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Abstract: We propose an experimental method to identify anisotropic coefficients in non-principal
axis directions of thin-walled tubes. The method involves extracting specimens from the parent tubes
and machining a hole in the axial center. The specimens are then inserted into a tube without a hole.
The inner diameter of the specimen is theoretically equal to the outer diameter of the inner tube. The
double-layer tube undergoes free bulging under internal pressure in our self-developed experimental
equipment, with the hole on the specimen expanding simultaneously. The stress states around the
hole are uniaxial, and the hole deformation can reflect the anisotropic plastic flow characteristics of
the tube. Furthermore, based on the information obtained from the proposed experimental method, a
hybrid numerical-experimental method was used to identify the anisotropic coefficients of tubes.
Through FE simulations, the relationships between the thickness, stress, and strain states around the
hole, the hole shape, and anisotropic coefficients of non-principal axis directions are revealed, and the
factors that affect the hole deformation are analyzed. Finally, the hole bulging experiments and FE
simulations of AA6061-O extruded tube were conducted, and modeled with Hill48 and calibrated by
uniaxial tensile and hoop tensile tests. Its in-plane anisotropy coefficients in any direction are given
for the first time which first increase and then decrease from 0° to 90°, reaching a maximum of 1.13 in
60° and a minimum of 0.69 in 0°. This work can provide the key experimental data for establishing
an accurate anisotropic plastic constitutive model of thin-walled tubes.

Keywords: anisotropic coefficient; thin-walled tube; AA6061-O extruded tube; hole bulging test;
parameter identification

1. Introduction

Tube hydroforming is an advanced forming technology for the production of hollow
and variable cross-section complex parts which are widely used in the aerospace and auto
industries [1-4]. However, tube hydroforming results are greatly affected by the loading
path, and extremely prone to cracking or wrinkling [5-7]. The shapes of the formed parts
are generally complex, and thin-walled tubes exhibit significant plastic anisotropy [8-10],
making it difficult to accurately predict the reasonable loading paths through theoretical
analysis and experiments [11]. Therefore, FE simulation is usually used to determine
and optimize process parameters before experiments [12]. However, the accuracy of FE
simulation largely depends on the accuracy of the constitutive model used to describe the
material properties including the plastic flow, yielding, and hardening characteristics [13].
Hence, constructing an accurate plastic constitutive model for thin-walled tubes is crucial
for achieving accurate FE simulation of tube hydroforming. The anisotropy coefficients are
usually used to calibrate the plastic potential and yield function, which are important for
accurately reflecting the plastic deformation. Therefore, the anisotropy coefficients of the
thin-walled tube in any direction are very important for constructing its accurate plastic
constitutive model [14].
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However, it is impossible to measure the anisotropy coefficients in any direction
through uniaxial tensile tests such as sheet metal for thin-walled tubes due to its closed
structure along the hoop direction [15]. At present, only the anisotropy coefficients along
the axial and hoop directions can be measured by the uniaxial tensile test and the hoop
tensile test [16-18], respectively. Some researchers performed uniaxial tensile tests by
flattening specimens which are cut in different directions of the tube [19]. However, this
method would produce pre-strain or even rupture during the flattening process, which
causes the test results to be inaccurate.

In order to obtain the anisotropy coefficients of thin-walled tubes in the non-principal
axis directions, some scholars first calibrate the anisotropic plastic constitutive model
of thin-walled tubes through some experimental data of tension-tension [20-23] or even
tension-compression [24-26] stress states, and then reverse determine the anisotropy coeffi-
cient through the flow rule. However, the two kinds of experimental data can only be used
to calibrate the coefficients related to normal stress in the plastic constitutive model, while
the coefficients related to shear stress in the plastic constitutive model cannot be deter-
mined. Due to lack of experimental data to calibrate the coefficients related to shear stress
components in the plastic constitutive model of tubes, some researchers [26,27] assume
them to be isotropic. Then the anisotropic coefficients of tubular materials in any direction
are inversely calculated by the flow rule. For example, Kuwabara et al. [14] assumed
that the undetermined coefficients a7 and ag in the Y1d2000 yield criteria are 1. How-
ever, the yield criteria based on this assumption cannot correctly describe the anisotropic
plastic flow characteristics in the non-principal axial directions, so the anisotropic coeffi-
cients of thin-walled tubes in any non-principal axis directions determined by this method
are not accurate.

To address the problem, Zhang et al. [25] proposed an experimental method for mea-
suring the axial pure shear yield stress of thin-walled tubes. Based on the assumption that
the coefficients a7 and ag of the Y1d2000 yield criteria are equal, a7 and ag are determined by
pure shear yield stress. Further, the anisotropy coefficients in any direction of thin-walled
tubes can be determined inversely by the associated flow rule. However, the axial pure
shear yield stress can only reflect the anisotropic yield characteristics of thin-walled tubes,
and cannot accurately reflect the anisotropic plastic flow characteristics in the non-principal
axis directions. The anisotropy coefficients of thin-walled tubes in the non-principal axis
directions determined by this method are still inaccurate.

In summary, the anisotropy coefficients of thin-walled tubes in the non-principal axis
directions are the key data for calibrating the plastic constitutive models. However, so far,
there are few studies about it that have been publicly reported.

