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Abstract: The forming limit diagram (FLD) and forming limit stress diagram (FLSD) of aluminium alloy 1060 under linear and
nonlinear strain paths are investigated. The calculation of FLSD is based on experimental FLD using the method proposed by
Stoughton. Different from the FLD that varies with the strain path, the FLSD is not sensitive to the strain path. Therefore, FLSD is
convenient as a forming limit criterion for multi-stage sheet forming. The influences of the material’s yield criteria on FLSD are also
discussed by comparison of the Hill’s 48, Hill’s 79 and Hosford non-quadratic criterion. The impacts of material hardening laws
(Voce and Swift models) on translation of FLD and FLSD are analyzed. The Voce hardening law and the Hosford yield criterion are
appropriate for the FLSD calculation of the aluminium alloy 1060. The stress calculation program and display interfaces of FLD and
FLSD are developed on MATLAB, where the strain data can be input from experiment measurement or FEM calculations.
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1 Introduction

Fracture and wrinkle are common defects of sheet
metal forming. The researchers devote their attentions to
predict and resolve these problems by experimental and
numerical simulation. Fracture occurs when a sheet
metal blank is subjected to stretching or shearing
(drawing) forces that exceed the failure limit of the
material for a given loading history. Most of current
formability tests are concerned with fracture occurring in
stretching operations. In stretching, the sheet initially
thins uniformly, at least in a local area, and necking
induces ultimately fractures. Due to the complex stress
and strain state on the sheet, the simple criteria based on
stress or strain cannot be applied in fracture prediction of
sheet metal forming.

The forming limit diagram (FLD) was discovered
and developed by Keeler and Goodwin, which has been
widely applied in analysis of sheet metal forming.
Forming limit curve (FLC), the key feature of the FLD,
records some pairs of in-plane limit strains (minor and
major) and defines the boundary between safe zone (no
necking) and dangerous zone (necking and splitting).
The FLD of a formed part characterizes the degree of

safety during the forming, which was also applied in
analysis of a warm [1] or a hot [2] sheet metal forming.

FLD is wusually determined by a serial of
experiments. Initially, it is supposed to give a general
criterion to predict the forming fracture or necking
defects of a sheet metal part. Otherwise, for some
complex forming or multi-stage forming, the loading
path dependence of FLD makes it inappropriate for local
necking prediction of deformed sheet [3].

KLEEMOLA  and DELKKIKANGAS [4]
investigated the limitations of the FLD by flanging
operations following a draw forming operation. A
forming limit stress diagram (FLSD) as an alternative
was proposed, and some of their experimental results
proved strain path independence of the forming limit in
stress space for these materials. ARRIEUX et al [5] also
proposed a stress-based criterion for all secondary
forming operations. STOUGHTON [6] pointed out that it
is necessary to use the stress-based criterion in all
forming operations. Theory analysis and numerical
simulation were also used to compute FLD. By the
crystal plasticity theory in conjunction with the M-K
approach, WU et al [7] examined and confirmed the
path-dependency of FLSDs based on different
non-proportional loading histories. ZHOU et al [8]
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determinated the FLSD in aluminium 3A12 and applied
it to tube hydroforming analysis on LS-DYNA finite
element simulations to predict the material fracture. HE
et al [9] used the FLSD to predict the ductile fracture of
aluminium alloy 5052, and verified it with the
experimental Nakazima test and uniaxial tensile. WANG
et al [10] calculated FLDs of magnesium alloy AZ31B
based on the classical Taylor model of crystal plasticity
and proved the strain path dependency of FLD.
ZHALEHFAR et al [11] compared the FLD and FLSD of
aluminium alloy 5083, and the conclusion was that the
equal biaxial pre-straining decreased and shifted the FLC,
but had no effect on FLSD. JIE et al [12] developed
damage-coupled FLD models for warm forming and
non-proportional loading, where the stress was fully
considered during the FLD prediction of sheet metals.

