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Abstract. Magnesium sheet alloys have a great potential as a construction material in the 

aerospace and automotive industry. However, the current state of research regarding 

temperature dependent material parameters for the description of the plastic behaviour of 

magnesium sheet alloys is scarce in literature and accurate statements concerning yield criteria 

and appropriate characterization tests to describe the plastic behaviour of a magnesium sheet 

alloy at elevated temperatures in deep drawing processes are to define. Hence, in this paper the 

plastic behaviour of the well-established magnesium sheet alloy AZ31 has been characterized 

by means of convenient mechanical tests (e. g. tension, compression and biaxial tests) at 

temperatures between 180 and 230 °C. In this manner, anisotropic and hardening behaviour as 

well as differences between the tension-compression asymmetry of the yield locus have been 

estimated. Furthermore, using the evaluated data from the above mentioned tests, two different 

yield criteria have been parametrized; the commonly used Hill’48 and an orthotropic yield 

criterion, CPB2006, which was developed especially for materials with hexagonal close packed 

lattice structure and is able to describe an asymmetrical yielding behaviour regarding tensile 

and compressive stress states. Numerical simulations have been finally carried out with both 

yield functions in order to assess the accuracy of the material models.  

1.  Introduction 

In order to increase the vehicle fuel efficiency and to reduce CO2 emissions, lightweight materials are 

becoming more important. Magnesium alloys have a high potential to be used as a construction 

material due to their excellent properties such as low density, high specific strength and recyclability 

[1, 2]. Since decades magnesium alloys are used in casting applications, although wrought alloys 

generally offer better mechanical properties, e. g. strength and ductility. In the near future, the 

application of wrought magnesium alloys in series production is probable due to cost-effective 

manufacturing processes, like strip casting, which additionally improves the grain structure of the 

wrought magnesium alloys [1]. 

A commercial use of wrought magnesium alloys also requires well designed forming processes. 

Nowadays numerical approaches are commonly used for an accurate prediction of the forming 

behaviour, especially in order to optimize component and process design as well as to shorten the 

development times. The numerical description of forming behaviour requires accurate material 

models; particularly an adequate modelling of the yielding behaviour is important. In sheet forming 

processes, the commonly used yield criterion for anisotropic materials has been developed by Hill et 
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al. (1948), abbreviatory called Hill’48 [3, 4]. This model well predicts the material behaviour of  

various anisotropic steels. Nevertheless, it could have been shown that the application of Hill’48 for 

the description of the yielding behaviour of AZ31 at room temperature is not sufficiently precise [5, 6, 

7]. The reason is a wider variety of deformation textures and a strong anisotropy which hexagonal 

close packed (hcp) metals exhibit [8]. Particularly, AZ31 sheet alloys show a large asymmetry of yield 

and hardening for tensile and compressive loadings [8, 9, 10, 11].  

In dependence of the loading situation different types of crystal twinning systems in the 

microstructure of the material are activated, called extension twins {10-12}<10-1-1> and contraction 

twins {10-11}<10-1-2> [10, 11, 13]. Cazacu et al. [13] have developed a model (CPB06), which is 

able to describe the yielding behaviour of hcp- metals like magnesium alloys under consideration of 

the asymmetric yielding between tension and compression. Chandola et al. [7] were able to show that 

Hill’48 is not sufficient for the numerical analysis of a torsional response in contrast to CPB2006 

which have predicted the experimental trends in good accordance. Andar et al. [14] have performed a 

comparison of different yield criteria like Mises, Hill’48, Yld2000-2d and CPB06 for an AZ31 sheet 

alloy. The yield locus has been experimentally estimated for different stress states by using biaxial 

tests with a cruciform specimen in a range of 0.001< p< 0.008. The experimental and by yield criteria 

estimated evolution of yield loci has been compared and it could be shown that CPB06 has shown the 

best accordance with the experimental data.  
Studies evaluating the CPB06 criterion by experimental- numerical validation tests with relevant 

forming processes are very scarce in literature. Furthermore, mentioned-above comparative studies 

have been only performed at room temperature. However, magnesium alloys exhibit a poor 

formability at room temperature due to their hexagonal close packed (hcp) lattice structure. The 

formability increases significantly at temperatures above 200 °C due to thermal activation of non-basal 

slip systems [15]. Considering this dependency between formability and temperature, in sheet forming 

processes magnesium alloys are only useable at elevated temperature ranges. 

