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Prediction of Eight Earings in Deep Drawing 
of 5754O Aluminum Alloy Sheet
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Abstract 

Earings appear easily during deep drawing of cylindrical parts owing to the anisotropic properties of materials. How-
ever, current methods cannot fully utilize the mechanical properties of material, and the number of earings obtained 
differ with the simulation methods. In order to predict the eight-earing problem in the cylindrical deep drawing of 
5754O aluminum alloy sheet, a new method of combining the yield stress and anisotropy index (r-value) to solve the 
parameters of the Hill48 yield function is proposed. The general formula for the yield stress and r-value in any direction 
is presented. Taking a 5754O aluminum alloy sheet as an example in this study, the deformation area in deep drawing 
is divided into several equal sectorial regions based on the anisotropy. The parameters of the Hill48 yield function are 
solved based on the yield stress and r-value simultaneously for the corresponding deformation area. Finite element 
simulations of deep drawing based on new and existing methods are carried out for comparison with experimental 
results. This study provides a convenient and reliable way to predict the formation of eight earings in the deep draw-
ing process, which is expected to be useful in industrial applications. The results of this study lay the foundation for 
the optimization of the cylindrical deep drawing process, including the optimization of the blank shape to eliminate 
earing defects on the final product, which is of great importance in the actual production process.
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1 Introduction
The Von Mises yield function is the most widely used iso-
tropic yield function for its simple mathematical expres-
sion. It is convenient for use in theoretical derivation and 
finite element (FE) calculation. However, based on the 
isotropic hypothesis, the Von Mises yield function can-
not describe anisotropic materials, especially for sheet 
metal. After several repetitions of rolling and heat treat-
ment, sheet metals, which have a texture formed by the 
fibrous structure and preferred orientation of crystalliza-
tion, exhibit obvious anisotropy [1–4].

Various anisotropic yield functions have been pro-
posed to describe the anisotropic deformation behavior 
of materials. Among them, the quadratic anisotropic yield 
function (Hill48 yield function) proposed by Hill [5] is 
the most famous and is widely used because of its simple 

mathematical expression [6–12]. However, the Hill48 
quadratic yield function can only explain four test results, 
and the results of the “abnormal” yield behavior observed 
in some processes involving rolled sheet metals cannot 
be reasonably described. Hence, this model is not always 
sufficient to represent real physical processes if we use the 
traditional method to obtain the parameters. Using a dif-
ferent parameter solving method may, however, have a dif-
ferent effect on the accuracy of the yield criteria [1, 13–15].

Besides Hill’s quadratic yield model, many other ani-
sotropic yield models have been developed. For exam-
ple, the famous plane stress yield function, Yld2000-2d, 
was proposed by Barlat et al. [16] to describe the aniso-
tropic plastic deformation of sheet metals, especially for 
aluminum alloy. The Yld2000-2d yield function involves 
eight parameters which can be determined by the yield 
stresses and r-values along 0°, 45°, and 90°, and the equi-
biaxial tension direction [16–20]. However, the solid 
element, which is necessary for some thick sheet metals 
especially when the stress along normal direction in the 
sheet plane cannot be ignored, in FE simulation cannot 
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be used with the Yld2000-2d yield function because only 
plane stress variants are considered. The Yld2004 yield 
function with 18 parameters proposed by Barlat et  al. 
[21], can predict six or eight earings [22–27]. Vegter et al. 
[28] proposed an anisotropic plane stress yield func-
tion based on a yield locus description that applies sec-
ond order Bezier interpolations. Vegter’s yield function 
requires 17 independent parameters, which is expected 
to predict six or eight earings [28, 29]. Although some 
of the above yield functions can take into account more 
experimental results and predict complex anisotropic 
behavior, the mathematical expression or the solutions 
of the parameters are quite complicated, which is incon-
venient for engineering application. Besides, a user sub-
routine is needed to implement the needed yield function 
into the FE (FE) software, which will increase the cost 
of FE simulation and cause slow convergence or non-
convergence. As mentioned above, Hill’s quadratic yield 
function is the simplest of all the anisotropic yield func-
tions. It involves only four parameters, making it con-
venient for use in the study. For an isotropic material, the 
function reduces to the Von Mises yield function. Hence, 
many researchers still prefer to use Hill’s yield model to 
develop new theories [30–35].