Compared with strain, stress is difficult to measure
from formed sheet metal, so FLSD is often translated
from FLD. Constitutive relationship and yield criterion
of material has significant influences on the stress
calculation [13]. For a specified material, the proper
model of constitutive and yield models should be
determined to get stress with a high accuracy.

The objective of the present research is to determine
FLD and FLSD of aluminium alloy 1060, and compare
their dependencies on strain path (loading history). Some
bulging and tension tests of aluminium alloy 1060 sheet
are carried out. The nonlinear strain path is designed by
combination of two linear strain paths, and the
path-dependency of FLD and path-independency of
FLSD are shown. The influences of constitutive model
(hardening law) and yield criterion on the FLSD
calculation from FLD are discussed.

2 Experimental

The chemical compositions (mass fraction) of the
aluminium alloy 1060 used in the present investigation is
as follows: 0.05% Cu, 0.25% Si, 0.35% Fe, 0.03% Mn,
0.03% Mg, 0.05% Zn, 0.03% Ti, and aluminium. Sheet
specimens of cold-rolled and annealed aluminium alloy
1060 with 1.2 mm in thickness were prepared.

The circular grids were printed on the surface of
sheet (Fig. 1). After deformation, a circle on the
deformation area will be transferred into an ellipse. The
direction of the strains is indicated by the major and

Fig. 1 Sheet specimen printed with grid circles

minor axis of the ellipse. The diameter of printed circle
grid is 4 mm, and there are no gaps between them. The
length of specimen is constant 180 mm, and the width
ranges from 40 mm to 160 mm.

The tests of bulging and tension were set to get the
linear and nonlinear strain paths. The hemispherical
punch used to the bulging test is shown in Fig. 2, which
is mounted on the hydraulic press. Tension tests were
performed on the tension machine. The dimension of
tension sample is shown in Fig. 3.
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Fig. 2 Bulging test dies set (unit: mm)
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Fig. 3 Dimension of tension specimen (unit: mm)

The strain was measured by a vision-based surface
strain measurement system. This system can determine
three-dimensional (3D) coordinates of grid pattern
printed on the surface of a deformed sheet-metal part.
The surface strains on the selected area are calculated
based on these measured coordinate data. To measure the
coordinates of 3D surface, two video photographs are
taken over the measurement area. The FLDs are
generated by the measured straining. If the first local
necking point is found, the punch movement should be
stopped in time during the bulging test. At the large
plastic deformation area, the circular grid becomes
ellipses, and the major and the minor axis of ellipse were
measured for calculation of strain.

The fractured grids should be avoided as possible as
we can. Otherwise, it is hard to control the punch stroke
during bulging test of aluminium alloy sheet. Figure 4
shows the fractured sheet after the punch is stopped. The
sheet is necked or fractured at some points. For the
fractured grid, the crack gap should be neglected when
its major axis length is measured. It is relatively easy to
measure deformed grids when the necking occurs. So,
the bulging tests were repeated for getting the ideal state
(only one local necking).

To analyze the effects of strain path on FLD and
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FLSD, the tension or bulging tests and the combination
of tension and bulging tests were carried out.

Grid near fracture area; c: Necking line across grid)

3 FLDs analysis

The grids on the deformation area of sheet metal are
classified into three types: 1) homogeneous deformation
and no obvious defects; 2) deformation localization and
necking; and 3) fracture. The specimens with necking
defects after the bulging tests are shown in Fig. 5. The
FLD is generated and plotted after the measurement of
the strains in deformed area (Fig. 6), where the three
distinct zones are shown, i.e. fracture zone, critical zone
and safe zone. This is typical FLD of sheet metal
forming.

The combinations of tension and bulging test were
carried out to get the FLD of nonlinear strain path.
Considering the influences of strain path on the FLD, the
loading paths were set, that is

and bulging—tension  (conversed

two different
tension—bulging
forming sequence). Both pre-strains by tension and
bulging are 0.17, and the necking specimens
corresponding to two strain paths are shown in Fig. 7.
Figure 8 shows the positions of necking in FLD
corresponding three strain paths. The position of FLC is
influenced by the strain path. The FLC of a
tension-bulging test is higher than that of a
bulging-tension test. The FLC of linear strain path
(single bulging) is between them. The observations from
the tests are agreed with the statement of Ref. [14].
Therefore, the FLD at linear strain path is improper to
predict the deformation defects at non-linear strain path.