In this paper, in order to identify anisotropic coefficients in non-principal axis di-
rections of thin-walled tubes, a new experimental method of the hole bulging test (HBT)
is proposed, which is inspired by the hole expansion tests of sheets. The deformation
characteristics at the hole periphery can reflect the anisotropic plastic flow characteristics
of tubes. Based on this experiment, the anisotropy coefficients of thin-walled tubes in any
non-principal axis direction are determined by a hybrid numerical-experimental method.
The FE simulations and experiments are used to analyze the deformation characteristics
and influencing factors of the hole periphery during the experiment, and the feasibility
of the method is verified. Furthermore, the hole bulging experiments of aluminum alloy
AA6061-0O extruded tube are conducted, and its in-plane anisotropy coefficients in the non-
principal axis directions are successfully obtained, which will provide the key experimental
data for establishing an accurate anisotropic plastic constitutive model.

2. Hole Bulging Test (HBT) and Hybrid Numerical-Experimental Method
2.1. Test Procedure of Hole Bulging Test
The hole bulging test (HBT) is proposed to determine the anisotropy coefficients

of tubular materials, the idea of which is inspired by the hole expansion test (HET) of
sheet metal. HET is a widely used method to measure the forming properties of the
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edge quality [28-31]. In recent years, more than the formability evaluation, the HET is
increasingly being used to validate the anisotropic plastic constitutive model of materials,
including plastic anisotropy [30-32] due to the following reasons: (1) larger deformation can
be achieved than a standard uniaxial tensile test due to compatibility with the surrounding
materials; (2) the material is deformed under various stress states between uniaxial tension,
plane strain tension, and equal biaxial tension from the hole edge and radially inland [29].
Furthermore, the deformation of the hole during the HET has been used to determine the
anisotropy coefficients of sheet metal in any direction [33].

For the HBT, the specimen is a tube with a hole in the axial center. Due to the fact
that the tube is a circumferentially closed structure, how to deform the hole is completely
different from how to expand the hole in the sheet metal. To solve this problem, the tubular
specimen is inserted into a tube without a hole (inner tube), and the inner diameter of
the tubular specimen is theoretically equal to the outer diameter of the inner tube. The
double-layer tube undergoes free bulging under the internal pressure applied to the inner
tube, and the hole on the specimen expands simultaneously. The schematic of the HBT
is shown in Figure 1. The edge of the hole on the tubular specimen is free, so that it can
deform freely and the stress state is uniaxial, which is similar to that of the hole expansion
test of sheet metal but completely different from the stress state of the single-layer tube
free bulging test (see Figure 2). The stress direction of any point at the hole periphery
is along the tangent direction. Each tangent line can represent a direction in the tube
plane (see Figure 2b). All directions in the tube plane are considered to be involved in
the deformation of the hole periphery. From the stress—strain analysis of Section 4.2, the
plastic deformation occurs in almost all directions of the hole periphery. Therefore, the
deformation characteristics of the hole (such as the hole shape, the thickness of the hole
periphery, etc.) can reflect the anisotropic plastic flow characteristics in any direction in the
tube plane, which can be used to determine the anisotropy coefficients in the tube plane.

e N Inner tube N /\ @
Tube to be tested Double-layer tube Experimental set-up

-

S

@-

S

Final state Apply internal pressure

!

Figure 1. Schematic of the HBT.
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S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)
121.09
114.02
106.95
99.88
92.81
85.74
78.66
71.59
64.52
57.45
50.38
43.31
36.24

S, Mises
SNEG, (fraction = -1.0)
(Avg: 75%)

136.43
126.21
116.00
105.78
95.56
85.34
75.12
64.90
54.68
44.46
34.24
24.02
13.80

(b)

Figure 2. (a) Stress state of single-layer tube during free bulging, and (b) Stress state of the HBT.

2.2. Identification of Anisotropy Coefficients by Hybrid Numerical-Experimental Method

The HET can directly obtain the anisotropy coefficients of the sheet metal in any
direction by measuring the strain [33]. However, due to the particularity of the tube
structure, the anisotropy coefficients of the tube cannot be directly obtained by the same
method. Therefore, the hybrid numerical-experimental method shown in Figure 3 is
proposed to determine the in-plane anisotropy coefficients of tubes.

The method is based on the results of the deformation characteristics of the hole
in the HBT, and the simulation analysis is carried out by changing the undetermined
parameters of the constitutive model. When the error between the results of FE simulation
and experiments is reduced to an allowable range, the parameters of the constitutive
model used in the simulation are the actual values of the material. The parameters of
the constitutive model are generally calibrated by the in-plane anisotropy coefficient r,
the subscript 6 represents the angle with respect to the axial direction. The anisotropy
coefficients in the principal axis directions, ry and rq9g, can be measured by experiments,
while the anisotropy coefficients in other directions such as 745 cannot be obtained by
experiments which are the undetermined parameters of the constitutive model and need to
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be determined through the hybrid numerical-experimental method, as shown in Figure 3.
After the anisotropy coefficients of these specific non-principal directions are determined,
the constitutive model can be determined, and further, the anisotropy coefficients of any
other non-principal directions can be determined by the constitutive model.

[ Boundary conditions ] r Initial parameters]
| e
Experiment € FEM P
- - - .

- _SEES '
.

Calculated
data

e aildi 1 Loop |
. Be:0008

- - ——

exp _ pfem
R — R/
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RE

2
JSA

[ Anisotropy coefficient 7 ]

Figure 3. Flow-chart of hybrid numerical-experimental method.

The deformation characteristics of the hole in the HBT include the hole shape and the
thickness at the hole periphery. The hole shape can be characterized by the long axis of the
deformed hole in this study (hereinafter referred to as the aperture).

