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Abstract 

One of the main limiting factors in the development of new magnesium (Mg) alloys 

with enhanced mechanical behavior is the need to use vast experimental campaigns for 

microstructure and property screening. For example, the influence of new alloying 

additions on the critical resolved shear stresses (CRSSs) is currently evaluated by a 

combination of macroscopic single crystal experiments and crystal plasticity finite 

element simulations (CPFEM). This time consuming process could be considerably 

simplified by the introduction of high throughput techniques for efficient property 

testing. The aim of this paper is to propose a new, fast, methodology for the estimation 

of the CRSSs of hcp metals which, moreover, requires small amounts of material. The 

proposed method, which combines instrumented nanoindentation and CPFEM modeling, 

determines CRSS values by comparison of the variation of hardness (H) for different 

grain orientations with the outcome of CPFEM. This novel approach has been validated 

in a rolled and annealed pure Mg sheet, whose H variation with grain orientation has 

been successfully predicted using a set of CRSSs taken from recent crystal plasticity 

simulations of single crystal experiments. Moreover, the proposed methodology has 

been utilized to infer the effect of the alloying elements of an MN11 (Mg-1%Mn-1%Nd) 
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alloy. The results support the thesis that selected rare earth intermetallic precipitates 

contribute to bringing the CRSS values of basal and non-basal slip systems closer 

together, thus contributing to the reduced plastic anisotropy observed in these alloys. 

1. Introduction

Weight reduction is a cost effective approach to decrease fossil fuel consumption and 

greenhouse gas emissions in transport. Magnesium (Mg), the lightest structural metal, 

and its alloys, offer many possibilities in this direction. However, progress is still 

needed on alloy development in order to meet industrial needs and facilitate a wider 

commercialization of these materials [1,2]. 

An important limitation of wrought (rolled and extruded) Mg alloys is their inherent 

strong mechanical anisotropy, a consequence of their hexagonal closed packed (hcp) 

lattice. Several reasons contribute to this effect. First, at room temperature, the critical 

resolved shear stresses (CRSS) of basal and non-basal slip systems have very different 

values, spanning even several orders of magnitude (Table 1) [3–10]; second, twinning, a 

very common deformation mechanism in these materials, exhibits a pronounced 

polarity, i.e., its activation is dependent on the relative orientation between the c-axis 

and the applied stress [11]; finally, both hot and cold deformation processing textures 

are often quite sharp [12–16]. Together, these factors lead to a dependence of the 

dominant deformation mechanisms on the testing mode (tension or compression) and on 

the testing direction, resulting in large differences in yield stress values and strain 

hardening responses [17–19]. One promising strategy to improve the mechanical 

behavior of Mg alloys relies on the design of new alloy compositions. For instance, 

alloying with rare earth (RE) elements greatly reduces the mechanical anisotropy of Mg 

alloys due to mainly two reasons, namely, the weakening of hot processing texture [20–



22], and the balancing of the CRSSs of the different slip systems [23–25]. As a result, 

the tension/compression asymmetry in the yield stress decreases dramatically with RE 

additions, becoming even negligible in some cases [23]. 

Current strategies for the development of new Mg alloys rely mostly on trial and error 

experimental approaches that are costly and time consuming. Novel computational 

techniques are thus required, capable of predicting the mechanical behavior of complex 

Mg alloys as a function of texture and processing conditions [26]. In this context, 

crystal plasticity (CP) models [9,10,27,28] are very valuable for quantifying the 

complex relationship between the plasticity at the single-crystal level, through the 

CRSSs of the different slip systems, and macroscopic properties such as yield stress 

and/or strain hardening. 

Calibration of CP models requires the estimation of the CRSSs of the different slip 

systems, which are not easy to obtain experimentally. Currently, this task is performed 

by either testing single-crystals in different crystallographic directions [3–7,29,30] or by 

fitting the mechanical behavior of polycrystalline aggregates with varying textures 

and/or under different loading conditions [9,10,28,31–33]. Either approach is time and 

cost consuming. In the first case they require the fabrication of large single-crystals. In 

the former, the results obtained are very sensitive to the approaches taken in the fitting 

procedure and is not infrequent that different authors report different (or even 

contradictory) values for similar materials. These problems in the objectivity of the 

crystal properties obtained can be alleviated by using an appropriate optimization 

procedure as proposed in [33]. However, even in this case, a large battery of mechanical 

tests under different loading conditions is needed for accurate results. For these reasons, 

either approach cannot be used as a quick evaluator of the effect of multiple alloying 

additions on the CRSSs in the context of the development of new Mg alloys. 



