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Abstract: The main objective of this work was to experimentally and numerically evaluate the forming limit curve (FLC) of
aluminum alloy 2B06. The FLC of 2B06 was measured by conducting the hemispherical dome test with specimens of different
widths. The theoretical predictions of the FLC of 2B06 were based on the different instability theories and different yield functions.
The comparison results show that the influence of the different yield functions can be ignored and the FLCs are basically same
utilizing different yield functions based on the specific instability theory. While there is a significant difference among theoretical
prediction curves based on three instability theories and the same yield function. The FLC based on SWIFT’s diffuse instability
theory is higher than the measured curve. The right part of FLC based on HILL’s localized instability theory is invalid. The
theoretical prediction curve based on M—K theory agrees well with the measured FLC. So, the theoretical curves based on M-K

theory are effective for predicting the forming limit.
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1 Introduction

The application of the aluminum alloy has become
very extensive in the aerospace field [1]. The aluminum
alloys have been widely used in the manufacturing of the
aircraft skin because of their excellent performance, such
as high specific strength and high specific stiffness. The
structural component of aluminum alloy can reduce the
60%—80% of the structural mass of the aircraft [2].
Although the new material is emerging, the application
of aluminum alloys on the aircraft will still occupy an
irreplaceable role. Aluminum alloy 2B06 is a typical
heat-resistant structural material, and belongs to an
A1-Cu—Mg system. Aluminum alloy 2B06 is developed
based on the aluminum alloy 2A06. The chemical
composition is listed in Table 1 [3].

The aluminum alloy 2B06 has a satisfactory
performance, such as ductility and fracture toughness by
reducing Fe, Si and other impurities. 2B06 can be used
on the load-bearing component of the fuselage under
continuous working because its softening can be ignored
at high temperature. The tensile strength of 2B06

remained approximately constant (the yield strength
increases a little) after heating for 1000 h at 175 °C. The
deep research of the material’s formability is of
significance in sheet metal forming process and finite
element simulation [4].

The forming limit is an important performance
indicators and process parameters in the field of sheet
metal forming, which reflects the largest deformation the
sheet can reach before plastic instability in the process.
Among a variety of methods evaluating sheet metal
formability, the FLC is of the greatest practical
significance and is most widely used. The FLC is a very
effective tool to evaluate sheet metal formability and
solve sheet metal stamping problems [5]. Usually there
are two methods to determine the FLC: theoretical
calculations and experiments. Theoretical calculation of
FLC is based on the specific plastic instability theory
including SWIFT’s diffuse instability theories [6], HILL’s
localized instability theories [7] and M—K instability
theory, using the different yield functions and plastic
constitutive equations for theoretical calculation on the
forming limit strain. SWIFT’s diffuse instability theory
(only valid when biaxial stress state exits) and HILL’s
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Table 1 Chemical composition of 2B06

Si Fe Cu Mn Mg
<0.2 <0.3 3.8-43 0.4-0.9 1.7-2.3
Be Zn Ti Al
0.0002—-0.005 <0.1 <0.1 Else

localized instability (no strain rate sensitivity is
accounted) theory have some limitations, while
MARCINIAK and KUCZYNSKI [8] presented a groove
hypothesis from the perspective of material damage,
which is the most widely used damage instability theory,
known as the M—K theory.

The hydro-mechanical deep drawing of aluminum
alloy 2B06 and complicated components in aircraft
manufacturing were studied by LANG et al [9]. Process
design for multi-stage stretch forming of aircraft skin
using aluminum alloy 2B06 was studied by HE et al [4].
But the forming limit of 2B06 plate and the influence of
the instability theory and yield function have not been
reported. In order to characterize the measured FLC, the
hemispherical dome test was performed, and the
theoretical FLC of the 2B06 based on different instability
theories and different yield functions were compared
with experimental data in this work. At the same time
the analysis results can be used to prove the correctness
and accuracy of the theoretical predictions and to
establish the theoretical prediction model of FLC for
2B06.

