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Abstract: A modified Swift type flow stress—strain relation was presented in order to describe the uniaxial tension test curve
reasonably. The FLD-strain (forming limit diagram made up of limit strain) of 57540 aluminum alloy sheet was calculated based on
the two flow stress—strain relations using Y1d2000-2d yield function. By comparing the theoretical and experimental results, it is
found that the calculated FLD-strain based on the modified Swift flow stress—strain relation can reasonably describe the
experimental results. However, though the common Voce flow stress—strain relation can describe the deformation behavior during
homogenous deformation phase accurately, the FLD-strain calculated based on it is obviously lower than the experimental result. It is
concluded that the higher the hardening rate of sheet metal is, the higher the forming limit is. A method for determining the
reasonable flow stress—strain relation is recommended for describing the material behavior during inhomogenous phase and the

forming limit of sheet metal.
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1 Introduction

Forming limit diagram plays an important role on
the analysis of plastic forming of sheet metals and has
become an indispensable criterion for performance
analysis and failure prediction [1—4]. The groove
instability theory (called M-K theory for short) proposed
by MARCINIAK and KUCZYNSKI [5] is the most
representative theory for calculating the forming limit of
sheet metals. The whole plastic deformation process of
sheet metals is from the initial yield point to the failure
point which includes the homogeneous and
inhomogeneous deformation processes. So in order to
obtain reasonable forming limit by a theoretical method,
the proper yield function and instability theory should be
adopted [2]. The yield function is for describing the
anisotropic deformation behavior while the instability is
for judging when the deformation process stops, namely,
when the fracture occurs [2,6—9]. Besides the anisotropic
deformation behavior, strain hardening behavior during
plastic deformation also exits [10—13]. A reasonable flow
stress—strain relation should also be adopted to describe

the strain hardening behavior during the whole plastic
deformation process [13,14]. So when calculating the
forming limit of sheet metals, besides the instability
theory and yield function [2,14,15], an accurate flow
stress — strain relation should also be chosen. The
common flow stress—stain relations belong to Hollomon
type, Swift type and Voce type, etc. The constants of the
flow stress—strain relations are obtained by fitting the
uniaxial tensile test data in homogeneous deformation
phase. In general, a theoretical flow stress— strain
relation describing the homogeneous deformation phase
reasonably should be adopted for the theoretical analysis
or the numerical simulation of sheet metal forming
including the calculation of forming limit [16]. When
calculating the forming limit of sheet metals, the plastic
deformation behaviors in the whole deformation process
including homogeneous and inhomogeneous
deformations are needed. But the flow stress—strain
relation is obtained only by fitting the experimental data
in homogeneous deformation phase since the
experimental data in inhomogeneous deformation phase
cannot be obtained. When calculating forming limit of
sheet metal, we do not know whether the strain hardening
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behavior in inhomogeneous deformation phase is
described reasonably or not. So the accuracy of the
calculated forming limit cannot be ensured. Many studies
have been carried out on the effect of yield function and
instability on forming limit of sheet metals [10,17-22].
Nevertheless, few studies about the effect of the flow
stress—strain relation on the forming limit of sheet
metals have been carried out.

In this study, the forming limit of 57540 aluminum
alloy is calculated based on M-K instability theory. When
calculating the forming limit, the proper yield function
which describes the anisotropic behavior under different
loading paths is adopted. In addition, two types of flow
stress—strain relations are used for the calculation of
forming limit. The effect of the flow stress—strain
relations on the calculated forming limit of sheet metals
is discussed.

2 Constitutive relation

2.1 Yield function

57540 aluminum alloy sheet was used in this study
and the mechanical properties of it are listed in Table 1.

In this study, Y1d2000-2d yield function proposed
by BARLAT et al [23] was adopted to calculate the
forming limit of 57540 aluminum alloy.

Y1d2000-2d yield function is given by:

p=¢'+¢"=25" (1
where exponent m is a material coefficient and
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Components of X' and X" are obtained from the
following linear transformation of the Cauchy stress:
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In Eq. (4), ¢ is Cauchy stress, and in Egs. (5) and (6)
P, -+, Ps are eight anisotropy coefficients. In this study,
m=8 since 57540 aluminum alloy is an FCC material.

In order to describe the observed anisotropy
changes of 57540 aluminum alloy sheet during the
+++, Bg) of Y1d2000-2d
yield function were presented as a polynomial function

deformation, the constants (5,

of the equivalent plastic strain (£,) according to the
plastic work equivalent theorem shown in Eq. (7).

B = A€o + AsEps + AsEpu + LE s + 6y + AE, + 4
()

The polynomial coefficients (calculated with the
method developed [16]) of the material parameters
(1, =+, Ps) of the Y1d2000-2d yield function are shown
in Table 2.