The recent progress in the development of novel nanomechanical testing methods has 

opened a new door in polycrystal plasticity by using very small testing volumes, and 

hence, reducing by many orders of magnitude both the volume of material and the time 

required by conventional macroscopic testing techniques. The most widespread 

nanomechanical testing method is instrumented nanoindentation, in which hardness is 

measured by making a small imprint on the surface of the material with the help of a 

hard indenter, typically of pyramidal or conical geometry. Small enough imprints can be 

fit inside a single grain, even for grains as small as 1 micrometer. The indentation 

response mainly depends on the crystallographic orientation of the grain, and thus, this 

information can potentially be used to calibrate the CRSSs of a CP model. However, the 

complex stress state that develops under indentation together with the so-called 

indentation size effect (ISE) have so far prevented the use of this approach. 

In this work, we aim at overcoming this problem by carrying out a coupled 

experimental and CPFEM study of the nanoindentation of Mg single-crystals as a 

function of crystallographic orientation. In particular, we show that the variation of 

hardness with respect to the orientation of the grain (measured through the angle 

between the indentation axis and the c-axis of the crystal, referred to as the declination 

angle of the grain, see Fig. 1), follows a characteristic behavior than can be rationalized 

as a function of the ratios of the CRSSs of the different slip systems, i.e. basal, prismatic 

and pyramidal. Based on this result, we propose a novel and efficient methodology to 

estimate the CRSSs of Mg and its alloys, combining instrumented nanoindentation and 

CPFEM simulations. The proposed methodology requires only a small amount of 

material, allowing for the fast screening of several alloying addition combinations. The 

approach is calibrated on pure Mg using CRSSs values obtained from literature. We 



apply this approach to the investigation of the influence of Nd alloying additions on the 

CRSSs of the different slip systems in a RE MN11 (Mg-1%Mn-1%Nd) alloy. 

2. Experimental procedure 

The materials studied in this work are an annealed rolled sheet of pure Mg and an 

extruded bar of the MN11 Mg alloy. The Mg sheet has equiaxed grains, of about 100 

μm in size, and a strong basal texture (Fig. 2), typical of rolled Mg sheets [34]. The 

MN11 alloy has a much more refined microstructure (Fig. 3) with a mean grain size of 

10 μm, and shows a relatively weak texture, typical of Mg alloys containing rare earth 

elements [20–22]. 

Microstructure characterization was evaluated by electron backscatter diffraction 

(EBSD) using a 6500 F JEOL field emission gun-scanning electron microscope (FEG-

SEM) equipped with an EDAX/TSL OIM EBSD system. EBSD maps were performed 

at 15 kV using a step size ranged between 1 μm (MN11 alloy) and 10 μm (pure Mg). 

The limits of the areas mapped by EBSD were marked by Vickers microindentation in 

order to identify them in the nanoindentation test. Sample preparation for EBSD 

examination consisted, first, on cutting discs of ~3 mm in thickness and 17 mm in 

diameter followed by surface grinding to 2000 grit and polishing with 1 μm diamond 

paste. Finally, samples were electropolished using a Struers AC2 solution cooled to 5ºC, 

applying a voltage of 20 V for 45 s.  

Based on the EBSD maps, individual grains with different declination angles () were 

indented in both materials using a Hysitron TI950 Triboindenter equipped with 

feedback control and a Berkovich tip. Grain boundary effects were avoided by placing 

the indents in the middle of grains and using an indentation depth as small as 300 nm. 

Indentations were carried out in displacement control using a trapezoidal loading curve, 



with a loading and unloading time of 5 s, and a 2 s hold time at maximum depth. 

Hardness values were computed from the loading-unloading curves by applying the 

Oliver and Pharr method [35]. Due to the relatively small grain size of the MN11 alloy, 

the locations of the indents were examined by a Zeiss EVO MA15 SEM to ensure that 

grain boundary effects are negligible in the present study.  