The accurate determination of the anisotropy coefficients needs a reasonable cost
function. The cost function is defined as the root mean square error (RMSE) between the
results of FE simulations and experiments:

exp fem 2
7= 1§<Ri _— ) M
NH R;

where N is the number of experiments, fo’g and R{ “" are the values of the iterative metric
in the results of experiment and simulation, respectively.

The number of non-principal anisotropy coefficients to be determined is related to
the constitutive model selected. When there is only one coefficient to be determined, a
reasonable RMSE threshold A, is selected. Firstly, the bisection iteration is carried out to
quickly reduce the iteration interval. When 77 < A, terminates the iteration, the ry is the
optimal result. If the iteration step size Arg < 0.05 and the RMSE 77 > A, appears in the
iteration process of the bisection iteration, the fixed step search is carried out in the interval.
The search step size of the fixed step search is Arg = 0.01. If the iteration error increases
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as the iterative step size increases or decreases, it indicates that the iteration error has
reached the minimum value. Therefore, the ry at this point can be considered the optimal
result. When the number of non-principal anisotropy coefficients to be determined is more
than one, the grid search method can be used to determine the optimal solution of each
non-principal anisotropy coefficient.

2.3. Experiment Equipment of Hole Bulging Test

The home-developed THEHIT-160/110-A tube mechanical properties test equipment
was used for the HBT, as shown in Figure 4. The equipment is composed of mechanical
structure, high-pressure system, hydraulic system, control system, and data analysis system.
The free bulging test of the tube can be conducted on it, through which the mechanical
properties of tubes such as stress—strain component curves and hardening curves can be
obtained. A maximum axial force of 50 t and a maximum working pressure of 160 MPa can
be provided by the equipment.

Testing system of
tube hydro-
formability

THFE.HIT-160/110-A

| —————
| O o ‘
o "? Data analysis system

High-pressure system 1 f

I i

: \\ - _ Control system
— Hydraulic system

Figure 4. Tube free bulging test equipment.

2.4. Advantages and Disadvantages of the HBT

The advantages of the HBT include the following: (1) The specimen is a tube with
a hole, which is directly extracted from the parent tube without changing the curvature
shape of the tested tube and introducing additional strain hardening; (2) The edge of
the hole is a free boundary and is subjected to uniaxial stress state, stress state is simple;
(3) The experimental process only requires the application of internal pressure, which is
simple and does not require a complex feedback control system; (4) The experiment can be
conducted on free bulging test equipment without the need for additional development of
new devices.

Although this experiment has the above advantages, it also has some disadvantages,
such as: (1) the influencing factors during the experimental process are unclear, (2) the
feature quantities of hole edges during deformation are difficult to be measured, and so on.
Therefore, extensive research is needed.

3. Material, and Anisotropy Coefficients in the Principal Axis Directions
3.1. Material

The material of this study is aluminum alloy AA6061-O extruded thin-walled tubes,
which have obvious in-plane anisotropy and are widely used in aerospace, automotive,



Materials 2023, 16, 4629

7 of 27

and other fields due to their excellent mechanical properties. The initial outer diameter of
the tube is 60 mm and the initial thickness is 2 mm.

3.2. Anisotropic Yield Criterion

The Hill48 yield criterion is used to characterize the plastic anisotropy of the material,
due to this study only focusing on the in-plane anisotropic plastic flow characteristics of
the tube. For the plane stress state, the Hill48 yield criterion is expressed as [34]:

2f (03) = (G + H)ogy — 2Hoy1092 + (H + F)o3, + 2Nog, = 1 )

where F, G, H, and N are the undetermined coefficients of Hill48 yield criterion.
Substituting the equivalent stress &, which is the flow stress of the axial tensile test,
into Equation (2), the following equation can be obtained as:

G+H=1/7 3)

In order to accurately describe the in-plane anisotropic plastic flow characteristics
of tubes, the in-plane anisotropy coefficients, including the axial anisotropy coefficient
ro, diagonal anisotropy coefficient r45 and hoop anisotropy coefficient rgy, are used to
determine the undetermined coefficients of the Hill48 yield criterion, as shown in the
following equations,

H H N 1 @)

7’0:6} 7’9O:f} 7’45:7F+G_2

According to Equations (3) and (4), the coefficients can be expressed as:

G+H=1/7
_ __2n
2H = 7> (1+r9)
H+F= ro(14799) (5)
72rop(1+70)

2N = ot (9¢0 +1)

Trop(1-+7g)

Thus, the Hill48 yield criterion can be expressed as:

ro(1+790) » 1o + rop

2 0
r90(1+10) r90(1+10)

2rg
m(fntfzz +
The anisotropic coefficients ry, r9p and hardening curve o°(¢) can be accurately de-
termined by the uniaxial tensile tests and the hoop tensile test. While the anisotropic
coefficient 745 will be determined by the hybrid numerical-experimental method as shown
in Section 2.2.

3.3. Measurement of Anisotropy Coefficients in the Principal Axis Directions

The uniaxial tensile tests are conducted on the LE5105 100 KN electronic universal
tensile testing machine to measure the axial anisotropy coefficient ry of AA6061-O tube.
Axial uniaxial tensile specimens are designed according to the Chinese Standard of GB/T
228.1-2010 [35] and cut along the axial orientation of the tube as shown in Figure 5 (every
90° in the hoop direction).
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Figure 5. (a) Specimen sampling diagram, and (b) Specimen dimensions (unit mm).

