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Abstract. The mechanical behaviour of an extruded magnesium alloy was quantified in tension 
and compression along the extrusion direction. With the aid of EBSD measurements the material 
symmetry was examined, and discrete grain orientations were used to predict the multiaxial plastic 
behaviour along orientations perpendicular to the extrusion direction by means of the ∆EVPSC 
formalism. It was found that the material is transversely isotropic, shows a small amount of 
distortional hardening and modest differences in hardening between the extrusion direction and 
the tangential direction. A phenomenological plasticity law was calibrated based on the 
predictions, which allowed performing the finite-element analysis of the expansion process of a 
vascular stent. 
Introduction 
Mg alloys are promising candidates for biodegradable medical implants. Examples of such devices 
include cardiovascular or temporary orthopaedic fixtures that are required in the body only for the 
time of healing [1]. These devices are machined from extruded rods showing anisotropic 
mechanical properties. Hence, additional to the commonly performed mechanical characterisation 
along the extrusion direction (ED), other loading directions should be considered. The specific 
loading scenarios expected from a stent during operation involve compression and extension along 
the circumferential direction, i.e., crimping and expansion (see Fig. 1) by a catheter. Material 
characteristics under these loading scenarios are difficult to access experimentally as the diameter 
of the extruded rod amounts to only a few millimetres. Hence, conventional mechanical testing 
along a direction other than the ED is not feasible in this case.  

Several characteristics of magnesium alloys make constitutive modelling challenging:  
1) Their low-symmetric hexagonal close-packed structure deformation requires twinning in 

addition to slip modes in order to accommodate arbitrary deformation. 
2) Wrought magnesium alloys usually exhibit strong initial crystallographic texture, which 

may drastically evolve due to twin-induced reorientation. 
These two above-mentioned characteristics may lead to a strength differential (SD) effect [2] 

and to plastic anisotropy [3], which may further evolve as the applied deformation increases 
depending on the loading condition. Hence, as mentioned earlier, mechanical tests data acquired 
along the ED alone cannot completely characterize the anisotropic behaviour of magnesium alloys. 

In this study, to estimate the mechanical behaviour along other directions than the ED and under 
biaxial stress states, numerical simulations using the incremental elasto-visco-plastic self-
consistent (ΔEVPSC) scheme [4] were performed. A mean-field crystal plasticity model with 
elasto-visco-plastic self-consistent formulation bears the advantage of accounting for the 
crystallographic texture and its evolution; hence the plastic anisotropy induced by dislocation slip 
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and twin accompanied by grain reorientation is intrinsically considered. The ΔEVPSC model is 
relatively efficient and capable of capturing various macro-mechanical features reflecting 
distinctive micro-mechanical mechanisms of magnesium alloys. The polycrystal aggregate was 
characterised by the initial texture of the as-received sample of magnesium alloy with 10 wt% 
gadolinium (Mg-10Gd) after extrusion, and the hardening parameters of the slip and twin 
mechanisms were calibrated by using the mechanical tests along the ED. The anisotropic and 
multiaxial behaviours of the as-received extruded rod were analysed in terms of the contours of 
equal plastic work calculated using the ΔEVPSC model. The polycrystal aggregate was subjected 
to a multiaxial loading in the principal strain space. Material symmetries were identified by 
analysing the texture at various positions of a sample. These symmetries were exploited with a 
phenomenological plasticity model. Its parameters were calibrated based on the ΔEVPSC-
predicted mechanical behaviour in the space of tangential and axial stress components.  

 
Fig. 1: Vascular stent machined from an extruded rod with its cylindrical coordinates consisting 

of axes of r, ϕ, and z. 
Material, texture and symmetry 
The Mg-10Gd sample was produced by direct chill casting, followed by solid solution heat 
treatment and in-direct extrusion into a round bar with a 6 mm diameter. Metallographic analyses 
on its longitudinal section revealed a fully recrystallized grain structure with slightly elongated 
grains (aspect ratio of 0.57 with the long axis being 12 µm ± 4 µm). 