3. Numerical simulations 

3.1. Brief description of the crystal plasticity (CP) model 

A standard crystal plasticity model [27] was used to simulate the plastic behavior of the 

Mg alloys taking into account their HCP crystallographic structure. The model relies on 

the multiplicative decomposition of the deformation gradient [36], F, into the elastic, 

F
e
, and plastic part, F

p
, following the expression: 

F = F
e
F

p          
(1) 

where F
p
 correspond to the so-called relaxed configuration.  

Taking into account the definition of velocity gradient, L, expression (1) leads to 

                                       (2) 

where            is the plastic-velocity gradient, corresponding to the intermediate 

configuration. 

As the plastic deformation is defined by the glide on the different slip systems, Lp is 

calculated by the sum of the shear rates,    , of each slip system, α, as: 

        
             (3) 



were s
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 and m
α 

stand for the unit vectors in the slip direction and perpendicular to the 

slip plane, respectively. 

The plastic behavior of the crystal,    , is modeled following a viscoplastic law [37,38] 

as a function of the resolved shear stresses, τ
α
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where     and m are the reference shear strain rate and the rate sensitive exponent [39], 

respectively. The evolution of the slip resistance, g
α
, depends on the shear rates,    , 

according to the following expression:  

                          (5) 

where qαβ with α = β and α ≠ β are the self and latent hardening coefficients, 

respectively. The hardening modulus, h(Γ), follows the phenomenological expression 

given by Assaro and Needleman [38] 
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where h0 is the initial hardening modulus and τ0 and τs are the initial and saturation yield 

stress, respectively. The accumulated shear strain in all the slip systems is given by: 

                       (7) 

The resolved shear stress, τα , is obtained as the projection of the symmetric second 

Piola-Kirchoff stress tensor  S on the α slip system according to the expression: 

                
 

 
                         (8) 



where C stands for the four order elastic stiffness tensor of the crystal and I for the 

second order identity tensor. 

Finally, the Cauchy tensor, σ, is calculated from the second Piola-Kirchoff tensor 

assuming small elastic deformations. 

3.2. Finite element simulations of indentations  

The crystal plasticity model described above was integrated into the finite element (FE) 

commercial software ABAQUS [40] using a user material subroutine (UMAT). A three 

dimensional FE model of the indentation process was generated. The model comprises a 

total of 10.671 quadratic tetrahedral elements (C3D10M), using a refined mesh in the 

contact area. Individual grains were modeled as large cuboids so that the stresses at the 

borders could be neglected. The nodes at the bottom of the model were fully 

constrained. A fully rigid conical indenter was used in the simulations, assuming a tip 

radius of 50 nm. By inspection of the area function of the Berkovich tip used in the 

experiments, the apex angle of the conical tip used in the simulations was fixed at 71.2º. 

This is slightly larger than the theoretical apex angle (70.3º) of the conical tip that 

matches the area function of an ideal Berkovich tip, but ensures the one-to-one 

equivalency between the real indenter used in the experiments and the conical tip used 

in the simulations. The indenter was only allowed to move in the z direction. Since 

friction is known to play a minor role on the load versus displacement response during 

indentation [41], frictionless contact was assumed between the rigid indenter and the 

material surface.  

The following single-crystal elastic constants for Mg were used in all the simulations: 

C11 = 59.4 GPa, C12 = 25.6 GPa, C13 = 21.4 GPa, C33 = 61.4 GPa and C44 = 16.4 

GPa [10]. Due to the relatively low content of alloying elements, it was assumed that 



the elastic constants of the MN11 alloy are similar to those of pure Mg. Regarding the 

CP parameters, a total of 24 slip systems were considered, divided into four families 

(basal, prismatic, pyramidal <a>, pyramidal <a+c>), as summarized in Table 2. No 

twinning was considered, due to the small size of the experimental indentations, as 

justified in section 4.3. In order to reduce the number of fitting parameters, the self and 

latent hardening parameters, qαβ, were fixed to 1.0 for all the slip systems, so that only 

three parameters, namely, the initial yield stress τ0, the saturation yield stress, τs, and the 

initial hardening modulus h0 were calculated. Moreover, a value of 1 s
-1

 for the 

reference shear rate,    , was chosen in all cases. For each set of parameters, the 

hardness evolution with declination angle is determined from the calculated loading-

unloading curves in the same fashion as the experimental curves, i.e. by the Oliver and 

Pharr method [35]. Finally, the CP parameters were optimized by fitting the simulated 

hardness-declination angle curves to the experimental ones. 

