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1. INTORDUCTION
Mechanical behavior can be defined as a behavior of the 
materials under loading, and properties that determine this 
behavior can be named as mechanical properties.  Mecha-
nical tests can identify the mechanical behavior of materi-
als, and the tensile test has a wide usage area. Force-stroke 
curves can be obtained as a result of a uniaxial tensile test 
than stress-strain curves can be calculated to eliminate the 
dimension factor. Stress-strain curves represent the beha-
vior of a material under uniaxial tensile load. Yield stress, 
tensile stress, elasticity modulus, strength coefficient, harde-
ning exponent, anisotropy coefficient, etc. can be calculated 
from a uniaxial tensile test. These mechanical properties can 
be used as an input for plasticity models in finite element 
analyses to determine the plastic behavior of materials. To-
day, a huge number of plasticity models exist for modeling 
the plastic behavior of materials [1-4]. Modeling elastic be-
havior of a material can be performed easily by using a linear 
Hooke equation, however modeling plastic behavior is more 
complicated and needs information such as initial yield po-
int, stress-strain relation, hardening behavior that identifies 
the development of yield stress. [5].

Today, finite element analyses become an effective tool that 
has a wide usage area in both academy, and industry. Pre-
diction performance of finite element analyses has a great 
importance, especially in industrial analyses. Prediction 
accuracy of finite element analyses depends on finite ele-
ment calculation parameters as element size, element for-

mulation, number of integration points, contact condition, 
symmetry condition, and plasticity models [6-9], besides, 
plasticity models have a dominating effect on prediction 
performance of finite element analyses [10-11] so, selection 
of plasticity model becomes an important part of preproces-
sing stage in finite element analyses. Determining material 
plastic behavior capacities of plasticity models depends on 
the assumptions of these criteria. Plasticity models can be 
classified basically as isotropic material-isotropic hardening, 
anisotropic material-isotropic hardening, and anisotropic 
material-kinematic hardening. In this sense, several advan-
ced plasticity models are presented in recent years [12-15]. 
However, usage limitations of these plasticity models belong 
to the number of material parameters needed. Today, plas-
ticity models with 18 parameters [16] and plasticity models 
with 11 parameters [17] are presented in the literature. Plas-
ticity models with fewer parameters have an advantage by 
means of calculation time thus, users need less number of 
mechanical tests and mechanical parameters.

As a summary, an effective selection of plasticity model whi-
ch affects the prediction accuracy of finite element analyses 
is a critical stage of engineering calculations, especially in 
industrial applications. In this study, five different plasti-
city models are evaluated by uniaxial tensile tests. For this 
purpose, von Mises, Hill-48, Hill-93, Barlat-89, and Hu-2003 
plasticity models are evaluated by uniaxial tensile tests with 
three directions (rolling, diagonal, transverse) for DC04, 
DP780, and 6000 series aluminum alloy materials are per-
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formed, and plastic behavior representations of plasticity 
models are compared.

2. MATERIAL & METHOD
In this study, DC04 mild steel, dual-phase DP780 advanced 
high strength steel, and 6000 series of aluminum alloy are 
used as materials for evaluating plasticity models. Firstly, 
uniaxial tensile tests are performed for obtaining mechani-
cal properties and all materials are tested for three different 
directions (rolling, diagonal, transverse). In addition, uni-
axial tensile tests for determining anisotropy coefficients are 
performed in the same directions. Then, the plastic behavior 
of materials is modeled using five different plasticity models. 
For this purpose, yield loci and the angular variations of the 
yield stress ratio and anisotropy coefficients are calculated 
by using these models, and predicted results are compared 
with the experimental results.

2.1. Experimental Studies
All tensile tests are performed with a Shimadzu AG-IC ten-
sile test machine. Tensile samples are manufactured using 
cutting dies from sheet plates (Fig. 1) according to ASTM-E8 
standards [18] (Fig. 2). Test velocity is applied as 25 mm/min 
constant. Non-contacted extensometers are used for displa-
cement measurements. Test samples are shown in Fig. 3.

Figure 1. Schematical view of tensile test directions

Figure 2.  ASTM-E8 tensile test sample

Force-stroke data are converted as stress-strain data and en-
gineering stress-strain curves are obtained for all materials 
(Fig. 4). Then, experimental flow curves are calculated to 
determine the plastic behavior of materials. For this purpo-
se, engineering stress-strain curves are converted to true 
stress-strain curves, after then elastic parts are subtracted 
from the data. Flow curves of all materials are given in Fig. 5.
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DP780
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Figure 3. Test samples after uniaxial tensile tests
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Figure 4. Stress-strain curves of materials 
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Figure 4. Stress-strain curves of materials 
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118  European Mechanical Science (2020), 4(3): 116-122 
 doi: https://doi.org/10.26701/ems.736492