The parameters of the Hill48 yield function can be 
solved using the yield stress or r-value under different 
loading conditions [1, 14]. Existing studies have shown 
that both the yield stress and r-value have some effect on 
the earing phenomenon in deep drawing. However, the 
number and shape of the earing defects in deep drawing 
cannot be described accurately by the Hill48 yield func-
tion if the parameters are solved with yield stresses or 
r-values alone [1, 33].

In this study, a new method that takes the yield stress 
and r-value together into consideration to obtain the 
parameters of the Hill48 yield function is proposed. The 
anisotropic behavior of the 5754O aluminum alloy sheet 
is discussed and FE simulations of the deep drawing test 
are performed based on different yield functions to pre-
dict the earing phenomenon. The proposed method that 
uses the Hill48 yield function to predict the formation 
of eight earings in the deep drawing of 575O aluminum 
alloy sheet is validated using experimental results. This 
work forms the prerequisite for the deep drawing process 
optimization including blank shape optimization. It also 
lays the foundation for the accurate engineering analysis 
of the anisotropic sheet-forming problem and the realiza-
tion of an effective FE analysis.

2  Hill48 Yield Function (Using the Associated Flow 
Rule)

The expression of the Hill48 yield function is shown in 
Eq. (1):

where x, y, z represent the orthotropic anisotropic 
direction. F, G, H, L, M, and N are independent aniso-
tropic characteristic parameters determined from dif-
ferent material tests. σ̄ is the equivalent stress. When 
3F = 3G = 3H = L = M = N, Eq. (1) will transform the Von 
Mises yield function for describing an isotropic material. 
Eq. (1) is appropriate for the FE simulation of sheet metal 
forming where a solid element should be used so that the 
stress along the normal direction of sheet is not ignored.

The metal sheet is often in a plane stress state during 
the forming process, that is, σzz , σxz , σyz is 0 and then, Eq. 
(1) can be simplified to

Eq. (2) is appropriate for the FE simulation with shell- 
type elements in which only the plane stress is consid-
ered, but is not appropriate for that with solid elements 
where the stress along the normal direction should be 
considered.

3  Determination of the Parameters of Hill48 Yield 
Function

3.1  General Formula for Yield Stress and Anisotropy 
along Different Directions

According to the expression of the Hill48 yield function 
(Eq. (2)) in the plane stress state, the x and y directions 
are assumed to be the rolling direction and the transverse 
direction. The rolling direction is taken as the reference 
direction, that is, the yield stress in the rolling direction 
σ0 is taken as the reference stress. Therefore, we have

According to the stress transformation formula, the 
stresses are expressed as:

where σ1 is the stress along the angle α with respect to 
the reference direction, σ2 is the stress perpendicular to 
σ1 direction, and τxy is the shear stress along the direction 
having the angle α. These stresses and the corresponding 
directions are shown in Figure 1.

The uniaxial tensile stress at an angle α to the rolling 
direction is set as σα and then, we have σ1 = σα , σ2 = 0 , 

(1)

f = F
(

σyy − σxx
)2 + G(σzz − σxx)

2 +H
(

σxx − σyy
)2

+2Lσ 2
yz + 2Mσ 2

zx + 2σ 2
xy = σ̄ 2,

(2)
f = (G +H)σ 2

xx − 2Hσxxσyy + (H + F)σ 2
yy + 2Nσ 2

xy = σ̄ 2.

(3)σxx = σ0 = σ̄ .

(4)







σx = σ1 cos
2 α + σ2 sin

2 α − 2τxy cosα sin α,

σy = σ1 sin
2 α + σ2 cos

2 α + 2τxy cosα sin α,

σxy = (σ1 − σ2) cosα sin α + τxy
�

cos2 α − sin2 α
�

,
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τxy = 0 . Consequently, from Eq. (4), the stress component 
in the xoy plane is [36].

The uniaxial tensile yield stress at the angle α to the roll-
ing direction can be derived based on Eqs. (2), (3), and (5):

According to the associated flow criterion, the yield func-
tion in Eq. (2) is also a plastic potential function. The plas-
tic strain increments dεx , dεy , and dγxy based on the Hill48 
yield function can be obtained according to Drucker’s for-
mula [37]:

Then, with Eqs. (5) and (7) we have

According to the Mohr circle rule for strains, we 
have,

(5)







σxx = σα cos
2 α,

σyy = σα sin
2 α,

σxy = σα sin α cosα.