The as-received material appears axisymmetric about the ED. To determine the presence or the 
absence of such symmetry in terms of the microstructure the crystallographic texture was 
quantified. To do so, EBSD data obtained at five locations on a circular cross section (plane normal 
is the ED) were analysed. The chosen five locations include the centre and its neighbouring 
positions at four ϕ angles (i.e., ϕ=0°, 90°, 180°, and 270°). Fig. 2 shows the (0002) pole figures 
corresponding to the five EBSD scans. The maximum intensity was found at an angle tilted away 
from the ED towards the radial direction (RD) in all five scans examined. Fig. 2 shows that the 
texture is heterogeneously developed in the as-received sample. Nevertheless, the overall 
distribution of crystal c-axis is axisymmetric in the scanned plane. Applying location-specific 
material behaviour to account for such heterogeneity in texture would make the analysis 
complicated and is not practical. Therefore, in this study, it was assumed that the overall 
mechanical behaviour exhibits the transverse isotropy due to the overall axisymmetric texture. 
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Prediction of iso-plastic-work contours  
The ∆EVPSC framework was used to predict the plastic behaviour in the stress space. For this, the 
Voce hardening parameters pertaining to basal, prismatic and pyramidal slip modes as well as 
(extension) twinning mode were calibrated by fitting the uniaxial tensile and the compressive flow 
responses of the polycrystalline aggregate with the experiments conducted in the ED. The uniaxial 
tension and compression simulations were performed using a set of 5000 discrete orientations from 
one of the EBSD scans shown in Fig. 2. 

The plastic flow and the hardening behavior obtained from various biaxial loading simulations 
can be systematically characterized with respect to the specific plastic work Wp. Out of three spatial 
coordinate axes (r, 𝜑𝜑, 𝑧𝑧), the three different biaxial stress spaces of interest were considered: 1) 𝜎𝜎𝑟𝑟 
vs. 𝜎𝜎𝜑𝜑, 2) 𝜎𝜎𝑧𝑧 vs 𝜎𝜎𝑟𝑟, and 3) 𝜎𝜎𝜑𝜑 vs. 𝜎𝜎𝑧𝑧. In each 2D biaxial stress space, evolution in the stress 
components corresponding to a certain plastic work during a proportional strain-ratio-controlled 
loadings were linearly interpolated. The calculations were repeated under various strain ratios to 
obtain an iso-work contour as was done in [5]. All the stress coordinates were normalized with 
respect to its uniaxial tension flow stress, and the results are shown in Fig. 3. 

 

Fig. 2: Basal pole figures 
obtained at different locations 

of the extruded rod section. 
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Fig. 3: 𝛥𝛥EVPSC-predicted contours of equal plastic work. 

 
Phenomenological plasticity model 
Mean field crystal plasticity models can be used for solving boundary-value problems, from which 
the plastic work-contours in Fig. 3 were obtained. However, its application to any complex 
geometry via finite element simulation may not be practical owing to its low computational speed 
compared to phenomenological plasticity models. In the current investigation, a chosen 
phenomenological plasticity model was characterized by the results of the ∆EVPSC simulations. 
Among various phenomenological models, the CPB model developed by Cazacu et al. [6] was 
selected, which describes the plastic potential as a function of linearly transformed stress tensor 
via: 

�̄�𝐵𝑎𝑎(𝜮𝜮) = (|𝛴𝛴1| − 𝑘𝑘𝛴𝛴1)𝑎𝑎 + (|𝛴𝛴2| − 𝑘𝑘𝛴𝛴2)𝑎𝑎 + (|𝛴𝛴3| − 𝑘𝑘𝛴𝛴3)𝑎𝑎, (1) 

where 𝛴𝛴1, 𝛴𝛴2, and 𝛴𝛴3 are the principal values of the transformed stress deviator. The transformed 
stress deviator 𝜮𝜮 follows from below linear transformation: 