Then Y1d2000-2d yield function can describe the
anisotropic behaviors more accurately [12], as shown in
Fig. 1. Figure 2 shows the relations between a few
constants (S, f, f7 and fg) and the equivalent plastic
strain as examples.

2.2 Flow stress—strain relation

Swift and Voce type relations are two common flow
stress—strain relations. In this study, a new flow stress—
strain relation is presented by modifying Swift type
relation. Then three kinds of flow stress—strain relations
are adopted for describing the strain hardening behavior.

The Voce flow stress—strain relation is expressed
as:

G =0y +q[l—exp(-be")] ®)

Table 1 Mechanical properties of material 57540 aluminium alloy sheet

(fo/MPa 0'45/MP3. O'go/MPa

O'b/MPa 140 I 14N

108.671 108.678 113.385

110.014

0.707 0.894 0.956




2372 WANG Hai-bo, et al/Trans. Nonferrous Met. Soc. China 22(2012) 23702378

Table 2 Coefficients of f;—fs as polynomial function of equivalent plastic strain

Anisotropy coefficient A, A, A Ay As Ag A
I 0.9662 —12.995 504.26 —8842.41 80576.73 —363754.3 636461.3
b 0.9769 24.347 -1109.9 21453.4 —203966.1 931135.8 -1623928.2
b3 1.1008 —0.06 —242.022 6182.53 -60732.5 265310.3 —431503.9
N 1.0475 7.27914 —369.491 7426.05 —71522.4 327243.1 —569613.2
bs 1.0439 0.3087 —50.823 1112.97 -10156.91 42461.08 —-67112.84
Bs 1.1008 —0.06 —242.022 6182.526 -60732.5 265310.3 —431503.9
S 1.0891 3.4672 —115.499 1754.87 —13395.6 50213.3 —73660.2
Ls 0.919 1.3598 184.98 —5758.39 64777.13 —317309.27 570194.9
250 0.15.
— Theoretical In order to quantitatively evaluate the theoretical
200 flow stress—strain relations, an error function, J, is
introduced for each stress—strain relation:
%«j 150 5= l i O-iheoretic[al - O-éxperimental ’ (11)
Ry 100 n iz O experimental

Experimental
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Fig. 1 Experimental and theoretical plastic work contours
(based on Y1d2000-2d yield function)

The Swift flow stress—strain relation is expressed
as:

G=k(z, +&)" 9)

The Swift type flow stress—strain relation is
modified by adding a material constant for describing the
experimental data more accurately which is expressed as:

G=k(z, +&)" +c (10)

In Egs. (8)—(10), 0y, q, b, k, &,, n and ¢ are material
constants.

The material constants of the three flow stress—
strain relations are obtained by fitting the experimental
data under uniaxial tensile test.

The material constants for the three flow stress—
strain relations are shown in Table 3.

The three flow stress—strain relations are compared
with the experimental flow stress—strain relations in
Fig. 3. As shown in Fig. 3, the Voce and modified Swift
flow stress—strain relations can describe the strain
hardening behavior reasonably while the original Swift
relation cannot especially when the strain is greater than

where 7 is the number of the experimental points;
i i .

O experimental 300 Tpeqrericar are the experimental stress and

the corresponding theoretical stress, respectively. For

each experimental strain &

experimental > the eXperimental

stress is obtained from the experimental stress—strain
curve while the theoretical stress is calculated based on
the theoretical flow stress—strain relation.

The values of the error J for the three flow stress—
strain relations are shown in Table 4. As indicated in
Table 4, the errors of the Voce and the modified Swift
stress—strain relation are very small while the error of
the original Swift flow stress—strain relation is relatively
large. The error of the original Swift flow stress—strain
relation is obviously larger than that of the Voce or the
modified Swift stress—strain relation.

Then the Voce and the modified Swift flow stress—
strain relations which describe the experimental flow
stress — strain curve reasonably are adopted for
calculating the forming limit of 57540 aluminum alloy.

3 Calculation method for forming limit

The most famous instability theory which is used
widely is M-K instability theory proposed by
MARCINIAK and KUCZYNSKI [5]. In M-K instability
theory, virtual thickness imperfections are introduced as
grooves simulating defects in an otherwise uniform sheet
material, as shown in Fig. 4. The deformation field is
computed inside the groove as a result of the applied
loading outside the groove. Failure is considered to occur
when the ratio of the deformation in the groove relative
to the nominal deformation (outside the groove) is
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Fig. 2 Functional relations between £, (a), 5, (b), f7 (c), fs (d) and N
Table 3 Material constants for two kinds of flow relations
Flow relation 0o q k & n c
Voce 99.69 189.20 12.01 — — — —
Swift 474.9 0.0068 0.3236 —
Modified Swift — — 637.8 0.0086 0.1602 -219.6
350 Table 4 Error of flow relations
300 Voce Original Swift Modified Swift
0.0076 0.0286 0.0080
250
& 200 modified M-K theory [2] is used when calculating the
= forming limit, namely, it is assumed that there is an
& 150 £ Y
initial angle between the groove and the major principal
100p° e Modified Swift stres.s dlrectl().l’l. under each 1oadlng condition. Under each
—e— Original Swift loading condition, the minimum value of the calculated
30 ° Experimental forming limits is regarded as the forming limit when the
5.5 010 05 050 initial angle Varles. from 0 t(? 90°. The stress analyses of
e the areas a and b in the modified M-K model are shown