2 Formability test

2.1 Basic formability test

The specimens in three different directions (rolling
direction, diagonal and transverse direction) from the
2B06 sheet of 0.8 mm thick were selected in the tensile
test according to the standard of GB/T 228—2002
(metallic materials-tensile testing at ambient temperature)
[10]. The basic formability parameters are calculated
according to the standards of GB/T 5027 — 1999
(metallic materials-sheet and strip-determination of
plastic strain ratio (r-value)) and GB/T 5028 —1999
(metallic materials-sheet and strip-determination of strain
hardening exponent (n-value)), as listed in Table 2.

Table 2 Basic formability parameters of 2B06
Ultimate

. . Yield .
Orientation/ ress/ tensile UE/ K/ n- r-
stress
©) strength/ %  MPa value value
MPa
MPa
0 74.1 170.7 164 334.8 0.257 0.738

45 67.7 162.7 18.1 3164 0.258 0.864
90 73.2 167.0 154 3219 0.246 0.649

2.2 Forming limit test

The forming limit diagram was obtained by
conducting the hemispherical dome test based on the
GB/T 15825.8—2008 standard (sheet metal formability
and test methods-guidelines for the determination of
forming-limit
specimens were electro-etched using a grid of circles of
2 mm in diameter. Then the specimens should be placed
between the die and blank holder and be pressed by
blank holding force at room temperature. The middle
part of the test piece will appear bulging deformation and
form a convex hull under the action of punch force [11]
(shown in Fig. 1). At the same time, the circular grid on
the surface of the test piece will be distorted. The
principal strains at fracture were estimated by measuring
the distortion of the grid as near as possible to the
fracture zone, which are used to define the limit principal
strains of local surface that sheet metal can withstand.
The width of test piece and the lubrication conditions are
changed to get a different strain state.

diagrams). Before testing, all the
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Fig. 1 Rigid punch bulging test (Unit: mm)

The test specimens were prepared by varying the
width of blanks from 20 mm to 176 mm (they are 20, 40,
60, 80, 90, 100, 120, 140, 160 and 176 mm), while the
horizontal direction (aligned in the transverse direction)
is fixed in the length [12,13]. The thickness of the
sample is 0.8 mm. In order to obtain enough test data
under different strain states to describe the forming limit
curve of the sheet accurately at room temperature, the
plates were processed into the sample form shown in
Fig. 2.

The tested specimens are shown in Fig. 3. The strain
of each test piece was measured and selected according
to the standards: 1) Discard the scattered data point from
the three points in one group if it is far away from the
other two close points. 2) Keep these three points if the
three points are gathered together or relatively dispersed
in the same coordinate system [14].
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Fig. 2 Geometric dimensions of test piece (Unit: mm)

Fig. 3 Tested specimens
3 Theoretical calculation

3.1 Hardening law formulation
The hardening law formulation of 2B06 aluminum
alloy can be written as follows [15]:

o=Keg" (1

The hardening model parameters K and » represent
the strength coefficient and strain hardening exponent,
respectively. The values of K and # can be got from the
fitting data of tensile test based on the constitutive model
equation above.

3.2 Yield functions

Different yield functions were selected to calculate
the FLC of the 2B06 based on different instability
theories: HILL’48 yield function [16], HILL’79 yield
function [17], HILL’90 yield function [18], HILL 93
yield function [19], HOSFORD yield function [20],
GOTOH [21] yield function and BARLAT-LIAN’89
yield function [22].

1) HILL48 yield function [16]

In 1948, HILL introduced anisotropy into the yield
equation for the first time. He proposed yield function
for orthotropic materials following the MISES yield
function as a mode and established a reasonable

mathematical model to describe the anisotropic plastic
flow of sheet metal that laid the foundation for the
establishment ofthe theory of anisotropic plastic
deformation.