𝜮𝜮 = 𝑪𝑪:𝝈𝝈. (2) 

where 𝝈𝝈 and 𝑪𝑪 are the Cauchy stress tensor and the linear transformation matrix. Using the Voigt 
notation of stress tensor Eq. (2) can be expressed as the following matrix form: 



Material Forming - ESAFORM 2024  Materials Research Forum LLC 
Materials Research Proceedings 41 (2024) 1099-1105  https://doi.org/10.21741/9781644903131-121 

 

 
1103 

𝜮𝜮 =

⎝

⎜
⎜
⎛

𝑐𝑐11 𝑐𝑐12 𝑐𝑐13 0 0 0
𝑐𝑐12 𝑐𝑐11 𝑐𝑐13 0 0 0
𝑐𝑐13 𝑐𝑐13 𝑐𝑐33 0 0 0
0 0 0 1 2⁄ (𝑐𝑐11 − 𝑐𝑐12) 0 0
0 0 0 0 𝑐𝑐55 0
0 0 0 0 0 𝑐𝑐66⎠

⎟
⎟
⎞

⎝

⎜⎜
⎛

𝜎𝜎𝑟𝑟
𝜎𝜎𝜑𝜑
𝜎𝜎𝑧𝑧
𝜎𝜎𝑟𝑟𝜑𝜑
𝜎𝜎𝑟𝑟𝑧𝑧
𝜎𝜎𝜑𝜑𝑧𝑧⎠

⎟⎟
⎞

. (3)  

Due to the global axisymmetry in the texture, a typical loading condition of stents in service 
would have zero shear components, 𝜎𝜎𝑟𝑟𝑧𝑧 = 𝜎𝜎𝜑𝜑𝑧𝑧 = 0 in Eq. 3. The latter implies that the parameters 
𝑐𝑐55 and 𝑐𝑐66in Eq. (3) are arbitrary and were set to unity. The remaining four coefficients, 
𝑐𝑐11, 𝑐𝑐12, 𝑐𝑐13 and 𝑐𝑐33, were determined by fitting the stress-strain responses obtained from ∆EVPSC 
simulations for tension and compression along the ϕ (=r)- and z direction. Isotropic hardening 
based on two exponential functions was used: 

𝜎𝜎𝑌𝑌 = 𝑅𝑅0 + 𝑄𝑄1 exp(−𝑏𝑏1𝑝𝑝) + 𝑄𝑄2 exp(−𝑏𝑏2𝑝𝑝), (4) 

where 𝑝𝑝 is the equivalent plastic strain; and 𝑅𝑅0,𝑄𝑄1,𝑄𝑄2, 𝑏𝑏1 and 𝑏𝑏2 are fitting parameters. The results 
are depicted in the left part of Fig. 4. Right in Fig. 4, the computed initial yield surfaces in the 
stress space of (𝜎𝜎𝜑𝜑 ,𝜎𝜎𝑧𝑧) are shown. The hardening parameters and the transformation matrix 𝑪𝑪 are 
given in Table 1. 
 

Table 1: Model parameters of the phenomenological plasticity model. 

𝑅𝑅0 [MPa] 𝑄𝑄1 [MPa] 𝑏𝑏1 𝑄𝑄2 [MPa] 𝑏𝑏2 k 𝑐𝑐11 𝑐𝑐12 𝑐𝑐13 𝑐𝑐33 
173.9 188.6 14.6 11.2 226.6 0.083 1.42 -0.26 1.34 0.11 

 
 

 
Fig. 4: Flow stress vs. strain curves in tension and compression fitted using the 

phenomenological plasticity model (left); and the associated initial yield surface (right) in 
comparison with the 𝛥𝛥EVPSC-predicted initial plastic work-contour. 
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Results and discussion 
The numerical simulations using the ∆EVPSC-model led to the following conclusions: 
• The mechanical property of the as-received Mg-10Gd rod exhibits the transverse isotropy on 

its cross section, which is perpendicular to the ED. The initial iso-work contour in the stress 
space of (𝜎𝜎𝑟𝑟, 𝜎𝜎𝜑𝜑) is consistent with such symmetry in that the uniaxial tension stresses along 
𝑟𝑟 and 𝜑𝜑 axes are virtually the same.  