(6)















σα= σ0√
A+B+C

,

A = (G +H) cos4 α,

B = (F +H) sin4 α,

C = 2(N −H) sin2 α cos2 α.

(7)







dεxx = d�
�

2(G +H)σxx − 2Hσyy
�

,

dεyy = d�
�

2(F +H)σyy − 2Hσxx
�

,
dγxy = 4d�Nσxy.

(8)







dεxx = d�
�

2(G +H)σα cos
2 α − 2Hσα sin

2 α
�

,

dεyy = d�
�

2(F +H)σα sin
2 α − 2Hσα cos

2 α
�

,
dγxy = 4d�Nσα sin α cosα.

Then, the strain increments dεα in the loading direction 
and dεα+90◦ in the width direction [33] are

Based on the assumption that the plastic volume is 
constant, we have

According to the definition of anisotropy index, the 
anisotropy index under uniaxial tension along the angle 
α can be obtained

3.2  Solution of Regional Parameters
The uniaxial tensile yield stresses of 0°, 22.5°, 45°, 67.5°, 
and 90° direction are set as σ0 , σ22.5 , σ45 , σ67.5 , and σ90 , 
and the anisotropy indexes (r-values) are set as r0, r22.5, 
r45, r67.5, and r90, respectively. The divisions on the sheet 
metal are shown in Figure 2, where X is the 0° direction 
(rolling direction), and Y is the 90° direction (transverse 
direction).

Because of the anisotropy of the materials, the materials 
properties will vary from the loading directions. In addition, 

(9)εα=
εx + εy

2
+

εx − εy

2
cos 2α +

γxy

2
sin 2α.

(10)

{

dεα = dεxx cos
2 α + dεyy sin

2 α + dγxy sin α cosα,

dεα+90◦ = dεxx sin
2 α + dεyy cos

2 α − dγxy sin α cosα.

(11)dεx + dεy + dεz = 0,

(12)
dεz = −

(

dεx + dεy
)

=− 2
(

G cos2 α + F sin2 α
)

σαd�.

(13)

rα =
dεα+90◦

dεz
=

H + (2N − F − G − 4H) sin2 α cos2 α

F sin2 α + G cos2 α
.

Figure 1 Stresses and corresponding directions at the angle α of the 
rolling direction

Figure 2 Partitioning of the circular blank sheet (only one quarter of 
the divided model is displayed, and the four parts are marked I, II, III, 
and IV)
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both stress anisotropy and deformation anisotropy play 
an important role in describing the anisotropic deforma-
tion behavior [1]. However, only one class of anisotropy 
from these can be incorporated in the Hill48 yield function 
when the parameters are determined using the traditional 
method. Based on the partitions shown above, more mate-
rial data will be considered and the simulation results are 
expected to be more accurate. For example, the boundary 
of the first region extends from 0° to 22.5°. Both the stresses 
and r-values along the 0° and 22.5° directions ( σ0 , σ22.5 , r0, 
r22.5) will be adopted to determine the parameters of the 
Hill48 yield function. The material properties along the 
22.5° direction will be adopted to solve the parameters of 
the Hill48 yield function for both Parts I and II.

3.2.1  Yield Stress and Anisotropy Index Along Different 
Directions

In Sect. 3.1, the relationship between the uniaxial material 
properties ( σ and r-value) and the loading direction (α) are 
obtained.

That is, the yield stress σ and r-value along any direction 
can be calculated. Then, let α be equal to 0°, 22.5°, 45°, 67.5°, 
and 90°, respectively. The relation between the parameters of 
the Hill48 yield function and the uniaxial material properties 
(yield stresses and r-values) can be obtained as follows.

(1) When α = 0°,

(2) When α = 22.5°,

(3) When α = 45°,

(4) When α = 67.5°,

(14)G +H = 1,

(15)r0 =
H

G
.

(16)

(

3− 2
√
2
)

F +
(

3+ 2
√
2
)

G + 4H + 2N =
8σ 2

0

σ 2
22.5

,

(17)
r22.5 = −

F + G − 4H − 2N
(

4 − 2
√
2
)

F +
(

4 + 2
√
2
)

G
.