Fig. 3 Theoretical and experimental uniaxial tension stress—
strain relation along rolling direction

greater than a critical value. As shown in Fig. 4, a and b
denote normal and groove areas, respectively. The

in Fig. 5. In Fig. 5, a1, 011, 02, 0x, 01p and o, are the
stress components in the normal area Among them, oy
and gy, are the major principal stresses; o, and oy, are the
minor principal stresses; oy, and oy are the shear stresses.
Om» Oy, Om and oy, in Fig. 5 are the stress components in
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Fig. 4 Sheet metal with initial thickness imperfections (M-K
model)
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Fig. 5§ Stress analysis for M-K model: (a) Normal area;
(b) Groove area

the groove area. Among them, o,, and o are the major
principal stresses; oy, and oy are the minor principal
stresses. For the area a we have

o’ =0 cos® p+ ol sin® (12)

oy =(0y —o))singcos @ (13)

ol =o' sin* g+ 0 cos’ (14)
For the area b,

o-fn = o-lb1 cos? +o-§2 sin? g+ o-lb2 sin 2¢ (15)

ol = o?) cos’ p+(oh, —o?))sinpcos (16)

b_ b2 b2 b
Oy =07, 8In” @+ 0,, cos” @+ 0y, sin2¢ (17)

where n and t are the normal and tangential directions of
the groove respectively. According to the force
equilibrium of the section between the areas a and b, we
have

FHLIJl = FH};l
- (18)
nt nt
Then we have
b b

om!" = G;“Z (19)

o t’ = ot
and
ot o

nt __ nt
b T (20)
O-Illl O-Illl

t* =e"tf @

b
*=e=1)

where #¢ and ) denote the initial thickness of the
normal and groove before  deformation,
respectively; / and ¢ denotes the true thickness during

arcas

deformation of the normal and groove areas, respectively;
&3 1s the strain in the direction of thickness.

Set f, = té’ /ty, where fy is the initial thickness
imperfection.

From Egs. (12) to (17), we have

o cos® p+of sin® ¢ _

a

(o5 —o})singpcos @

ol cos® p+ ol sin? g+ ol sin 29

(22)
o-lb2 cos2¢ + (o-é’2 - o-lb1 )sin g cos ¢

The angle of the groove, ¢, is updated during
deformation as:

a
1

tan(@ + dg)=tang 1 +ds (23)

&

where de/ and dgj are the principal strain increments
in the plane of the area a.

The compatibility equation between the areas a and
bis

del =deb (24)
where
d a =d a :. 2 a 2
&y =de& sin” @ +dej; cos” @
dgf: = dglb sin g + dgé’ cos? ¢ — 281})2 sin ¢ cos @

There are many methods to determine the instability
point. Generally, the instability point is determined when
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the ratio of the strain increments outside the groove to
those inside the groove is smaller than a certain value
[2,9]. In this study, the instability is determined when the
ratio of the equivalent strain increments outside the
groove to those inside the groove is smaller than 0.01
(dz/ /dz, <0.01).

4 Comparison between theoretical and
experimental FLD-strain

With the forming limit calculation process [2,15],
the theoretical FLD-strain of 57540 aluminum alloy
under linear strain paths is calculated based on the
equivalent plastic strain-dependent Y1d2000-2d yield
function using the Voce and the modified Swift stress—
strain relations.

The experimental FLD-strain under linear loading
paths is obtained with punch bulging test by HAN [24].
The specimens for the experimental FLD-strain are
shown in Fig. 6 and the dimensions of them are shown in
Fig. 7. For each specimen, when the fracture occurred,
the test was stopped. The deformed specimens in the
punch bulging test are shown in Fig. 8 [24].

The calculated and experimental FLD-strains under
linear loading paths are compared in Fig. 9. As shown in
Fig. 9, the calculated FLD-strain based on the modified

§7 50
180
]
T~
180
L
™~
]

12 -

160 140 160 180

Fig. 7 Dimensions of specimens for experimental FLD-strain
(mm)

Fig. 8 Deformed specimens in punch bulging test
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Fig. 9 Comparison of experimental and theoretical FLD-strain:
(a) Based on modified Swift; (b) Based on Voce

Swift flow stress—strain relation can describe the
experimental results reasonably when the thickness
imperfection f is from 0.991 to 0.997. However, the
calculated FLD-strain based on Voce flow relation is
lower than the experimental results even the thickness
imperfection fis high to 0.9999.