• The strain hardening behaviour shown in Fig. 4. deviates from the isotropic hardening law:  
i. In the case of tension, while the initial yield stresses along the 𝜑𝜑 and the 𝑧𝑧 axes are the 

same, the flow stress 𝜎𝜎𝜑𝜑 becomes noticeably higher than 𝜎𝜎𝑧𝑧. 
ii. Likewise, compression yield stresses along the 𝜑𝜑 and the 𝑧𝑧 axes are the same. However, 

the flow stress 𝜎𝜎𝑧𝑧 becomes noticeably higher than 𝜎𝜎𝜑𝜑. 
iii. An increased hardening rate is related to a reduction in prismatic slip, which is 

compensated by a rise of pyramidal slip.  
iv. In equi-biaxial tension, an increased hardening rate is observed, which is related to the 

decreasing activity of the prismatic slip systems for crystallographic orientations with the 
c-axis along the ED [7].  

• According to the work contour in the (𝜎𝜎𝜑𝜑 , 𝜎𝜎𝑧𝑧) plane, the tensile flow stress level in the 
tangential direction (TD), which aligns with the 𝜑𝜑 axis, is slightly higher than that in the ED. 
Under uniaxial compression, the situation is reversed. Consequently, the predicted SD effect, 
quantified by the ratio of yield stresses in tension and compression (𝜎𝜎𝑡𝑡/𝜎𝜎𝑐𝑐), becomes 1.01 and 
0.98 in the TD and the ED, respectively.  

• The plasticity law was tailored for this transversely isotropic material while accounting its 
SD-effect. As a consequence, the yield locus characterized by the phenomenological model 
in the (𝜎𝜎𝑟𝑟, 𝜎𝜎𝜑𝜑) plane are symmetric about the line 𝜎𝜎𝑟𝑟 = 𝜎𝜎𝜑𝜑 , and cannot capture the 
dissimilarity in the SD effect along the 𝜎𝜎𝑟𝑟 and 𝜎𝜎𝜑𝜑 axes in the stress space calculated by the 
above-mentioned ΔEVPSC model prediction. 

• The respective parameters were determined by fitting the flow curves of the (𝜎𝜎𝜑𝜑, 𝜎𝜎𝑧𝑧) plane in 
the interval of total strain [0; 0.2]. The anisotropy could be well described. Changes in the 
mechanisms of deformation due to grain rotation, however, remain a challenge. 

The strain hardening features mentioned above in i.-iv. constitute the distortional hardening law. 
However, the degree of distortion is not pronounced. Therefore, for the application envisaged, 
distortional hardening was not further accounted for in the phenomenological model considered in 
this study. 
 

It is frequently reported that adding rare earth elements weakens the texture, which results in 
reducing anisotropy and tension-compression asymmetry and an increased ductility, e.g. [8]. This 
could be confirmed for the material under investigation. It remains in the responsibility of the 
design engineers to decide, when numerically assessing the performance of implants, whether to 
use a simple isotropic plasticity law or a more complex model that accounts for anisotropy and the 
SD effect. While the latter might not be essentially required in the present case considering the 
computational efficiency, other (stronger textured) magnesium alloys might demand for a careful 
assessment to determine an adequate model to use. In the case of the 3D-simulation of the crimping 
(reduction of the stent diameter prior to implementation) and expansion (radial extension by an 
inflating balloon catheter) processes of a typical vascular stent shown in Fig. 5, the computational 
time increases by a factor of 2.6 if the anisotropic material model is used (ABAQUS software with 
UMAT interface, 2.2 million degrees of freedom) compared to the case where von Mises plasticity 
model is considered. The simulation techniques and boundary conditions for the prediction of 
stents behavior are subject to ongoing research, see e.g. [9]. 
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Fig. 5: Equivalent plastic strain in stent segments after crimping and expansion (FE simulation). 
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