F'(O'}/;\/—Jzz)2 +G(O'zz—0'xx)2 -l—I‘I(Jxx—O'zz)2 +

2Lo;, +2Mo? +2No,, =1 ()

where x, y and z are the orthotropic axes; F, G, H, L, M
and N are the independent anisotropic characteristic
parameters determined by experiments according to the
different materials. A simplified quadratic yield equation
facing to a planar isotropic and thick anisotropy material
is used in the calculation.
0'12 _io'lo'ﬁo'z2 =0'i2 (3)

1+r

2) HILL’79 yield function [17]

In 1979, HILL proposed a more general yield
function:

floy—os|" +glos —o)|" + oy — o, |" +
a|201 -0, —0'3|m +b|202 —0; —01|m +
c|20'3 -0, — Ul|m =0y (4)

where 01, 0, and o3 are the principal stresses; f, g, 4, a, b
and ¢ are independent anisotropy parameters. The value
of m can be calculated by

m=In(2+2r)/In(2o;, / o) 5)

3) HILL 90 yield function [18]
In 1990, HILL introduced the shear stress
component into the yield function:

/2
f=lo,+0,1" +(oy /7")(0, —O'y)2 +40%y i

[sz +O'2y +202xy]i_
[-2a(c?c—0})+b(o, —0,)’1-(20,)" (6)

where 7 1is the shear stress component, the values of a
and b can be calculated from the values of the yield
strengths in three directions (0°, 45° and 90°).

4) HILL’93 yield function [19]

In 1993, HILL proposed a yield function for
specific material ( o, = o9y but 7, #ry, ), such as
copper sheet.

2 2

O €010, Oy (poy+q0,) | 010,
—S - ———+—5+ P+~ =1
Oyp 009 Oyo Op 0¢09

®)

where oy and agy are the yield strengths in rolling and
transverse directions, respectively; o, is the yield strength
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of the vertex in the hydraulic bulging.

5) HOSFORD yield function [20]

LOGAN and HOSFORD proposed the following
yield function for the planar stress state of anisotropic
materials in 1979:

|0'1|m +|O'2|m +r|01 —02|m =(1+nro!" 9

The value of m in HOSFORD yield function is not
adjustable, for body-centered cubic metals, m = 6, for the
face-centered cubic metal, m = 8.

6) GOTOH yield function [21]

GOTOH from Japan proposed the yield function
in1978:

- 4 3 2. 2 3 4
f =40, + 4,00, + 40,0, + 4,00, + 450, +

(402 + 4,00, + Ago—§ )aiy + Aga;‘y (10)

The value of 4, is 1, and the values of 4,—A4, can be
obtained from the value of 7 and yield strength.

7) BARLAT-LIAN’89 yield function [22]

In 1989, BARLAT pointed out that HOSFORD
yield function can’t handle the situation that the main
axes of anisotropy are not aligned with the main stress
axes, because HOSFORD yield function does not contain
shear stress component. So, BARLAT proposed a yield
function considering anisotropism in the planar stress
conditions:

%[a|K1 + K" vk - K| v KoM 1=0 ()

K = oy +hoy (12)
2
2
K, = (%—Thazz] + PO (13)

where g, represents the yield stress of uniaxial tensile
test; a, ¢, h and p are the anisotropy parameters.

3.3 Plastic instability theories

1) SWIFT’s diffuse instability theory [6]

SWIFT held that the external loads in two directions
reach the maximum value should be the occurrence
condition of the diffuse instability.

dF, =dF, =0 (14)

But SWIFT’s diffuse instability theory is only valid
when biaxial stress state exits under simple loading.

2) HILL’s localized instability theory [7]

HILL presented the localized instability theory
under plane stress condition. HILL held that the localized
instability occurred along the line of zero strain. The
mathematical expression of the instability condition is

doy _doy __4,, (15)
o1 )

But the condition cannot be satisfied because the
line of zero strain does not exist under biaxial stretching.