4. Results and discussion 

4.1. Indentation size effect in pure Mg 

As mentioned in the introduction, one of the main limitations in the use of 

nanoindentation tests as a calibration method for CPFEM models is the occurrence of 

the so-called indentation size effect (ISE). It is well known that, in single-crystal metals, 

hardness increases as the indentation depth decreases [42–45]. The origin of this size 

effect is the increase in the plastic strain gradient that occurs for self-similar indenters 

with decreasing penetration depth [42]. This effect is particularly relevant at depths 

smaller than a few microns. This work aims at developing a universal method that can 

be applied to conventional polycrystalline Mg alloys with typical grain sizes of about 10 

m. As we aim at neglecting grain boundary effects, this results in the use of 



indentation depths smaller than 300 nm. However, at this indentation depth range, the 

ISE may be significant. This effect is typically explained in terms of geometrically 

necessary dislocations (GNDs) [44]. The hardness, HTOT, is considered as the sum of 

two terms: a size independent term, HSSD, which depends on the density of statistically 

stored dislocations (SSDs), and a size dependent term, HGND, related to the density of 

geometrically necessary dislocations (GNDs). 

We have therefore evaluated the ISE in the current deformation conditions on pure Mg. 

Fig. 4 shows the variation of hardness with the indentation depth ranging between 100 

and 3000 nm. This figure shows that hardness reaches a plateau corresponding to the 

size independent term, HSSD, at depths larger than 2500 nm. At indentation depths of 

300 nm, the hardness H300 shows a substantial size effect so that the size dependent term 

HGND accounts for 67% of the total hardness. Based on this result, a correction factor 

(CF) of 1.67 has been used in this work on the CPFEM calculations to estimate the size 

independent hardness HSSD, i.e, H300=HSSD*1.67. The use of a single CF parameter relies 

on the assumption that ISE is independent of grain orientation. Even though some 

authors [46] have reported that the accumulation of GNDs might be a function of grain 

orientation, our current studies show a similar ISE, so the same correction factor was 

assumed to be valid for all orientations. 

4.2. Variation of the hardness with grain orientation 

Figs. 2 (a) and 3 (a) show inverse pole figure (IPF) EBSD maps for both pure Mg 

(along the normal direction, ND) and the MN11 alloy (along the extrusion direction, 

ED), respectively. Several indentations were performed at the centre of selected grains 

in both materials. Fig. 2 (b) shows the load vs. indentation depth curves corresponding 

to two grains, namely, Grain 1 and Grain 2 in Fig. 2(a), in pure Mg. Grain 1, with a 

declination angle of 2º, is significantly stronger than grain 2, which has a declination 



angle of 53º. Fig. 3 (b) confirms that the mechanical response of individual grains in the 

MN11 alloy is also strongly affected by the grain orientation. In particular, grain 1, 

which has a small declination angle (=7°), is stronger than grain 2, which contains a 

higher declination angle (=64°).  

Fig. 5 plots the variation of hardness with declination angle obtained for pure Mg and 

the MN11 alloy. While pure Mg exhibits a drop in the hardness at a declination angle 

ranged between 30 and 50º, the hardness drop takes place at a declination angle of 0-25º 

in the MN11 alloy. We ascribe this effect to the influence of grain orientation on the slip 

activity and the corresponding CRSS values.  

4.3. Validation of the method for pure Mg 

The parameters of the viscoplastic law were selected as those providing the best fit with 

the experimental curves. We set the reference strain rate to 1 s
-1

 and the strain rate 

sensitivity, n=1/m, to 33.33. To assess the validity of the approach, the indentation of 

pure Mg in different orientations was simulated using the CPFEM model described in 

section 3.2. Table 3 summarizes the CP parameters (τ0, τs, and h0) used for each slip 

system [10]. The agreement between the experimental and simulated hardness variation 

with grain orientation is remarkable (Fig. 6), indicating that this behavior is indeed a 

consequence of the different CRSS of each slip system in Mg and their different activity 

as a function of grain orientation with respect to the indentation axis. 