The strain is measured in real-time by a 3D digital image correlation (3D-DIC). The
stress—strain curves measured using specimens cut from four locations are almost overlap-
ping, so only one result is plotted in Figure 6a. As shown in Figure 6b, the average value of
1o is 0.69, which does not change significantly with the increase in strain.

1.0

AA6061-O tube

AA6061-O tube

Average 0.69

| — =
—
. . 0.4+
0.1 0.2 0.3 0.00 0.05 0.10 0.15 0.20
True strain & True plastic strain &

(a) (b)

Figure 6. (a) True stress—strain curve, and (b) Evolution of the r-value (rg) with strain.

The hoop anisotropy coefficient r9g of AA6061-O tubes is measured by the hoop tensile
test, and the corresponding specimen and experimental device are shown in Figure 7. The
length-width ratio of the gauge section of the specimen is 4:1 and other dimensions are
designed according to the Chinese standard GB/T 228.1-2010, as shown in Figure 7a.

As shown in Figure 7b, the hoop tensile test device consists of two clevis grips and two
motion blocks. The specimen is elongated and deformed by the separation of the upper and
lower motion blocks. As shown in Figure 7c, compared with the traditional device with a
central mandrel, the central mandrel and the lower moving block are designed as a single
unit, which can reduce the influence of fixture jitter during the testing process. Keeping
the gauge section at the 3 o’clock and 9 o’clock orientations of the fixture and lubricating
the specimen and fixture with PVC films can minimize the influence of friction between
the fixture and the specimen. The test is performed on the LE5105 100 KN electronic
universal tensile testing machine with DIC for strain measurement in the gauge section.
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The specimens after the hoop tensile test are shown in Figure 8, and the measured rqg of
AA6061-O aluminum alloy tubes is 1.05.

15

Upper motion block I

Specimen

Lower motion block

Figure 7. (a) Specimen dimensions (unit mm), (b) Clamps, and (c) Test device.

(a) (b)

Figure 8. Specimens after hoop tensile tests: (a) Front view, and (b) Side view.
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4. FE Simulation
4.1. FE Model

In this section, ABAQUS is used to simulate the HBT. As shown in Figure 9, the FE
model includes the tubular specimen with a hole, the inner tube, the punches, and the
clamping sleeves. The simulation process is consistent with the experiment, which includes
two analysis steps: first, the displacements of the left and right punches are controlled to
achieve the seal of the double-layer tube, and then the internal pressure of the double-layer
tube is applied according to the actual loading path of the experiment. The punches and
the clamping sleeves are set as rigid bodies. The tubular specimen with a hole and the
inner tube are set to be deformable. The elastic modulus, hardening curve, and other
parameters are obtained by the uniaxial tensile tests. The contact between each surface is
set as face-to-face contact, and Coulomb’s law is chosen. The friction coefficient between
the inner tube and the specimen is 0.02, between the inner tube and the punch is 0.15, and
other contact regions are 0.17.

Clamping sleeve Tubular specimen

Figure 9. FE model for the HBT.

As shown in Figure 10, the tubular specimen with a hole adopts a 4-node linear re-
duced integration shell element (54R). Five integral points are set in the thickness direction,
and the global element size of the tube is set to 2.0 mm. Local mesh refinement is per-
formed around the hole, and 80 elements are evenly distributed around the hole to ensure
simulation accuracy. The global size of the inner tube, the punches, and the sleeves grid
are set to 3.0 mm.

0
..'
o
[]
THIH

(a) (b)

Figure 10. FE mesh: (a) the entire model, and (b) Local mesh near the hole.

4.2. Stress=Strain Analysis of the Hole Periphery

The stress—strain characteristics of the hole periphery in deformation are analyzed by
FE simulation. When analyzing the stress and strain of each point on the edge of the hole,
the coordinate system is established in the radial (r direction), tangent (ta direction), and
thickness (t direction) of the point, which changes with the position of the analysis point.
Each point of the hole periphery can be represented by the angle between the point and the
tube axis direction.
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Figure 11 shows the stress distribution at each point of the hole periphery under
different bulging heights. The radial stress of each point at the hole periphery is almost 0
MPa at different bulging heights, while tangent stress is completely different from radial
stress. From 0° to 90°, the tangential stress gradually transforms from tensile stress to
compressive stress, with the maximum tensile stress at 0° and the maximum compressive
stress at 90°. Therefore, it can be approximated that each point around the hole is only
subjected to tangential stress and is in a uniaxial stress state. The direction of stress at each
point around the hole can represent one specific orientation in the tube plane. In addition,
the stress in almost all regions of the hole periphery exceeds the yield strength of the
material, which indicates that plastic deformation occurs in almost all orientations around
the hole, that is, all directions in the tube plane are considered to involve the deformation
around the hole. Therefore, the deformation characteristics around the hole can reflect the
differences in plastic flow in any orientation within the tube plane, and can be used to
further determine the anisotropy coefficient of the tube.

Angle / °

(c)

Figure 11. Stress distribution at the hole periphery for different bulging heights: (a) 1.0 mm,

(b) 1.5 mm, (c) 2.0 mm, and (d) 2.5 mm.