3) M—K instability theory

The core of the M—-K theory is the famous
assumption of initial inhomogeneity factor. Due to the
geometric or physical reasons, there is initial
inhomogeneity factor on the direction perpendicular to
the direction of maximum principal stress when the
biaxial tension exists on the sheet metal surface. That
means there is a linear groove before deformation on the
sheet surface. The strain concentration will appear and
grow in the groove with the degree of deformation
increasing. Under this assumption, the localized
instability of the sheet is actually caused by the existence
of initial surface defects [23].

The theoretical model diagram is shown in Fig. 4, in
which part B is uneven deformation zone which is called
the groove part and part A is uniform deformation area.

[ pu— A B A —

| b

T3
a I L
1 1

1
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Fig. 4 Mathematical model of M—K theory

The core equations of the M—K theory include
[8,23]:

1) The volume of the sheet remains the same along
with the sheet deformation:

de +dg, +de; =0 (16)

2) Principal stress in three directions of part A
increases in proportion:

de; 4 :dng :d83A

17)
€14 €24 €34
The ratio of strains is unchanged through the loading
process:

dg3/4 — €34 (18)
deyy &34

3) The increments of transverse strain (minor strain)
are same both in part A and part B:

de, , =deyp =ds, (19)
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4) The force equilibrium condition should be
satisfied at each moment during deformation
(¢ represents the thickness of the sheet):

Oi4t4 =O18lp (20)

5) The initial inhomogeneity factor (f;):

Jo="20 1)

3.4 Theoretical prediction of FLC
According to the DRUCKER’s flow theory, the
relationship between strain increments:

doy _ds, _ds; _dg;

(22)
D (%) % @
where
¢1 zl—La
1+7
T
92 1+r
l+a
p3=—(p+))=——"
1+r
a :Uz /O-l
9=0;/0 (23)

The stress increment of the sheet metal under
external force is

The Eq. (24) can be deduced from the Eq. (1) as:

do; =£O'id£i (25)

1
&

1) SWIFT’s diffuse instability theory
The condition of the diffuse instability can be
deduced from the Eq. (14) as

dO'l = Uldgl
do, =0,ds, (206)

The limit strains can be deduced from Egs. (24) and
(25) as

= %
by + Brpra

= %
by + Brpra

g =" 27)
Bioy+ Brpra

2) HILL’s localized instability theory

The limit strains can be deduced from Eq. (15) as

& ="Ln
P

&1 :ﬂgl‘
@

PR (28)
@

3) M—K instability theory

When plastic deformation occurs, the strain
increases faster in the groove than the strain outside the
groove, so the stress state inside and outside the groove
are different. Assume that the stress state remains
constant in part A because of the stationary linear load,
while the load route of part B nonlinearly changes along
the different levels of yield surface. The stress state and
stress intensity were changed to meet the geometric
coordinate conditions and static equilibrium conditions
in order to reach the planar strain state, in which the
groove deepens ( degp >dg;, ) and the material is
thought to lose its ability to bear the deformation, and
then the localized necking occurs.

Three process parameters were introduced during
the calculation process: o, p and f. Where a is the ratio
of the equivalent stress and major stress (o =0,/0,), p
is the ratio of the minor strain increment and the major
strain increment (p=de,/dg;), f is the ratio of the
equivalent strain increment ds; and the major strain
increment dg; (S =dg;/dg).

