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ABSTRACT. In automotive applications, load bearing components are subjected to 

multiaxial fatigue loading. Thus, a better understanding of multiaxial fatigue behaviour 

is a necessary step in the fatigue design of these components. This paper focuses on the 

cyclic behaviour of extruded AZ31B magnesium alloy. Flat and tubular specimens were 

machined from large AZ31B extrusion sections. Two loading modes were considered 

for multiaxial tests: tension and torsion. All tests were performed at standard 

laboratory and in as-received conditions. Cyclic axial test results indicate that AZ31B 

exhibit asymmetrical cyclic behaviour due to twinning. In contrast, cyclic torsional 

behaviour was found to be symmetric. Multiaxial proportional tension-torsion shows an 

overall asymmetric hysteresis. Energy is being considered as a potential fatigue 

parameter to correlate the tension, shear and multiaxial results. As a scalar valued 

function, there is no ambiguity in defining energy as an equivalent measure of damage 

at different material directions. Other equivalent measures such as strain, due to 

anisotropic characteristics of AZ31B, are not simply defined. Results of correlating 

axial, torsional and multiaxial proportional using an energy parameter are shown and 

discussed.   

 

 

INTRODUCTION  

 

Magnesium alloys are the lightest structural metal and have high specific strength and 

stiffness, which make them attractive for aerospace and automotive industries. 

However, load bearing structural components in automobiles are usually subjected to 

cyclic loading in a multiaxial manner. Thus, it is important to characterize and model 

the fatigue behaviour of these alloys under axial and shear cyclic loads.  

Among magnesium alloys, wrought magnesium alloys have shown very good 

specific strength. There have been a number of reports on magnesium behaviour under 

monotonic [1, 2] and uniaxial cyclic loading [3- 10]. Due to the activation of the 

twinning mechanism [11], the cyclic tensile behaviour of the AZ31B extrusion was 

found to be qualitatively different from that of cyclic shear [12].  

However, the multiaxial fatigue behaviour of Mg alloys has not been 

investigated. This is of particular importance because in practise components are 
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subjected to multiaxial loading. This paper presents the multiaxial fatigue behaviour of 

AZ31B extruded alloy. A cyclic total energy parameter is employed as a fatigue damage 

parameter to correlate the test results.   

 

 

MATERIAL 

 

The investigated material in this analysis is an air-quenched AZ31B extrusion section 

that was prepared by Timminco and extruded from a 177.8 mm diameter by 406.4 mm 

long billet, with an extrusion ratio of 6. The extrusion temperature was between 360 and 

382°C and the extrusion exit speed was 50.8 mm/s. The chemical composition is listed 

in Table 1. 

 
Table 1. Chemical composition for extruded AZ31B (wt%) 

 

 

EXPERIMENTS  

 

Two types of specimens, flat and tubular, were used for this investigation. All tests were 

performed at standard laboratory conditions using a servo hydraulic fatigue frame. 

Uniaxial and biaxial extensometers were used for axial and torsional strain 

measurements, respectively. 

 

 

Figure 1. Specimen geometry and sizes, (a) flat specimen, (b) sub-sized tubular specimen used for 

compression test, and (c) full size tubular specimen; all dimensions in mm. 

 

The geometries and sizes of the specimens are shown in Fig. 1. The flat 

specimens were machined in three different orientations, longitudinal (LD – parallel to 

the extrusion direction), transverse (TD), and at an angle of 45°. The monotonic torsion, 

Al Mn Zn Fe Ni Cu 

3.10 0.54 1.05 0.0035 0.0007 0.0008 
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cyclic tension and torsion, and multiaxial tests were all performed on tubular specimens. 

Subsized tubular speicmens were used for monotonic compression tests to avoid 

buckling. Fully reversed axial and torsional fatigue tests were performed under strain 

control with a sinusoidal waveform. 

 

 

MONOTONIC AND CYCLIC BEHAVIOUR 

 

Monotonic 

The monotonic behaviour of the AZ31B extrusion is shown in Fig. 2. This figure shows 

the engineering stress strain curves for three monotonic tensile tests that were performed 

for the longitudinal, i.e., the extrusion direction, transverse and 45˚ directions. Also, this 

figure shows the compressive stress-strain curve for a specimen that was machined 

along the extrusion direction. It should be noted that this monotonic compressive test 

was stopped before failure. Therefore, the end point in the stress strain curve for the 

compression specimen is not the ultimate compressive stress. The monotonic shear 

stress-strain curve is also shown in this figure.        

 

 
 

Figure 2. Monotonic tensile, compressive, and shear behaviour of AZ31B extrusion. 

 

Cyclic  

Cyclic tests were performed for two loading conditions: pure tension and shear. The 

hysteresis loops for the first and the half-life cycles for pure cyclic tensile and shear 

loading are shown in Fig. 3. This figure demonstrates the asymmetric behaviour of 

AZ31B extrusions in cyclic tension, which is not observed in cyclic torsion. Also, the 

cyclic tensile hysteresis behaviour indicates that the AZ31B extrusion exhibits plastic 

strain recovery as the size of the half life hysteresis is seen to be smaller than that of the 

first cycle.  
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Figure 3. Pure cyclic tension, εa = 0.5%, (left) and torsion, γa = 1.25%, (right) behaviour of AZ31B 

extrusion. 