Table 4 summarizes the cumulative activity of the different slip systems with the grain 

orientation obtained from the CPFEM simulations. The activation of basal slip was 

found to be almost independent of the declination angle . This is consistent with the 

fact that under the complex stress state that develops under the indent, basal slip is 

readily activated for all orientations due to its low CRSS. However, the harder 



pyramidal <c+a> and prismatic slip systems show opposite behaviors. While the 

activity of pyramidal <c+a> slip decreases with increasing , the activity of prismatic 

slip increases with it. This trend indicates that despite the complex stress state that 

develops under the indents, the activation of the harder slip systems, namely pyramidal 

and prismatic, is mostly governed by their Schmid factor with respect to the stress 

component parallel to the indentation direction. The grain orientation with the highest 

Schmid factor for pyramidal <c+a> slip is at =0°. We thus associate the high hardness 

values obtained in grains with basal orientation, i.e. =0°, to the activation of pyramidal 

slip. In particular, the ratio between the activity of pyramidal <c+a> and prismatic slip 

shows a maximum value of 2.10 at =0° (basal orientation) and a minimum value of 

0.28 at =90° (prismatic orientation). Although pyramidal <a> slip was accounted for in 

the simulations, its activation was found to be negligible, in agreement with previous 

reports [47]. Finally, it is worth stressing out that even though no twinning activity was 

considered in the CPFEM simulations of indentation in pure Mg, the agreement 

between experiments and simulations is remarkable. Tensile twinning is one of the 

softest deformation mechanisms in pure Mg and has actually been observed around 

large indentations (for depths > 1 m) both in this work and in previous studies [48]. 

However, careful examination of the surface around 300 nm deep indentations showed 

no evidence of twinning activity. Although the existence of nanotwins below the surface 

cannot be ruled out for very small indents, this observation indicates that deformation 

twinning has a negligible influence in the present deformation conditions. Interestingly, 

we observe an increase in the twinning activity with the indentation depth. This 

indicates the occurrence of an indentation size effect associated with the onset of 

twinning. This effect, which can be associated to the activation volume required for 

twinning [49–51], deserves further investigation. 



4.4. Parametric study 

Motivated by the success of reproducing the hardness variation with grain orientation in 

pure Mg, the CPFEM model was used to carry out a parametric study to assess the 

effect of the relative values of the different CRSSs on the hardness variation with grain 

orientation in Mg alloys. Eight different sets of CRSSs (0 and s) were considered, as 

summarized in Table 5. To minimize the number of parameters, a number of 

assumptions were made. First, the value of the initial hardening modulus of each slip 

system was set that utilized in the validation study [10], Table 6. Second, the ratio sat/0 

for each slip system was set to the values shown in Table 6 [10]. Third, the CRSS ratio 

between pyramidal <c+a> and pyramidal <a> slip was set to 1.6 [10]. Fourth, the strain 

rate sensitive exponent, n = 1/m, was set to 10. We allow variable sat/0 and CRSS 

<c+a>/<a> in one set of simulations, case 1 in table 6. The variation in hardness with 

grain orientation for each set of parameters is summarized in Fig. 7 as a function of two 

parameters, namely, the pyramidal to basal CRSS ratio, , and the prismatic to 

basal CRSS ratio, . For each set, all hardness values were normalized with 

respect to the hardness in the basal orientation, i.e. =0°. 

The following conclusions can be drawn from Fig.7. First, the pyramidal to basal CRSS 

ratio has a significant influence on the slope of the left branch of the H- curve, which 

becomes increasingly more negative as the ( ) ratio increases. This effect can 

be associated to the higher activation of pyramidal slip when the declination angle is 

small. On the other hand, the prismatic to basal CRSS ratio has a remarkable effect on 

the slope of the right branch of the curve, which increases with the increase of the 

 ratio. Curves like those shown in Fig. 7 can provide a qualitative 
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assessment of the impact of alloying elements on the CRSS ratios of basal, prismatic 

and pyramidal slip in novel Mg alloys. Quantitative determination would require an 

optimization procedure of the simulated hardness to determine the CRSSs that best fit 

the experimental results, as shown below for the MN11 alloy. 

