direction, showing obvious ductile frac- TRk z g
ture characteristics. 2o
When the indenter force is F=230kN, Upper die Q—%” u

the analysis shows that the simulation of
the tube and the wall thickness distribu-
tion of the test are the same is shown in
Figure 8 In the forming zone, the mea-
sured wall thickness is larger than the

Tube

Lower die

simulated wall thickness, and the min- Y | Lower base
imum measured wall thickness is 1.25 NMG media
mm. Compared with the minimum sim- Figure 7. Finite element model of bulging process

ulated wall thickness of 1.24 mm in the

same process scheme, the increase is 0.01 mm, and the error is basically within 5%. The mea-
sured wall thickness at the upper and lower fillets is smaller than the simulated wall thickness
value, which is related to the complex mechanical properties of the granular media in the process
[18]. Therefore, it is proved that the established hoop mechanical model can accurately reflect
the mechanical changes of the tube during plastic deformation.

-pper die -
3 Y

‘Dic  Original tube F=230 kN

4
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Test curve

e
B J
1.2F i
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Position [mm]
Figure 8. Contrasting curves of wall thickness between process test and FEM
Conclusions

e According to the mechanical model established in this paper, the data of the hoop tensile
test is processed by the inverse fitting method. The strength coefficient, K, and the hardening
exponent #z in the exponential hardening model (¢ = K¢,) can be used to evaluate the hoop
hardening property of tube very well.

® The bulging test of the tube hot NMG process shows that the simulation and test wall thick-
ness distribution of tube are the same, and the error is less than 5%. It is proved that the es-
tablished hoop mechanical model can accurately reflect the plasticity change characteristics
of tube deformation.
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