Regarding the positive results in application of the CPB06 criterion and due to missing information 

on behaviour of CPB06 at elevated temperature, investigations of differences between the commonly 

used Hill’48 and the CPB06 yield criterion at elevated temperatures, where forming processes of 

AZ31 alloys are feasible, are of special interest. Main focus of this study is to carry out an adequate 

material characterization at elevated temperatures to describe the plastic behaviour as well as to 

evaluate both of the yield criteria with respect to the application in a deep drawing process at elevated 

temperatures.  

2.  Material characterization 

2.1 Material 

A commercial AZ31B alloy sheet has been used in this study, which was produced by POSCO due to 

the process of strip casting. The nominal thickness of the sheet is 2.0 mm. The chemical composition 

of the magnesium alloy is listed in Table 1. The main alloying elements are Aluminium and Zink with 

approx. 3 % and 1 % weight portion.  

 
Table 1. Chemical composition of magnesium alloy AZ31B (POSCO) in %  

Al Zn Mn Si Fe Ca Cu Ni Mg 

2.5-3.5 0.6-1.4 0.2-1.0 > 0.1 > 0.005 > 0.04 > 0.05 > 0.005 Balance 

 

2.2 Tension and compression tests 

In order to investigate the asymmetric plastic yielding behaviour, tension and compression tests have 

been performed. The tests have been carried out under quasi static strain rates (0,001 - 0,0025 1/s) at 

temperatures of 20 °C (RT), 180 °C and 230 °C. All specimens have been cutted out by water jet 

cutting. The tensile tests have been performed according to DIN 50125 with the geometry H 20 x 80 

on an uniaxial tensile machine from Dynamess, type S100/ZD. Anisotropic properties have been 
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measured with the aid of extensometers, which are measuring the elongation in the width of the 

specimen.  

The specimen geometry presented in Figure 1 has been used for the compression tests. This 

specimen has been designed by means of numerical and experimental tests to inhibit a premature 

buckling at compressive loadings. In this study specimens for compression tests have been 

investigated in RD. The compression tests have been performed at a dilatometer from TA Instruments 

(previously Bähr), 805A/D+T. By means of these tests, yield curves up to plastic strains of about 

0.075 could be determined without buckling.  

 

Figure 1. Compression specimen geometry 

 
In figure 2, the yield curves are shown for the tested temperatures and three directions respective to 

the rolling direction (RD, TD, 45°). The yield stresses strongly decrease with increasing temperature. 

Figure 3 shows a comparison of hardening behavior with regard to the loading case in terms of tension 

and compression. At room temperature the material exhibits major differences between the tensile and 

compressive yield stress, which leads to strong asymmetry of the hardening behaviour as compared to 

elevated temperatures. At RT the alloy exhibits for compressive stress a different strain hardening 

curvature in contrast to elevated temperatures. The trend of the curve is in accordance with literature 

data, e.g. [16]. 

 
 

 

 

 

Figure 2. Yield curves for different 

temperatures and rolling directions 

 Figure 3. Comparison of yield curves of tension 

and compression tests (in RD) 
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2.3 Biaxial Tests 

In order to parametrize the CPB06 yield criterion, besides tensile and compressive, also the estimation 

of the equi-biaxial yield stress is necessary [13]. Therefore, sheet layer compression tests have been 

performed with the aid of round sheet samples with a diameter of 15 mm. The sheet samples have 

been manufactured by wire cutting. To minimize the effects of friction, graphite spray is thoroughly 

applied on each sample before stacking up the samples. Eight sheet samples have been stacked up and 

put in the centre of a heat container. The core of the heat container is made up of ultra-high strength 

steel to minimize elastic tool deformation during compression process. In order to avoid tilting, the 

tools are vertically guided into the heat container. This design has been integrated in a servo hydraulic 

deformation simulator from Instron. The deformation simulator is equipped with a measuring system 

including an acceleration sensor and a piezoelectric force transducer. 

Assuming a constant volume and a cylindrical geometry, the measured force 𝐹 and the decrease in 

height ∆ℎ have been used to estimate the yield stress 𝑘𝑓 and plastic strain 𝜑. Therefore following 

equations have been used  

 𝑘𝑓 =
𝐹

𝐴
=

4∙𝐹∙(ℎ0−∆ℎ)

𝑑0
2∙𝜋∙ℎ0

 (1) 

 

 𝜑 = |𝜑|𝑚𝑎𝑥 = |𝑙𝑛
ℎ0

ℎ
| (2) 

 

where A is the actual cross section, h0 the initial height, d0  the initial diameter and h the actual height. 