(18)F + G + 2N =
4σ 2

0

σ 2
45

,

(19)r45 = −
F + G − 2N

2(F + G)
.

(20)

(

3+ 2
√
2
)

F +
(

3− 2
√
2
)

G + 4H + 2N =
8σ 2

0

σ 2
67.5

,

(5) When α = 90°,

3.2.2  Calculation of the Parameters of Hill48 Yield Function 
for Each Region

(1) Part I (0°‒22.5°)
For part I, the tensile properties (both yield stresses and 

r-values) along 0° and 22.5° directions are adopted since the 
direction of tensile deformation in part I is between 0° and 
22.5°. According to Eqs. (14)‒(17),

(2) Part II (22.5°‒45°)
Similarly, according to Eqs. (16)‒(19),

(21)r67.5 = −
F + G − 4H − 2N

(

4 + 2
√
2
)

F +
(

4 − 2
√
2
)

G
.

(22)F +H =
σ 2
0

σ 2
90

,

(23)r90 =
H

F
.

(24)F =

(

4 + 2
√
2
)

σ 2
0

(r22.5 + 1)σ 2
22.5

−
3+ 2

√
2

r0 + 1
,

(25)G =
1

r0 + 1
,

(26)H =
r0

r0 + 1
,

(27)N =

(

4r22.5 + 2+
√
2
)

σ 2
0

(r22.5 + 1)σ 2
22.5

−
2r0 +

√
2+ 1

r0 + 1
.

(28)F =

(√
2+ 1

)

σ 2
0

(r45 + 1)σ 2
45

+
√
2σ 2

0

(r22.5 + 1)σ 2
22.5

,

(29)G =

(√
2+ 1

)

σ 2
0

(r45 + 1)σ 2
45

+
√
2σ 2

0

(r22.5 + 1)σ 2
22.5

,

(30)H =
2r22.5σ

2
0

(r22.5 + 1)σ 2
22.5

−
(2r45 + 1)σ 2

0

(r45 + 1)σ 2
45

,

(31)N =
(2r45 + 1)σ 2

0

(r45 + 1)σ 2
45

.
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(3) Part III (45°‒67.5°)
From Eqs. (18)‒(21),

(4) Part IV (67.5°‒90°)
From Eqs. (20)‒(23),

4  Performance of Different Yield Functions 
in Predicting Earing

4.1  Solution for Stress and Strain
The 5754O aluminum alloy sheet was used as sample for 
the uniaxial tensile test. The material constants of the sheet 
are shown in Table 1 [38].

The stress-strain values are calculated using the Voce-
shaped stress-strain relationship. The expression is given by 
[38]

where σ̄ is the equivalent stress, σ0 is the initial yield 
strength, ε̄p is the equivalent plastic strain, q and b are the 
fitted material constants; the parameter values are shown 
in Table 2 [1].

(32)F =

(

1−
√
2
)

σ 2
0

(r45 + 1)σ 2
45

+
√
2σ 2

0

(r67.5 + 1)σ 2
67.5

,

(33)G =

(√
2+ 1

)

σ 2
0

(r45 + 1)σ 2
45

−
√
2σ 2

0

(r67.5 + 1)σ 2
67.5

,

(34)H =
2r67.5σ

2
0

(r67.5 + 1)σ 2
67.5

−
(2r45 + 1)σ 2

0

(r45 + 1)σ 2
45

,

(35)N =
(2r45 + 1)σ 2

0

(r45 + 1)σ 2
45

.

(36)F =
σ 2
0

(r90 + 1)σ 2
90

,

(37)G =

(

4 + 2
√
2
)

σ 2
0

(r67.5 + 1)σ 2
67.5

−

(

3+ 2
√
2
)

σ 2
0

(r90 + 1)σ 2
90

,

(38)H =
r90σ

2
0

(r90 + 1)σ 2
90

,

(39)

N =

(

4r67.5 + 2+
√
2
)

σ 2
0

(r67.5 + 1)σ 2
67.5

−

(

2r90 + 1+
√
2
)

σ 2
0

(r90 + 1)σ 2
90

.

(40)σ̄ = σ0 + q
(

1− exp
(

−bε̄p
))

,

4.2  Solution for Anisotropic Parameters
The anisotropy parameters of the Hill48 yield function are 
obtained using Eqs. (24)‒(39) and the values in Table 1 and 
Table  2, and the region-specific parameters are shown in 
Table 3.