 

The tensile and shear strain life curves for pure cyclic tensile and shear tests are 

shown in Fig. 4. This figure shows the low cycle fatigue lives. The life (N) was defined 

as the cycle at which the tensile or shear stress amplitude showed an abrupt drop. The 

general trend for the two loading modes indicates that the fatigue life increases linearly 

as the strain amplitude decreases.         

 

  
Figure 4. Tensile and shear strain life curves of AZ31B extrusion. 

 

 

MULTIAXIAL BEHAVIOUR  

 

Three multiaxial tests were performed as listed in Table 2. The multiaxial proportional 

and nonproportional cyclic behaviour of the AZ31B extrusion is shown in Figs. 5 and 6, 

respectively. From these figures, it is seen that both the proportional and the 

nonporportional loading cases develop cyclic hardening. In the case of the proportional 

loading case, positive mean stresses in tensile and shear modes are observed. However, 

in the nonproportional loading case, negative shear mean stress is observed while the 

tensile mean stress is positive. Similar to pure cyclic tension, the cyclic tensile 

hysteresis for both proportional and nonproportional loading indicate plastic strain 

recovery, which is not observed in the shear mode. While the hysteresis behaviour in 
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pure cyclic shear is symmetric, multiaxial loading causes asymmetry in the cyclic shear 

hysteresis behaviour. However, this asymmetry seems to vanish with cycling as the half 

life hysteresis behaviour for the cyclic shear mode became symmetric in both the 

proportional and nonproportional cases. This change is mainly attributed to large plastic 

strain recovery in the compression cycle, leading to an increase in the compression yield 

value. 

 
Table 2. Multiaxial test summary. 

Specimen φ(˚) εa (%) γa (%) N (cycle) 

BA-1 0 0.45 0.52 1050 

BA-2 0 0.375 0.5 3740 

BA-3 90 0.375 0.5 5800 

 

 

 

 
 

Figure 5. Multiaxial cyclic behaviour of the AZ31B extrusion. Proportional loading with amplitudes of   

εa = 0.375% and γa = 0.5%.  

 

Two energies can be calculated from the cyclic hysteresis loop: plastic strain and 

elastic energies in the positive or negative quadrants. Because the tensile reversal is 

different than the compressive in pure cyclic tension, and to capture this difference, the 

total energy, defined as the sum of all energies (plastic and positive elastic), is 

considered here. The addition of the elastic energy allows the inclusion of the mean 

stress. In addition, the elastic energy helps avoid the problem associated with 
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calculating small plastic strain energies [13, 14]. Figure 7 shows the evolution of the 

total energy with cycling for different cyclic tests. In general, the total energy is either 

constant or increases linearly, with a shallow slope, with cycling.  

 

 

 
Figure 6. Multiaxial cyclic behaviour of the AZ31B extrusion. 90˚ out-of-phase nonproportional loading 

with amplitudes of εa = 0.375% and γa = 0.5%. 

 

 
 

Figure 7. Total energy evolution with respect to number of cycle for pure tensile (CT) and shear (CS) and 

multiaxial (BA) cyclic tests. The abrupt drop is taken as the life. 
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DAMAGE PARAMETER 

 

Wrought magnesium alloys have shown strong directional properties and yield 

asymmetry. Any multiaxial fatigue parameter must accommodate this anisotropy. 

Correlation of strain or stress amplitudes as a function of loading path requires a 

complete anisotropic cyclic plasticity model. However, energy, being a scalar-valued 

function and hence load path independent, may be adopted as a multiaxial fatigue 

damage parameter without a need for further considerations. Due to the difference in the 

cyclic behaviour of AZ31B extrusion in tensile and shear modes, total energy is 

considered as a damage parameter here. The proposed damage parameter is plotted in 

Fig. 8 to correlate the test results. A fairly good correlation exists between many of the 

fatigue data obtained in cyclic tension-compression, cyclic torsion, and proportional 

tension-torsion. 

 
 

 

Figure 8. Total energy as a damage parameter vs. life for pure tensile (CT), shear (CS), in-phase and 90
o
 

out-of-phase multiaxial (BA) cyclic tests. 

 

A line fitted through this correlation gives R
2
= 0.829, and establishes a fatigue-

life relation given by Eq. 1: 

 

 log𝐷 = m(logN)𝑛                                                   (1) 

 

where 𝑁 is the fatigue life, D is the proposed damage parameter, and m and n are the 

fatigue parameters. The parameters were found to be m = 20.5 and n = -0.45. 
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CONCLUSION 

 

The multiaxial fatigue behaviour of extruded AZ31B alloy has been investigated. Cyclic 

tension-compression, cyclic torsion, proportional and 90˚ out-of-phase nonproportional 

tests were performed. The results obtained show that the fatigue lives from in-phase 

multiaxial and pure cyclic tensile and shear tests fall within the same scatter bands.  

 The total cyclic energy, i.e., plastic strain and positive elastic energies, was 

defined as a damage parameter. It was found that the fatigue data was well correlated 

using the proposed fatigue damage parameter. A promising fatigue-life model is 

therefore established.     
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