 
3. Numerical analysis 

CPB2006 and Hill48 yield criterion have been parametrized by means of the experimental tests and 

used to simulate the tension and compression tests. A parametrization of the Hill48 yield criterion 

requires the estimation of anisotropic parameters from the tensile tests, which have been carried out in 

three angles with respect to the rolling direction. CPB2006 has been parametrized by means of the 

estimated tensile and compressive as well as the biaxial yield stresses. Numerical simulations have 

been performed using commercial finite element code LS-Dyna, Version 971, and the implemented 

material models *MAT_233 (CPB06) and *MAT_122 (Hill48) (for more information, see LS-Dyna 

Manual). In Figure 4 the yield locus calculated by means of CPB06 and Hill48 yield criterion are 

exemplarily shown for the temperature of 230 °C. Differences between both yield criteria can be seen 

in all four quadrants.  

  

Figure 4. Yield locus of the Hill48 and CPB06 yield criterion for AZ31 (230 °C) 
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Besides the definition of a yield criterion, it is necessary to describe the hardening behaviour of the 

material. By means of tensile tests only the deformation up to the uniform elongation can be estimated, 

but in deep drawing processes also higher strains occur, which have to be considered. In order to 

describe the hardening behaviour at higher strains, extrapolation approaches like Voce, Swift or 

Hockett-Sherby are commonly used. Magnesium alloys can exhibit a softening behaviour at elevated 

temperatures due to dynamic recrystallization in dependence of the strain rate [17, 18, 19]. For a first 

consideration of the softening or a non-existent hardening rate, the hardening behaviour has been 

described using the yield curves measured by tensile tests and the Voce extrapolation approach; this 

means with a constant value of yield stress after the uniform elongation strain up to higher strains.  

In Figure 5 results of the simulation for a tension (a) and compression test (b) in comparison with 

the experimental data for the temperature 230 °C are depicted. It can be clearly seen, that CPB06 is 

advantageous over the Hill48 yield criterion in the considered tests. Not only the compressive stress 

state, but also the necking process in the tensile test could be better described in terms of the force-

displacement results. 

 

Figure 5. Simulation results for tension tests (a) and compression tests (b) (230 °C) 

 

4. Conclusion 
Material characterization tests in terms of tensile, compression and biaxial tests have been carried out 

at elevated temperatures to calibrate the yield criteria Hill48 and CPB06. The comparative 

experimental-numerical analysis revealed that the application of Hill48 in numerical simulations of 

sheet forming processes leads to inaccuracies for both, compressive and tensile stress loadings. CPB06 

was able to describe the compressive and tensile stress ranges of the investigated tests with an 

adequate accuracy. Further validation tests are envisaged for a better assessment of both yield criteria 

in the application field of deep drawing processes at elevated temperatures. 

 

5. Outlook 
Looking forward, on the basis of the parametrized yield criterion, it is envisaged to perform a fracture 

characterization of the AZ31 alloy and to calibrate a stress-based damage model. The calibration of 

stress-based fracture models has not been standardized yet. A new butterfly specimen and test setup 

were recently developed at IFUM in order to estimate stress-based fracture data properly for various 

desired stress states by variation of the load application angle (see Figure 6). As far, the testing method 

showed prospering results with high strength steels [20]. 
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Figure 6. Test setup (a) for testing IFUM- butterfly specimen (b) in a wide range of stress states from 

tension to shear by variation of the load application angle (c) 

 

Acknowledgement 

The authors are much obliged to the DFG (German Research Foundation) for the financial support of 

the project “FE-Simulation des temperierten Tiefziehens von Magnesiumblechwerkstoffen durch eine 

realitätsnahe Modellierung ihres Formänderungsvermögens unter prozessrelevanten Bedingungen”. 

Furthermore, the authors would like to thank POSCO for provision of the AZ31 sheet alloy. 