In Abaqus, anisotropic yield behavior is defined based 
on the Hill48 yield function and six specific parameters are 
required to characterize the anisotropic properties of mate-
rials. However, only four specific parameters need to be 
calculated under the plane stress state.

The four coefficients of the Hill48 yield function under 
the plane stress state are defined as Eq. (41) [14]:

where R11 ,  R22 ,  R33 and R12 are four specified material 
parameters for using the Hill48 yield function in Abaqus. 
There are two other parameters, R13 and R23 , whose 

(41)



























F = 1

2R222
+ 1

2R233
− 1

2R211
,

G = 1

2R211
+ 1

2R233
− 1

2R222
,

H = 1

2R211
+ 1

2R222
− 1

2R233
,

N = 3

2R212
.

Table 1 Material constants of 5754O aluminum alloy sheet

Yield stress ratio

σ0/ σ0 σ22.5/ σ0 σ45/ σ0 σ67.5/ σ0 σ90/ σ0

1 0.9775 0.9550 0.9595 0.964

Anisotropy index

r0 r22.5 r45 r67.5 r90

0.7031 0.6089 0.6947 0.7207 0.8466

Table 2 Material constants for  the  Voce-shaped stress-
strain relationship

Material constants Initial yield stress q b

Value 99.11 180.79 14.45

Table 3 Anisotropic parameters of  the  Hill48 yield 
function

Region Anisotropy parameters

F G H N

0°‒22.5° 1.0195 0.5872 0.4128 1.5620

22.5°‒45° 0.6421 0.6519 0.3427 1.5459

45°‒67.5° 0.6247 0.6693 0.4604 1.5459

67.5°‒90° 0.5827 0.9140 0.4933 1.5815



Page 6 of 9Wang et al. Chin. J. Mech. Eng.           (2019) 32:76 

values are assumed as R13 = R23=1 . Then, according to 
Eq. (41), Rij can be written as Eq. (42). The calculation 
results are shown in Table 4.

4.3  FE Simulation of Deep Drawing Test
Based on the above data, the FE simulation of the 5754O 
aluminum alloy sheet is performed. A deep drawing test 
was carried out on the sheet metal test machine. The pro-
cess parameters are shown in Table 5. The schematic dia-
gram of the deep drawing test is shown in Figure 3 [1].

We take four nodes located in different locations from 
the edge to the center along the radial direction, followed 
by the node 1, the node 2, the node 3, and the node 4, as is 
shown in Figure 4. Figure 5 shows the strain-time curves 
of the four nodes. It can be seen from Figure 5 that strain 
of four points does not increase until a certain time. The 
closer to center the point is, the smaller the plastic defor-
mation is, and the quicker the strain is to reach the maxi-
mum value. The greater the plastic deformation at the 
point near the edge, the later the strain reaches its maxi-
mum value. When the blank enters the cup wall, the plas-
tic deformation no longer increases obviously. Therefore, 
we can speculate that the main deformation process of 
earings is before the material enters the cup wall.

Three yield functions, namely, Yld2000-2d (imple-
mented into ABAQUS by coding UMAT subroutine), 
Von Mises, and Hill48, are adopted to carry out the 
deep drawing simulations. The Hill48 parameters are 

(42)































R11 =
�

1
G+H ,

R22 =
�

1
F+H ,

R33 =
�

1
F+G ,

R12 =
�

3
2N .

determined using the traditional method and the pro-
posed method shown above. Figure 6(a) shows the final 
shape of the part as obtained from the simulation based 

Table 4 Four specified material parameters for  using 
the Hill48 yield function in Abaqus

Solving area R11 R22 R33 R12

0°‒22.5° 1 0.8356 0.7889 0.9800

22.5°‒45° 1.0027 1.0077 0.8791 0.9850

45°‒67.5° 0.9408 0.9600 0.8791 0.9850

67.5°‒90° 0.8430 0.9640 0.8174 0.9739

Table 5 Deep drawing process parameters (mm)

Blank 
diameter
(Db)

Blank 
thickness
(t)

Die 
diameter
(Dd)

Die radius
(rd)

Punch 
diameter
(Dp)