Figure 12 shows the radial, tangent, and thickness strain contour diagrams around
the hole. The tangent strain at the hole periphery is the largest, with the maximum tensile

(d)
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strain in the 0° and 180° orientations and the maximum compressive strain in the 90° and
270° orientations, which is consistent with the variation law of tangential stress shown in
Figure 11. Due to the fact that the edge of the hole is in a tangential uniaxial stress state, the
position with a large positive tangent strain corresponds to a large thickness reduction, the
rupture around the hole is most likely to occur at 0° and 180° positions, and the smaller
the r value, the earlier the rupture occurs. The position with the negative tangential strain
exhibits thickening, and the smaller the r value, the more thickening occurs. Therefore,
it can be concluded that the thickness variation around the hole is closely related to the
in-plane anisotropy of the tubular specimen. The thickness characteristics around the hole
can reflect the differences of plastic flow in any direction within the tube plane and can be
used to further determine the anisotropy coefficient of the tube.

017 [

OOOOOOOOOOO00
COOOO == 212 2
SR OhROoN RNV~ EG

Bulging height-1.0mm| Bulging height-1.5mm| Bulging height-2.0mn] Bulging height-2.5mm

Axial

T

Axial Axial Axial

Hoop

Thickness

Hoop

I =I=R=T=T=Y=T=F-F-F-Y-¥-)
COOoHR NN N LLIL
PR Ao & =B
doococoocooooooo
SO = 12 L0 L3 B I Ln Oy O )
RO REOSIWOANRK L

Thickness Thickness Thickness

Figure 12. Strain contour diagrams of hole periphery with different bulging heights.

Figure 13 shows the strain distribution at the hole periphery with different bulging
heights. It can be seen that the radial strain and the thickness strain are different in the same
position, and the difference is especially significant at the positions with large deformation,
such as 0° position and 180° position. As the bulging height increases, the strain difference
between the radial and thickness directions of each point at the hole periphery is more
obvious. Because the stress state around the hole is uniaxial, the difference between
the radial and thickness strains can directly reflect the in-plane anisotropy of the tube.
Therefore, the difference between the radial strain and thickness strain around the hole
can be used to determine the in-plane anisotropy of the tube. When the bulging height
is constant, the greater the difference between the two, indicating that the tube has more
obvious in-plane anisotropy.
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Figure 13. Strain distribution at the hole periphery for different bulging heights: (a) 1.0 mm,
(b) 1.5 mm, (c) 2.0 mm, and (d) 2.5 mm.

Through the stress—strain analysis of the hole periphery, the deformation characteristics
around the hole, such as the distribution of thickness and the difference between the radial
and thickness strains, can reflect the anisotropic plastic flow characteristics of tubes, which
can be used to determine the in-plane anisotropy coefficients of tubes.

4.3. Deformation Characteristics of the Hole Periphery

Hole deformation characteristics mainly include aperture, thickness of hole periphery,
etc. In this section, the relationship between the deformation characteristics around the
hole and in-plane anisotropy coefficients, is analyzed by FE simulation. The analysis of
the deformation characteristics at the hole periphery, which are highly sensitive to the
anisotropy coefficients, is important for determining the anisotropy coefficients in the
non-principal axis direction of the tube. Taking the Hill48 yield criterion as an example,
the undetermined anisotropy coefficient is 745. The influence of r45 on the deformation
characteristics of the hole periphery will be analyzed. The ry45 is taken every 0.1 in the
range of 0.30-1.70 for the simulation analysis. Figure 14 shows the relationship between
the apertures and the bulging height with different r45. It can be seen that different 745 have
obvious regularity on the influence of the apertures after bulging. The larger the r45, the
larger the aperture at the same bulging height, and the aperture difference will increase
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with the increase in bulging height. The apertures for different r45 were extracted when the
bulging height was 2.80 mm, as shown in Figure 15. At the same bulging height, the larger
the 745, the larger the aperture after bulging. There is a one-to-one correspondence between
r45 and the apertures, which indicates that it is feasible to determine r45 inversely by
the apertures.
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Figure 14. The relationship between aperture and bulging height for different r45: (a) Overall graph,
and (b) Local zoomed-in graph.
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Figure 15. Relationship between aperture and r45 at the same bulging height.

At 2.5 mm bulging height, the thickness around the hole was extracted, as shown in
Figure 16. The thickness reduction is the largest at the orientations of 0° and 180°, reaching
about 0.6 mm, while there is almost no thinning in the direction of 90° and 270° (note that
initial thickness is 2 mm), and even a little thickening, which is consistent with the results
of Section 4.2 hole periphery strain analysis.
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Figure 16. Thickness of hole periphery at 2.5 mm bulging height.

As shown in Figure 17, the variations of thickness with bulging height in three orien-
tations of 0°, 45°, and 90° under different r45 are analyzed. The thicknesses of 0°and 90°
are more sensitive to the changes of r45 than that of 45°. The thickness of 0° is the most
sensitive to r45. When r45 changes from 0.3 to 1.7 with the bulging height of 2.5 mm, the
difference in thickness thinning at the position of 0° is 0.27 mm, and the difference rate
reaches 13.5%. This is because throughout the entire HBT, the stresses near 45° and 90°
positions are always very small which lead to a small deformation amount at both locations,
so the differences in deformation that could be reflected are very small. However, the stress
near 0° is always the maximum stress around the hole, and the deformation amount is
large, which naturally better reflected the difference in deformation, as shown in Figure 11.
Fortunately, the wall thickness at the 0° position can well reflect the changes in r45, so
the wall thickness, especially at the 0° position, can be used to determine the anisotropy
coefficient of the thin-walled tubular specimens in reverse.

In summary, both the aperture of the hole and the thickness around the hole (especially
thickness in the 0° orientation) can reflect the in-plane anisotropy of tubes, and have a
significant correlation with the undetermined anisotropy coefficient r45. Considering that
the aperture is easy to measure accurately, the aperture is chosen as the iterative metric of
the hole deformation used to determine the anisotropy coefficients in the non-principal
axis directions in Section 2.2.