Evaluation of Plasticity Models Using Uniaxial Tensile Test

DC04

DP780

Aluminum Alloy
Figure 5. Flow curves of materials

Flow stress, tensile stress, and elasticity modulus of materials 
are calculated using engineering stress-strain curves howe-
ver strength coefficient (K) and hardening exponent (n) are 
calculated using flow curves. These mechanical properties 
are used as input parameters for plasticity models. Some 
plasticity models in this study admit material as anisotropic 
so anisotropy coefficients must be calculated for materials. 
For this purpose, a second tensile test set is performed to 
calculate anisotropy coefficients. In these tests, three diffe-
rent lines are added between gauge length to measure samp-
le width and thickness. In literature, the optimum measure-
ment stage is admitted as an 18-20% elongation step [19] so 
all measurements are performed at 20% elongation. In this 
step, test machine is stopped and width-thickness measu-
rements are obtained by a caliper. By using these measure-
ments width and thickness strains are calculated to obtain 
anisotropy coefficients of materials. Anisotropy coefficients 
are calculated for all lines between gauge length then the 
average of the results are admitted as material anisotropy 
coefficient. An example of a tensile test sample for determi-
ning anisotropy coefficient can be seen in Fig. 6.

All performed tests for this study are evaluated and mecha-
nical properties for all materials in all directions are summa-
rized in Table 1.

Figure 6. Test sample for determining anisotropy coefficient

Table 1. Mechanical properties of materials obtained from uniaxial 
tensile tests

Elasticity 
Modulus 

(GPa)

Yield 
Stress 
(MPa)

Tensile 
Stress 
(MPa)

K
(MPa)

n r

DC04

RD 170 154,88 293,30 484,28 0,19 1,92

450 180 163,72 304,07 486,63 0,18 1,35

900 185 173,78 291,06 467,41 0,18 2,21

DP780

RD 210 457,83 791,36 1150,27 0,12 0,71

450 200 428,96 774,90 1096,98 0,11 0,88

900 212 460,59 789,23 1175,44 0,13 0,83

Alumi-
num
Alloy

RD 76,5 154,27 275,20 433,31 0,17 0,77

450 74.2 138,62 268,90 432,22 0,18 0,76

900 76 143,19 270,43 510,27 0,21 0,87

2.2. Plasticity Modeling
In this section, the plasticity models used in this study are 
presented. Within the context of this study, von Mises, Hill-
48, Hill-93, Barlat-89, and Hu-2003 models are studied. 
Yield loci and yield stresses – anisotropy coefficients in dif-
ferent directions are obtained with the plasticity models for 
all materials and compared with the experimental results for 
evaluating plasticity models.

2.2.1 von Mises Criterion

This criterion is presented in 1933 by von Mises [20], and 
this criterion known as maximum shape distortion energy 
criterion too. The general form of the von Mises criterion 
can be written as in Eq. (1).

  (1)

Sheet metal materials are used within the scope of the study, 
and all plasticity models used as plane stress forms (σ3=0, 
σ13=0, σ23=0) since sheet metal forming processes known as 
plane stress problems. Plane stress form of the von Mises 
criterion can be seen in Eq. (2).

   (2)

This criterion admits isotropic material and isotropic har-
dening rule.

2.2.2 Hill-48 Criterion

R. Hill [21] is presented an anisotropic yield criterion in 
1948. In this model, the material has an anisotropy at three 
orthogonal symmetry planes also this criterion admits isot-
ropic hardening behavior. General form of Hill-48 criterion 
can be written as in Eq. (3). 

 (3)

where F, G, H, L, M, and N constants depend on anisot-
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ropy coefficients. Plane stress form of the criterion is given 
in Eq.(4).

      (4)

Relation of F, G, H, and N constants with anisotropy coeffi-
cients can be written in Eq. (5).                                                                                                        

 (5)

 

where r0, r45, and r90 represents anisotropy coefficients of 
rolling, diagonal, and transverse directions. This criterion 
has an important advantage since the model has a simple as-
sumption of defining material anisotropy, and this criterion 
is still one the most used model for material analyses.

2.2.3 Hill-93 Criterion

In 1993, R. Hill improved the plastic behavior model for 
anisotropic materials under complex loads applied trough 
planar orthotropic axes [22]. This model is presented for 
materials (especially like aluminum and brass) which have 
approximately equal yield stresses but different anisotropy 
coefficients in rolling and transverse directions. This situ-
ation is known as  “anomalous behavior of second order ”. 
Hill-93 model can be written as Eq. (6).

           (6)

Here, c, p, and q coefficients depend on yield stress and ani-
sotropy coefficients in different directions. “c” coefficient 
can be written as Eq. (7).

          (7)

p and q coefficients are given in Eq. (8) and Eq. (9), respec-
tively.

             
(8)    

 

       

(9)

This criterion needs 5 material parameters for defining yield 
function (r0, r90, σ0, σ90, σb). Here, σb can be defined as yield 
stress value in the hydraulic bulge test. All of these material 
parameters can be obtained from tensile tests with two di-
rections (rolling and transverse), and a hydraulic bulge test.

2.2.4 Barlat-89 Criterion

In 1989, Barlat and Lian presented a criterion for materials 
with planar anisotropy [23]. Barlat-89 criterion can be writ-

ten as Eq. (10).

         (10)

Here “M” exponent depends on the crystal structure of ma-
terials. k1 and k2 coefficients can be written as Eq. (11).