As shown in Fig. 3, both the Voce and the modified
Swift flow stress—strain relations can describe the
uniaxial tension test curve accurately. But the calculated
FLD-strains based on the Voce and the modified Swift
flow stress—strain relations are obviously different. The
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material constants of the two flow stress—strain relations
are obtained just by fitting the experimental data in
homogenous deformation process since the experimental
data in inhomogenous deformation phase cannot be
obtained. Therefore, the accuracy of the Voce and the
Swift flow stress—strain relations on describing the
deformation behavior in inhomogenous deformation
cannot be ensured. And yet, the calculation process of
forming limit includes the homogenous and
inhomogenous deformation processes. The Voce and the
modified swift flow stress—strain relations are compared
further in Fig. 10. As shown in Fig. 10, the two flow
stress—strain relations coincide with each other in the
homogenous deformation phase while they bifurcate
after the fracture point. With the increase of deformation,
it can be seen that the modified Swift flow stress—strain
relation has a higher slope than the Voce relation. In
other words, the material hardening rate based on the
modified Swift flow stress—strain relation is higher than
that based on the Voce relation. The higher material
hardening rate may result in a higher forming limit [25],
so that the calculated forming limit based on the
modified Swift flow relation is higher than that based on
the Voce flow relation. Therefore, it is concluded that
when calculating the forming limit, the proper flow
stress—strain relation should be adopted besides the
proper yield function and instability theory.

350
300
<
S 2s0f
©
200 O Experimental
—Voce
—Modified Swift

1300005 010 015 020 025 030

€
Fig. 10 Comparison between Voce and Modified Swift stress—
strain relations

As shown in the above, even though the accurate
anisotropic yield function is adopted, the flow stress—
strain relation plays an important role on the forming
limit. Though both the above two flow stress—strain
relations can describe the deformation behavior in the
homogenous phase, the resulted forming limits based on
them are very different. Therefore, when calculating the
forming limit of sheet metals, the proper flow stress—

strain relation should be adopted besides the proper yield
function.

As shown in Fig. 9, the limit strain (including the
strain in homogenous and inhomogenous deformation
phase) close to the fracture point is about 0.3. The
homogenous deformation behavior of the material used
in this study at such a deformation amount cannot be
obtained by conventional experimental method. When
the theoretical calculation or the numerical simulation is
carried out, if the actual deformation amount is greater
than the maximal deformation obtained by conventional
experimental method (e.g. uniaxial tension test), the
deformation behavior after this maximal deformation
will be described with assumption since the constants of
the flow stress—strain relation are obtained from the
data in the homogenous deformation phase. So the
conventional tension test (e.g. uniaxial tension test) is not
applicable for determining the proper flow stress—strain
relation for describing the deformation behavior and
forming limit at a large deformation amount.

In this study, a method for determining the proper
flow stress—strain relation is recommended. First, the
flow stress—strain relation describing the deformation
behavior in homogenous deformation phase is selected
by fitting the experimental data from the uniaxial tension
test. Then the forming limits under a certain loading path
(e.g. uniaxial tension) which can be carried out easily are
calculated based on the selected flow relation with the
accurate yield function and instability theory. Finally, the
calculated forming limits are compared with the
experimental forming limits. Then the flow stress—strain
relation which can describe the deformation behavior in
homogenous and inhomogenous deformation phase
reasonably can be determined. Here, the experimental
forming limit which can be obtained easily is
recommended, such as the forming limit under uniaxial
tension or plane strain tension, which can be obtained by
stretching the specimen to fracture and measuring the
strain close to the fracture point.

5 Conclusions

1) The Voce and the modified Swift flow stress—
strain relations coincide well with the experimental
uniaxial tension curve while the original Swift relation
does not.

2) Though the accurate anisotropic yield function is
used, the flow stress—strain relation also plays an
important role on the calculated forming limit. The
FLD-strain calculated based on the modified Swift flow
stress—strain relation can describe the experimental
results reasonably while that calculated based on the
Voce flow stress—strain relation can not. The theoretical
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FLD-strain calculated based on it is obviously lower than
the experimental result.

3) After the homogenous deformation phase, the
modified Swift flow stress—strain relation has a higher
hardening rate than the Voce relation which leads to the
forming limit based on the modified Swift relation higher
than that based on the Voce relation.

4) When the theoretical or the numerical work is
carried out for the whole deformation process of sheet
metal, the proper flow stress—strain relation should be
adopted besides the proper yield function and instability
theory. The method with the measure of the limit strain
in order to choose the reasonable flow stress—strain
relation describing the deformation behavior during the
whole deformation process (including the homogenous
and the inhomogenous deformation) of sheet metal is
recommended.
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