4.4. Influencing Factors of Hole Deformation

The strength relationship between the inner tube and the tubular specimen, the initial
aperture, and the friction coefficient between the inner and outer tube on the hole deforma-
tion were analyzed by FE simulations. The optimal experimental conditions are determined
to make the hole deformation characteristics significantly reflect the in-plane anisotropy of
tubes and reduce the influence of external factors on the experimental results.
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Figure 17. Variation of thickness with bulging height at different locations of hole periphery: (a) 0°,
(b) 45°, and (c) 90°.

4.4.1. Strength Relationship between the Inner and Outer Tube

The inner and outer tube strength-matching relationship can be categorized as “high
internal strength” (HIS), “equal strength” (ES), and “low internal strength” (LIS). As shown
in Table 1, the ultimate bulging height is the maximum expansion height of the hole before
rupturing at r45 = 1.5, the aperture is the major axis length of the hole under the ultimate
bulging height in this study, and the deformation difference is the difference between the
long axis after experiment and the initial aperture divided by the initial aperture. From
Table 1, it can be seen that the ultimate bulging height, aperture, and deformation difference
degree corresponding to HIS are the largest, which will be more beneficial to reflect the
deformation difference caused by different r45 values. As shown in Figure 18, the overall
hole size of HIS is the largest at the ultimate bulging height, and the difference in hole size
between different anisotropic coefficients is the most significant. Thus, it is recommended
to choose HIS for the HB experiments, and a 304 stainless steel tube was selected as
the inner tube in this paper as it has higher strength than AA6061-O tube. In addition,
304 stainless steel tubes are generally isotropic, so it is modeled with the Mises yield
criterion in the simulation.
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Table 1. Effect of strength relationship between inner and outer tube on hole deformation.

Strength Relationship HIS ES LIS
Ultimate bulging height/mm 3.20 3.11 2.95
Aperture/mm 3.60 3.05 297
Deformation difference degree/% 80.0 52.5 48.5

V45-0.5 1”45-1.0

2.58mm

3.60mm
3.05mm
2.97mm

i

High internal strength Equal strength Low internal strength

Figure 18. Effect of different inner and outer tube strength relationships on the shape of the hole
after deformation.

4.4.2. Effect of Initial Aperture

The hole bulging tests with initial apertures of 2 mm, 3 mm, 4 mm, and 5 mm were
simulated and analyzed, respectively, and the results are shown in Table 2. The ultimate
bulging height in the table is the maximum bulging height before the hole ruptures when
r45 = 1.5. The aperture and deformation difference degree are consistent with the definition
in Section 4.4.1. A small initial aperture corresponds to a large ultimate impacting height
and a large deformation difference degree.

Table 2. Simulation results for different initial apertures.

Initial Aperture/mm 2.0 3.0 4.0 5.0
Ultimate bulging height/mm 3.25 3.18 3.10 2.89
Aperture/mm 3.66 5.30 6.75 7.80
Deformation difference degree/% 83.0 76.7 68.8 56.0

Figure 19 shows the thickness distribution at the hole periphery with different initial
apertures at the ultimate bulging height. The results show that the thickness distribution is
not very different when the initial aperture changes. The thickness at a position of 0° is the
smallest, and the thickness at a position of 90° is the largest.

From the above results, the smaller the initial aperture is, the larger the ultimate
bulging height is, and the larger the hole deformation is. However, a small initial aperture
will increase the difficulty of measurement, resulting in increased measurement error.
Although the ultimate bulging height of the large aperture is smaller, the size of the
aperture changes more greatly, which is easier to be measured. To balance this problem,
preliminary HB experiments were carried out on 2 mm and 4 mm apertures, as shown in
Figure 20. The experimental results are basically consistent with the simulation results.
The ultimate bulging height of the tube with 2 mm aperture is 3.34 mm, while at 4 mm
aperture it is 3.10 mm. However, when measuring the aperture after deformation, the
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2 mm aperture tube is difficult to be measured and the measurement error is large, while
more accurate measurement values can be obtained for the 4 mm aperture tube. Therefore,
to obtain more accurate experimental results, tubes with 4 mm initial aperture are chosen
to conduct HB experiments.

Aperture-2.0mm Aperture-3.0mm
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Figure 19. Thickness distribution at ultimate bulging height for different initial aperture.

(b)

Figure 20. Tubular specimens after HB experiments with initial apertures of: (a) 2 mm, and (b) 4 mm.
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4.4.3. Friction between Inner and Outer Tubes

For different r45, the friction coefficients between the inner and outer tubes are set to
0.1, 0.2, and 0.3 for FE simulations, and the apertures at the bulging height of 2.75 mm are
extracted, as shown in Table 3. It can be seen that the difference of apertures at the same
bulging height is very small when r45 is the same and the friction coefficient increases from
0.1 to 0.3, with the maximum difference not exceeding 1%. Therefore, it can be concluded
that the friction coefficient has little effect on the deformation of the hole and is not an
important factor. During the HB experiments in this paper, the inner tube is wrapped by
PVC films to fully reduce the friction between the two tubes.

Table 3. Aperture after deformation with different friction coefficients.