Punch 
radius
(rp)

90 1.0 53.64 13.0 50 5.0

Figure 3 Schematic diagram of deep drawing

Figure 4 Location of four nodes along the radial direction

Figure 5 Strain-time curves of nodes from the edge to the center in 
the radial direction
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on Hill48 where the parameters are determined by the 
method proposed in this study. Figure  6(b) shows the 
experimental results and Figure 6(c) shows the compari-
son of experimental and simulation results. We com-
pared the simulation results and the experimental results 
in terms of the part port height as shown in Figure  7. 
The simulation results based on the Hill48 yield func-
tion along with the parameter determination method 
proposed in this study can almost accurately predict the 
number and shape of the earings. The simulation results 
are in good agreement with the experimental results in 
the range of 0°‒360°.

When conditions other than the method are the same, 
and the step time is 1 s, it can be seen from Figure 8 that 
the computation time is the longest for Yld2000, which is 
much longer than that required for the other three meth-
ods. The other three methods have similar computation 
times, which are shorter. The computation time based 
on the new method proposed in this paper is slightly 
less than that based on the original Hill48 yield criterion, 
which saves time and increases efficiency.

4.4  Discussions
As shown in Figure  7, we can see that, for the 5754O 
aluminum alloy sheet, different yield functions have a 
great influence on the prediction of earing. The Yld2000-
2d yield criterion not only involves a large number of 
parameters and computations, but also can only pre-
dict up to four earings. The results obtained based on 
the original Hill48 yield criterion also cannot accurately 

Figure 6 Comparison of the simulation results for each method with 
the experimental results

Figure 7 Comparison of simulation results and experimental results 
based on shell element

Figure 8 Computation time for different methods
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describe the earings when compared with experimental 
result. The proposed new method combined with the FE 
simulation successfully predicted the eight earings, which 
can describe the experimental results more accurately. 
The simulated earing shape and trend are in good agree-
ment with the experimental results. It can be seen from 
Figure  6(c) and Figure  7 that the results obtained using 
the new method are in good agreement with the experi-
mental results. The above conclusions are applicable 
to other sheet metals as well. Shell type elements (S4R) 
are adopted in the simulated results shown in Figure  6. 
Similar results can be obtained with solid elements (e.g., 
C3D8R), which will not be demonstrated in this study.

The two traditional methods of the Hill48 yield func-
tion cannot accurately describe the stress anisotropy and 
the deformation anisotropy in different directions at the 
same time, while only one method can be used to solve 
the anisotropic parameters in practical applications [1]. 
With the method proposed in this study, which takes into 
account the stress anisotropy and deformation anisotropy 
simultaneously, the theoretical calculation and the simula-
tion accuracy can be improved. As can be surmised from 
the general expression for the yield stress and anisotropy 
index at any angle in Sect. 3.1, the yield stress and anisot-
ropy index in the direction of the boundary in a certain 
region can be obtained. Then, the anisotropic character-
istic parameters are determined and the corresponding 
simulated results coincide with the experimental results. 
Besides, this avoids complex calculations when using other 
specialized yield functions to solve the parameters and 
does not increase the corresponding FE simulation costs.

5  Conclusions

(1) A brand new method to predict eight earings that 
may occur during the deep drawing process is pro-
posed. We divide a quarter-circular blank into four 
equal sectorial regions, and use the yield stress and 
anisotropy index simultaneously to solve for the 
parameters in each region.

(2) Based on the theories of elastic-plastic  mechan-
ics, the Hill48 quadratic yield model is taken as the 
research object of study for solution, and obtain a 
general expression for the material property param-
eters - yield stress and anisotropy index at any 
angle.

(3) Based on the new method, the FEFE simulation of 
the deep drawing process of a 5754O aluminum 
alloy sheet are carried out, and eight earings are 
successfully predicted, which is in good agreement 
with the experimental results.

(4) In practical applications, the new method of solv-
ing parameters takes into account the stress anisot-
ropy and deformation anisotropy at the same time, 
which provides a new method for solving for the 
parameters, thus making the Hill48 yield function 
convenient to use. This method will lay the founda-
tion for blank shape optimization procedures in the 
future. It is also expected to be helpful in accurate 
engineering analysis and effective FE analysis of ani-
sotropic sheet metal forming problems.
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