References 
 

[1]  Hillebrecht M, Kiel B, Letzig D, Yi S 2015 Herstellung von Karosseriebauteilen aus 

Magnesiumblech ATZ- Automobiltechnische Zeitschrift 117 (11) pp 28-33 

[2]  Kulekci, M K 2008 Magnesium and its alloys applications in automotive industry Int J Adv 

Manuf Technol 39 (9-10), pp 851-865 

[3]  Hill R A 1948 Theory of the Yielding and Plastic Flow of Anisotropic Metals Proc R Soc 

Lond A Math Phys Sci 193 (1033) p 281 

[4]  Siegert K 2015 Blechumformung, Berlin Heidelberg: Springer  

[5]  Geiger M, Merklein M, Hußnätter W, Grüner M 2008 Experimental determination of yield 

loci for magnesium alloy AZ31 under biaxial tensile stress conditions at elevated 

temperatures Production Engineering 2 (3) pp 303-310 

[6]  Yoon J, Cazacu O, Mishra, R K 2013 Constitutive modeling of AZ31 sheet alloy with 

application to axial crushing Mat Science and Eng A 565 pp 203-212  

[7]  Chandola N, Lebensohn R A, Cazacu O, Revil-Baudard B, Mishra R. K., Barlat F 2015 

Combined effects of anisotropy and tension-compression asymmetry on the torsional 

response of 5AZ316 Mg Int J Solids and Struct 58 pp 190-200  

[8] Agnew S R, Duygulu Ö 2005 Plastic anisotropy and the role of non-basal slip in magnesium 

alloy AZ31B Int J Plasticity 21 (6) pp 1161-1193 

[9]  Jiang L, Jonas J J, Mishra R K, Luo A A, Sachdev A K, Godet S 2007 Twinning and texture 

development in two Mg alloys subjected to loading along three different strain paths Acta 

Materialia 55 (11) pp 3899-3910 

[10]  Lou X, Li M, Boger R, Agnew S, Wagoner R 2007 Hardening evolution of AZ31B Mg sheet 

Int J Plasticity 23 (1) pp. 44–86  

[11]  Dudamell N V, Ulacia I, Gálvez F, Yi S, Bohlen J, Letzig D. et al. 2012 Influence of texture 

on the recrystallization mechanisms in an AZ31 Mg sheet alloy at dynamic rates Mat Sci a 

Eng A 532 pp 528–535 

[12]  Khan A S, Pandey A, Gnäupel-Herold T, Mishra R K 2011 Mechanical response and texture 

evolution of AZ31 alloy at large strains for different strain rates and temperatures Int J of 

Plasticity 27 (5) pp 688–706 

[13] Cazacu O, Plunkett B, Barlat F 2006 Orthotropic yield criterion for hexagonal closed packed 

metals Intl J Plasticity 22 (7) pp 1171-1194 



7

1234567890

36th IDDRG Conference – Materials Modelling and Testing for Sheet Metal Forming IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 896 (2017) 012019  doi :10.1088/1742-6596/896/1/012019

 

 

 

 

 

 

[14] Andar M O, Kuwabara T, Steglich D 2012 Material modeling of AZ31 Mg sheet considering 

variation of r-values and asymmetry of the yield locus Mat Sc Eng A 549 pp 82-92 

[15] Doege E and Dröder K 2001 Sheet metal forming of magnesium wrought alloys - formability 

and process technology 7th Int conference Sheet Metal: SheMet'99 115 (1) pp 14-19 

[16] Kurukuri S, Worswick M J, Ghaffari T D, Mishra R K, Carter J T 2014 Rate sensitivity and 

tension–compression asymmetry in AZ31B magnesium alloy sheet Phil. Trans. R. Ser. A 372 

p 20130216 

[17] Behrens B-A, Bouguecha A, Huinink T, Peshekhodov I, Matthias T, Moritz J, Schrödter J 

2013 Untersuchung des Fließverhaltens der Magnesiumknetlegierung AZ31 mit Hilfe von 

Schichtstauch- und Zugversuchen Mat.-wiss. u. Werkstofftech. 44 (9) pp 760-767 

[18] Kaya S, Altan T, Groche P, Klöpsch C 2008 Determination of the flow stress of magnesium 

AZ31-O sheet at elevated temperatures using the hydraulic bulge test Advances in Sheet 

Metal Forming Applications 48 (5) pp 550-557 

[19] Viehweger B, Karabet A, Düring M, Schaeffer L 2005 Forging of Mg-Alloys AZ31 and 

AZ80 Mat.-wiss. u. Werkstofftech. 36 (5) pp 211-217 

[20] Behrens B-A, Vucetic M, Peshekhodov I Effiziente 2014 Charakterisierung und Modellierung 

des Fließ- und Versagensverhaltens von Dualphasenstählen, Tagungsband des 

Umformtechnischen Kolloquiums Hannover pp 77-97  