Friction Coefficient 0.1 0.2 0.3
745 = 0.5 5.58 mm 5.58 mm 5.60 mm
r45=1.0 5.82 mm 5.80 mm 5.83 mm
145 =15 6.08 mm 6.01 mm 6.03 mm

5. Hole Bulging Experiment
5.1. Experimental Process

Before the HB experiments, the AA6061 tubes were annealed by holding the temper-
ature at 405 °C for 3 h, cooled to 260 °C with the furnace, and then air-cooled. The total
length of the tubular specimen with a hole and the length of the bulging zone used in this
study are 160 mm and 70 mm, respectively. A hole with a diameter of 4 mm was drilled in
the middle of the tubular specimen. The inner tube is a 304 stainless steel tube, the initial
diameter, thickness, and total length of which are 55 mm, 1 mm, and 160 mm, respectively.

The measurement points are marked at the hole periphery as shown in Figure 21.
The surface of the inner tube is wrapped around by PVC films. The inner tube is placed
inside the tubular specimen with a hole. Then the double-layer tube is installed on the
equipment shown in Figure 4. The double-layer tube is sealed and loaded according to the
preset pressure loading path to bulge the tubular specimen with holes. After the experi-
ments, the apertures, the thicknesses at the hole periphery, and the bulging zone contours
were measured.

Figure 21. Schematic diagram of the tubular specimen with a hole before experiment.

5.2. Experimental Results

Figure 22 is the tubular specimen with an initial hole diameter 4 mm after HB exper-
iment with 3.31 mm bulging height. The hole ruptures at the positions of 0° and 180°,
and local thickening occurs at the positions of 90° and 270°, which are consistent with the
simulation results.
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Figure 22. Experimental results of 3.31 mm bulging height.

Seven groups of experiments under different bulging heights are conducted on the
same batch of tubes. During the HB experiments, the bulging height is measured in
real-time by a laser displacement sensor. The results are shown in Table 4 and Figure 23.

Table 4. Test results of the HBT at different bulging heights.

Bulging Height/mm Internal Pressure/MPa Aperture/mm
2.11 28.07 5.50
241 29.34 5.73
2.51 29.68 5.84
2.71 30.02 6.05
294 30.32 6.35
3.15 30.51 6.58
3.31 30.70 Rupture

2l

5.84 6.05

Figure 23. Test results of the HB experiments.

6. Results and Verification
6.1. Results of r-Value

When determining anisotropy coefficients in the non-principal axis directions using the
method in Section 2.2, it is necessary to determine the iterative range of the undetermined
anisotropy coefficients. In this study, the iterative range of the anisotropy coefficient 745 is
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determined by comparing the results of HB experiments and FE simulations. As shown in
Figure 24, the bulging height—aperture curve obtained by the HB experiments is located
between the FE simulation results of r45 = 0.9 and r45 = 1.1. Therefore, it can be concluded
that the actual 745 of the tube is between 0.9 and 1.1. The iterative range of the ry45 is
determined to be [0.9, 1.1].

| AA6061-O tube
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o
W

[—rus-1.1
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Aperture / mm
S
o
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50 N 1 L - 1
2.0 2.5 3.0

Bulging height / mm
Figure 24. The bulging height-aperture curve of tubular specimen with a hole.

Through the identification process of anisotropic coefficients proposed in Section 2.2,
the RMSE (see Equation (1)) threshold is A;; = 0.5%, and the iteration results are shown in
Table 5. Finally, r45 = 1.06 is determined, and the RMSE between the results of experiments,
and FE simulations of r45 = 1.06 is 0.47%. The difference in the bulging height-aperture
curve is also the smallest, as shown in Figure 25, and the maximum error is 0.51%, which
indicates that the proposed method is reasonable.

Table 5. Iterative results.

Iterative Methods Numb'er of Iterat19n Step 745 RMSE 7
Iterations Size

0.9 1.47%
. ) 1.1 0.53%
Bisection method 1 01 1.0 0.68%
2 0.05 1.05 0.53%
3-1 0.01 1.06 0.47%
. 3-2 0.01 1.07 0.51%
Fixed step method 3-3 0.01 1.08 0.60%
34 0.01 1.09 0.64%

6.2. Verification

Other characteristics of the tubular specimen with a hole after the experiments can be
used to verify the accuracy of the determined anisotropy coefficients, such as the thickness
around the hole and the profile of the bulging zone. The r45 determined in Section 6.1
is substituted into the simulation model for FE simulation, and the simulation results of
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the hole periphery thickness and the contour of the bulging zone are compared with the
experimental results.

6.6 F AA6061-0O tube
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Figure 25. Comparison of aperture between HB experiments and simulation results for r45 = 1.06.

Figure 26 shows the results of the thickness around the hole at the bulging height of
2.50 mm, obtained by the experiment, and FE simulation of r45 = 1.06. The thicknesses
obtained by FE simulations are in good consistency with the experimental results, and the
average error is only 1.25%. From the experimental results, the thickness reduction is the
largest at the position of 0°, which is 0.65 mm. The thickness reduction decreases gradually
from 0° to 90°, and there is a very small thickness thickening at the position of 90°.
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Figure 26. Comparison of thicknesses at the hole periphery from experiment and simulation

with ry5 = 1.06.

As shown in Figure 27a, the whole bulging zone is divided into 15 sampling points.
The profiles of the bulging zone obtained by the HB experiments at the bulging heights
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of 2.10 mm, 2.41 mm, and 2.74 mm are compared with the corresponding results of FE
simulation, as shown in Figure 27b. The comparison results indicate that they are in good
consistency, and the average error of the contour is the largest at the bulging height of
2.74 mm, which is 1.94%.
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Figure 27. Comparison of experimental and simulated contour of the bulging zone for r45 = 1.06:
(a) Distribution of sampling points, and (b) Comparison of the contour of the bulging zone.