The strain increment de;, of part A is given, with
which we can calculatede,, de,, and get value of
de;, with the volume conditions:

dey =—(de, +ds,) (29)

The strain values change with the increasing of the
strain increment as follows:

e=¢gy+de (30)

Compatibility condition was used to link the two
regions A and B with the algorithm:

L e, 4de,y = ﬁe(%‘gﬂ)(gg +de,)" (31)
Py Pp

The influence of initial inhomogeneity factor to the
prediction of forming limit based on the M—K model
cannot be ignored. The determination of initial
inhomogeneity factor (f;) is very complex and
error-prone because the initial inhomogeneity factor
depends on many factors, including the thickness of the
sheet metal, surface quality, grain size and other material
properties. The theoretical forming limit curve was
defined by adjusting the value of f; in practical
calculations to make the theoretical FLC, (when the
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minor strain vanishes) close to the experimentally
measured FLC, in planar strain state. Therefore, the
initial inhomogeneity factor is an adjustable parameter in
the calculation [24].

The influence of initial inhomogeneity factor to the
FLC of 2B06 at room temperature is shown in Fig. 5.
Generally, the forming limit curve is higher when the f;
value is bigger, on the contrary, the forming limit curve
is low when the f; value is small. The forming limit curve
drops down with decreasing of value f; till a particular
location corresponds to a constant value of f;.

0.45
035+
& 0.25¢

0.15F +— £=0.999
= — /=0.996
a— f=0.993
*— =0.990

0.05 : . : . :

-0.15 -0.10 -0.05 0 0.05 010 0.15

&

[

Fig. 5 Influence of initial inhomogeneity factor to FLC

Refer to the forming limit curve shown in the Fig. 7,
the theoretical forming limit curve shows a good
agreement with the experimentally measured forming
limit curve by adjusting the value of fy when predicting
the FLC at room temperature. Choose 0.99 to be the
value of initial inhomogeneity factor (f;).

4 Theoretical prediction of FLC
4.1 Influence of yield function

Figure 6 is the comparison diagram of the forming
limit curves based on HILL’s localized instability theory
and different yield functions. Figure 7 is the comparison
diagram of the forming limit curves based on SWIFT’s
diffuse instability theory and different yield functions.
Figure 8 is the comparison diagram of the forming limit
curves based on M-K theory and different yield
functions. We can draw a conclusion that the FLCs are
basically in coincidence respectively in the Figs. 6 and 7.
The FLCs are slightly different utilizing different yield
functions based on M—K theory.

In summary, the FLCs are basically same utilizing
different yield functions based on the specific instability
theory.

0.5
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Fig. 6 FLCs based on HILL’s theory and yield functions
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Fig. 7 FLCs based on SWIFT’s theory and yield functions
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Fig. 8 FLCs based on M—K theory and yield functions

4.2 Influence of instability theory

The theoretical predictions based on the different
instability theories and the specific yield function
(BARLAT’89) are compared with FLC received from
punch bulging test in order to verify the feasibility and
correctness of the theoretical predictions (shown in
Fig. 9).
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Fig. 9 Comparison diagram of theoretical curves and measured
curve

Therefore, we can draw a conclusion that the
influence of the different instability theories cannot be
ignored because there is significant difference among
theoretical prediction curves based on three instability
theories. The FLC based on SWIFT’s diffuse instability
theory is higher than the measured curve. The right part
of FLC based on HILL’s localized instability theory is
invalid. While the theoretical prediction curve based on
M-K theory agrees well with the measured FLC.

5 Conclusions

1) The basic formability of 2B06 is characterized by
uniaxial tension test at room temperature. And the
forming limit curve (FLC) of 2B06 is measured by
conducting the hemispherical dome test with specimens
of different widths.

2) The comparison results of the FLCs show that the
influence of the different yield functions can be ignored
based on SWIFT’s diffuse instability theory or Hill’s
localized instability theory. The FLCs are slightly
different utilizing different yield functions based on
M-K theory. In summary, the FLCs are basically same
utilizing different yield functions based on the specific
instability theory.

3) There is a significant difference among theoretical
prediction curves based on three instability theories. The
FLC based on SWIFT’s diffuse instability theory is
higher than the measured curve. The right part of FLC
based on Hill’s localized instability theory is invalid.
While the theoretical prediction curve based on M—K
theory agrees well with the measured FLC.
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