          
(11)

a, c, and h represents material constants and can be written 
as Eq. (12).

      (12)

“p” parameter can be found by optimization. Barlat-89 mo-
del is one of the most used models in finite element analyses 
since the model has a simple construction and needs a few 
number of material parameters.

2.2.5 Hu-2003 Criterion

In 2003, Hu presented a new plasticity model by improving 
Hill-48 criterion [24]. The general form of Hu-2003 criterion 
can be written as Eq. (13).

   

 (13)

Hu-2003 criterion can model the plastic behavior of a mate-
rial using 7 parameters as yield stresses and anisotropy co-
efficents in rolling, diagonal, and transverse directions and 
yield stress of hydraulic  bulge test.

3. VALIDATION OF PLASTICITY MODELS
In this stage of the study, yield loci of plasticity models are 
obtained firstly. Yield locus can be defined as two-dimen-
sional boundary limits of material yield for plane stress 
problems and must be closed, smooth, and convex. Inside 
of the yield locus represents the elastic area of the material. 
A sample yield locus schematic and experimental data on 
locus are shown in Fig. 7. In this study, yield loci of DC04, 
DP780, and aluminum alloy are obtained by five different 
plasticity model. Prediction performance of plasticity mo-
dels is evaluated by investigating the positions of experi-
mental yield stress values on yield loci. Evaluation of yield 
loci obtained using plasticity models is shown in Fig. 8-10. 
In the second stage of the study, angular variations of the 
yield stress ratio and anisotropy coefficients are predicted 
by plasticity models between rolling direction (0o) to trans-
verse direction (90o).  Prediction results are compared with 
experimental values in three directions. Comparison results 
are given in Fig. 11-13.
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Figure 7. A sample yield locus and material yield points with different 
experiments on locus

Figure 8. Yield loci of plasticity models for DC04

Figure 9. Yield loci of plasticity models for DP780

Figure 10. Yield loci of plasticity models for Aluminum alloy

 

Figure 11. Comparison of plasticity model predictons for DC04

 

Figure 12. Comparison of plasticity model predictons for DP780
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Figure 13. Comparison of plasticity model predictons for Aluminum alloy

For presenting prediction performance of plasticity models 
clearer, experimental results for rolling direction, diagonal 
direction, and transverse direction are compared with pre-
dictions of plasticity models. Comparison results are given 
in Fig. 14-16.

 
Figure 14. Comparison of plasticity model predictons for DC04

 

Figure 15. Comparison of plasticity model predictons for DP780

 
Figure 16. Comparison of plasticity model predictons for aluminum alloy

4. CONCLUSIONS
In this study, it is aimed to evaluate the prediction perfor-
mance of plasticity models, which are used in finite element 
analyses, for different materials. For this purpose, prediction 
performance of plasticity models is evaluated using uniaxial 
tensile tests, and DC04, DP780, 6000 series aluminum alloy 
are used as materials.

In the first stage of the study, uniaxial tensile tests are per-
formed for three directions (rolling, diagonal, transverse), 
and mechanical properties of materials are obtained. Besi-
des, anisotropy coefficients of materials are determined by 
another uniaxial tensile test set for all directions. In this data 
set, mechanical properties are used as input parameters for 
plasticity models besides, anisotropy coefficients and yield 
stress values in three directions are used as validation para-
meters. In the second stage of the study plasticity modeling 
for all materials is performed using von Mises, Hill-48, Hill-
93, Barlat-89, and Hu-2003 plasticity models utilizing yield 
loci, and directional variations of yield stress and anisotropy 
coefficients. Plasticity model predictions are evaluated by 
comparing with experimental data. 

As a result, it is seen that the isotropic von Mises plasticity 
model has a poor prediction capacity for all materials.  If 
an evaluation is made between anisotropic criteria, Hill-93 
and Hu-2003 models have a good biaxial stress prediction in 
yield locus. However, the Hill-93 criterion has a very poor 
prediction capacity for all materials through directional 
yield stress and anisotropy coefficient predictions of these 
models. In this sense, Hu-2003 criterion has an accurate 
prediction capacity for both yield locus and directional es-
timations. This situation can be explained as there is not an 
input for diagonal direction in the Hill-93 criterion hence 
this criterion have a poor performance for diagonal predic-
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tions. When it comes to Hill-48 and Barlat-89 criteria the-
se two models are unable to define biaxial stresses in yield 
locus. However, rolling and transverse stresses predictions 
have a very good agreement with experimental data in yield 
locus, and directional anisotropy coefficient and yield stress 
estimations seem effective for planar variations. Ultimately, 
the Hu-2003 criterion becomes prominent for all materials. 
This result is due to the number of  input parameters of the 
Hu-2003 model. This model performs by 7 parameters as 
yield stresses and anisotropy coefficients in rolling, diagonal, 
transverse directions, and biaxial yield stress.  These para-
meters can be obtained by uniaxial tensile tests for three di-
rections (rolling, diagonal, transverse) and a hydraulic bulge 
test. In this sense, Hu-2003 criterion distinguishes with a 
high prediction capacity in despite of using simple and less 
number of mechanical tests.
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