4 FLSD calculation and analysis

4.1 Material characterization

The selection of material hardening criterion is
essential to the stress calculation accuracy from
measured strain. Uniaxial tension tests were performed
for getting the stress—strain curves of aluminium alloy
1060 sheet. The true stress—true strain (o—¢) data
measured in each test were fitted to the Voce equation
(Eq. (1)) and Swift equation (Eq. (2)). Comparison
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Fig. 5 Specimens after bulging tests: (a) W=40 mm; (b) W=80
mm; (¢) W=120 mm; (d) W=160 mm
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Fig. 6 FLD of aluminium alloy 1060 sheet by single bulging
tests FLD of nonlinear strain path

between Swift and Voce hardening criterion shows that
Voce criterion has a better agreement with the
experimental data of the aluminium alloy 1060 (Fig. 9).
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Fig. 7 Fractured sheets at different strain paths: (a)
Tension-bulging; (b) Bulging-tension
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Fig. 8 FLD at different strain paths
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Fig. 9 Stress—strain curves from uniaxial tension test of Al
1060

For most of the aluminium alloys (AA6061 [15],
AA3105, AA8011 [13]), the Voce model has a better
agreement with the experimental points than other
models.

(&) =k(g +&)" (1
where ¢ and & are effective stress and strain,
respectively; K, n and & are the material constants.

o(e)=A-Bexp(-C¢) 2)

where A, B and C are the material constants that are

calculated by fitting experimental stress/strain data.

The fitted parameters of Voce model are as Eq. (3).
Therefore, the subsequent stress calculation from
measured strain is based on Voce hardening criterion.

5(z) = 250.15—120.27 exp(—6.497) 3)

The anisotropic is characterized by the r-value of
sheet. The uniaxial tension test was carried out at 0°, 45°
and 90° to the rolling direction of sheet. In the present
research, the averaged r-value of 0.715 from three
r-values is used.

4.2 FLSD calculation procedures

To generate the FLSD, the measured strain data
need to be converted firstly into stress form. The
conversion process from strain to stress adopts the
method proposed by STOUGHTON [6]. The assumption
is that the normal stresses act along the principal axes
directions, and the stress in sheet thickness direction is
ignored. The strain path is described by the strain ratio
and the stress ratio (Eq. (4)). The in-plane major and
minor stresses are calculated as Eq. (3).

a=22, p=t2 o)
O &
56
7 Ha) ©)

where & (g) is equivalent stress calculated according to
the flow and hardening law; o, and o, are the major
stress and the minor stress, respectively; £(a) is a
material parameter derived from the material yield
criterion, and the Hill” 48 (quadric) yield criterion is

adopted.

a:(l-l-l’)p-H‘ ©)
1+r+rp

E(a) = 1+a2—12+—rra 7

_ 1+r 2r

E=ﬁ 812+822+m€182 (8)

where r is anisotropic parameter; when the non-linear
strain path is applied, if the pre-strains is (&1i5621) | the
equivalent strain in this step is

1+r 2 2

_ 2r
& = &t & +m‘911‘921 %)

boVisor

It is also the initial strain of the next loading step.
The final strain of next load step is (&ir>€2¢), and the
increasing strain in this step is (&1r — €11,62r —621) .
Therefore, the equivalent strain in this step is
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The in-plane major and minor stress can be
calculated according to equations listed above.

_ ole(&,60) + €& — &35 828 — E2i)]

o1 = (11)
é:|:a(‘92f — &y ):|

E1f — &4

o, = (=), (12)
E1r ~ &1

If other yield criteria are adopted, the equivalent
strain calculation (Eq. (6)) needed to be changed. For
example, the equivalent strain calculated from the Hill’s
79 non-quadric criterion and the Hosford non-quadric
criterion are expressed as Eq. (13) and Eq. (14),
respectively.