From the comparative results of the thickness around the hole and the profile of the bulging
zone, the hole deformation characteristics of the HBT can reflect the anisotropic plastic flow
characteristics of tubes. It is feasible to determine the non-principal axis directions anisotropy
coefficient of tubes through the hybrid numerical-experimental method based on the HBT, and
the anisotropy coefficients obtained can guarantee high accuracy.

6.3. Results of AA6061-O in-Plane Anisotropy
The Hill48 plastic potential equation of AA6061-O extruded aluminum alloy tubes can
be obtained by substituting ry = 0.67, r45 = 1.06, and rgg = 1.05 determined in this study into
Equation (6).
07 — 0.80 x 711092 +0.78 x 03, +3.09 x 0, = 7° (7)
According to the Drucker flow rule, the anisotropy coefficients of AA6061-O extruded
aluminum alloy tubes in any direction 6 is:

145 x cos* 0+ 0.95 x sin* 6 + cos? 20 + 1.87 x sin? 26 _
1.45 x cos2 0 + 0.95 x sinZ 0

o 1 ®)
The anisotropy coefficients of AA6061-O extruded aluminum alloy tubes in any non-
principal axis directions are given for the first time, as shown in Figure 28. The in-plane
anisotropy coefficients of AA6061-O extruded aluminum alloy tubes increase first and then
decrease from 0° to 90°, and reach the maximum value of 1.13 in the orientation of 60°.



Materials 2023, 16, 4629

24 of 27

1.2
AA6061-O tube (90, 1.05)
1.1F |
1o} |
= (45, 1.06) FHillag
? 09 B ° rExp.
1
08 - Hoop dircclio:a
(O H 0’69) r0+90 7
3
0.7
0 30 60 90
Angle / °

Figure 28. AA6061-O extruded aluminum alloy tubes in-plane anisotropy coefficients.

7. Conclusions

In this study, in order to determine the anisotropic coefficients in non-principal axis
directions of thin-walled tubes, a new experiment was proposed, which was called the
hole bulging test (abbreviated as HBT). The specimen of HBT is a tube with a hole in
the axial center. The specimen is inserted into a tube without a hole. The hole on the
specimen expands simultaneously as the double-layer tube undergoes free bulging under
internal pressure. Furthermore, based on the information obtained from the proposed
experimental method, a hybrid numerical-experimental method was used to identify the
anisotropic coefficients of tubes. The thickness, stress, and strain state around the hole, the
hole shape, as well as the factors that affect the hole deformation were analyzed through
FE simulations and the aperture reflecting the hole shape was determined as the iterative
metric of the hybrid numerical-experimental method. Uniaxial tensile tests and hoop
tensile tests were performed to determine the tubular materials’ yield stresses, hardening
curve, and anisotropy coefficients with respect to axial and hoop directions. The HB
experiments and FE simulations of the aluminum alloy AA6061-O extruded tube were
performed, and the undetermined anisotropic coefficient in the plastic constitutive model
was identified by the hybrid numerical-experimental method and the accuracy of it was
further verified. Finally, the in-plane anisotropic coefficients in any direction of AA6061-O
extruded tube were determined through the plastic flow rule. The main conclusions are
as follows:

1. In the HBT, the stress state around the hole is uniaxial, and the hole deformation is a
comprehensive result of the deformations of various points around the hole, which
can reflect the in-plane anisotropic plastic flow characteristics of the tube.

2. The aperture of the hole and thickness around the hole after deformation vary signifi-
cantly with the variation of anisotropy coefficients in the non-principal axis directions
of thin-walled tubes, and can be used to determine them.

3. For the HBT, a higher strength of the inner tube than the tubular specimen, and a
smaller initial diameter of the circular hole are recommended. The friction coefficient
between the double-layer tube has little effect on the hole deformation.

4. Compared with the experimental results, both the average errors of the thickness
around the hole and the profile of the bulging zone obtained from the final iterative
simulation analysis do not exceed 2%, verifying the feasibility of the proposed method
in this paper.
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5. The aluminum alloy AA6061-O extruded tube exhibits significant in-plane anisotropic
plastic flow characteristics, and its in-plane anisotropic coefficients in any direction are
given for the first time, which increase first and then decrease from 0° to 90°, reaching
a maximum value of 1.13 at 60°, a minimum value of 0.69 at 0°.

The above conclusions reveal that the HBT is a promising test for accurate identification
of the in-plane anisotropic coefficients of the non-principal axial directions of thin-walled
tubes. This study only investigates the feasibility and application effect of the HBT. In
future research, the feasibility of directly measuring the in-plane anisotropic coefficients of
the non-principal axial directions of thin-walled tubes through the HBT will be explored.
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Nomenclature

Hole bulging test, a new

HBT . . . HET hole expansion test of sheet metal
experiment proposed in this paper
. Anisotropy coefficient of the tube, 0 is the direction REP the values of the iterative metric in the results of
0 relative to the axial direction i experiment
Rfem the values .of the {teratlve metric in the Ay the iteration step
i results of simulation
_ the equivalent stress, which is the yield stress of the
fog . . o Stress tensor
axial tensile test /
High internal strength, that is, the strength of the inner Equal strength, that is the strength of the inner tube
HIS ... . ES . .
tube is higher than the strength of the tubular specimen is equal to the strength of the tubular specimen
Low internal strength, that is, the strength of the inner
LIS . .
tube is lower than the strength of the tubular specimen
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