1/m
0o

5 & +é, mAm=D) 4

n 1/(m=1) (m-1)/m
| ) | (13)
(1+2r)

where the exponent m is set as 1.8 [6].

Lot a-1)
E: (Wj (| 6'1 |a/(a—1) + ‘ 82 ‘a/(a—l))+
+2%7r

(1+ r)l/(a—l) 1_( 1 jl/(a—l)
2 1427y

(a-1)/a
|a+@PM”} (14)

where a is a coefficient equal to 6 for BCC and 8 for
FCC material, so for the aluminium alloy sheet in the
present investigation, a = 8.

The calculation procedure is drawn out in Fig. 10,
which is implemented by MATLAB program. The
measured strains are input data, and the major and minor
stress can be calculated according to the equations
described above.

Fig. 10 Flow chart of FLSD calculation

4.3 FLSD analysis

The measured strains of necking points on the
deformed sheet at the various loading paths are input into
the stress calculation program (Fig 10), and the major
and minor stresses are generated. Figure 11 shows the
FLSD of aluminium alloy 1060 at various strain paths.
The limit points at the linear strain path (bulging) are
fitted as a forming limit stress curve (FLSC). The limit
points under non-linear strain paths are almost on this
fitted FLSC. Compared with FLD shown in Fig. 8, the
calculated FLSD in Fig. 11 is not sensitive to loading
(strain) path.
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Fig. 11 Calculated FLSD at various stain paths (Hill’s 48
quadric yield criterion)

The FLSDs calculated by the Hill’s 48 and Hill’s 79
yield criteria are similar for tension or bulging tests (Fig.
11 and Fig. 12). But, the difference between FLSDs
based on Hill’s 48 and Hill’s 79 yield criteria at the
non-linear strain path is larger than that at the linear
strain path.

Figures 12 and 13 show the calculated FLSD with
the Hill’s 79 and Hosford non-quadric yield criterion,
respectively. It can also be found that the FLSD is
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Fig. 12 Calculated FLSD at various stain paths (Hill’s
non-quadric yield criterion)
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Fig. 13 Calculated FLSD at various stain paths (Hosford’s
non-quadric yield criterion)

influenced by the yield criterion. The Hosford’s
non-quadric yield criterion has distinct FLSD from that
of Hill’s yield criterion. The magnitude of stresses at the
Hosford’s yield criterion is lower than others.

For the bulging, the main deformation area was in
balanced biaxial stretching, and the calculated stress
coordinate points in FLSD should have almost the same
minor and major stresses. The stress calculations by three
yield criteria have same tendencies for the balanced
biaxial stretching, which reflects the actual state of
stress.

The tension is uniaxial stress, and the coordinate
points in FLSD should be near or on the vertical axis.
However, these calculated points by Hill’s 48 and Hill’s
79 yield criteria (Fig. 11 and Fig. 12) are not on or close
to vertical axis. Otherwise, the FLSD by Hosford’s yield
criterion (Fig. 13) is in agreement with this point. So, the
Hosford’s yield criterion is appropriate for the present
experiment material.

5 Conclusions

1) The FLD and FLSD of aluminium alloy 1060
were investigated by the sheet forming tests. The
influences of strain path on forming limits were studied
by considering linear and non-proportional strain path,
which was implemented by combinations of tension and
bulging tests.

2) The present investigation confirms that the FLSD
is not sensitive to strain paths of aluminium alloy 1060.
Therefore, the FLSD should be considered to apply in
the forming limit analysis for the complex or multi-stage
sheet metal forming.

3) During the calculation of stress for FLSD from
measured strain, both the hardening law and yield
criterion are essential influence factors. The Voce
hardening law and the Hosford non-quadric yield

criterion are appropriate for the FLSD description of
aluminium alloy 1060.
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