4.5. Application of the method to MN11 alloy 

The H- curves obtained experimentally for pure Mg and for the MN11 alloy were 

shown in Fig.5. The right branch of the curve for pure Mg displays a slightly positive 

slope, while the slope is negative for MN11. According to the previous parametric 

study, this trend is indicative of a reduction in the prismatic to basal CRSS ratio. This 

effect can be achieved by either increasing the basal CRSS, decreasing the prismatic 

CRSS, or a combination of both. Fig. 8 reveals that increasing the basal CRSS (Fig. 

8(a)) or decreasing the prismatic CRSS (Fig. 8(b)) independently leads to H- curves 

that differ widely from those measured experimentally. On the contrary, the 

experimental data are best matched by simultaneously increasing the basal CRSS, 

decreasing the prismatic CRSS and increasing the pyramidal <c+a> CRSS with respect 

to the values of pure Mg, as shown in Fig. 8(c). The parameters that provide the best fit 

are summarized in Table 7.  

The indentation results suggest that, while in pure Mg and conventional Mg alloys, such 

as AZ31, there is a large difference between the basal and prismatic CRSSs, in the case 

of the MN11 alloy, basal and prismatic slip display similar CRSSs. These results are 

consistent with previous reports that suggest softening of prismatic slip [24,52] and  

hardening of basal slip [23] in Mg upon alloying with rare earth elements. These 

differences in the CRSS between pure Mg and MN11 have been attributed to the 

presence of Nd in solid solution and to Mg3Nd precipitates [23,24,52]. These 



precipitates, with a platelet shape, preferentially lie along prismatic planes, acting as 

strong barriers to the glide of basal dislocations and hence, increase the CRSS for basal 

slip. This is in agreement with several authors [23,24,53] reporting a clear increment of 

non-basal activity in rare-earth Mg alloys with respect to pure Mg or other non-rare 

earth Mg alloys. 

5. Conclusions 

The main conclusions of this work can be summarized as follows: 

1. A new methodology to estimate the CRSSs of the different slip systems in 

magnesium alloys is proposed, which combines instrumented nanoindentation 

and CPFEM simulations, based on the variation of hardness with the 

crystallographic orientation of the grains.  

2. The method was validated in pure Mg. We obtain a perfect match between the 

simulated and experimental variation of hardness with grain orientation, when 

adopting a set of published parameters measured recently by Zhang and Joshi in 

single crystals of pure Mg [10]. 

3. The CPFEM model was used to simulate the variation of hardness with grain 

orientation as a function of the CRSS ratios between non-basal and basal slip 

systems. The simulations show that the pyramidal to basal CRSS ratio is the 

most important parameter influencing the hardness of those grains oriented with 

the c-axis forming between 0º and 45º with the indentation axis. On the contrary, 

the prismatic to basal ratio influences mostly the hardness of those grains 

oriented with the c-axis forming between 45º and 90º with the indentation axis. . 

4. The proposed methodology was successfully used to estimate the CRSSs of the 

active slip systems in an extruded MN11 (Mg-1%Mn-1%Nd) alloy. It was found 



that, with respect to pure Mg, the basal CRSS increases dramatically and, that 

the prismatic CRSS decreases, to an extent that both become similar. These 

variations in the CRSSs are consistent with previous experimental observations 

of the effect of Nd solutes and Mg3Nd plate precipitates on slip activity, and are 

in agreement with the low yield stress anisotropy exhibited by these rare earth 

magnesium alloys. 
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Fig. 1 Schematic representation of the declination angle (). 
 

Figure 1
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 (b) 

 

 

Fig. 2 (a) EBSD inverse pole figure map in the normal direction (ND) of pure Mg. (b) 

Effect of the declination angle on the load displacement indentation curve in pure Mg. 

 

Figure 2



(a) 

 
 (b) 

 

Fig. 3 (a) EBSD inverse pole figure map in the extrusion direction (ED) of the MN11 

alloy. (b) Effect of the declination angle on the load displacement indentation curve in 

the MN11 alloy. 

Figure 3



 
 
 
 
 
Fig. 4 Hardness versus indentation depth curve corresponding to pure Mg. 

Figure 4



 
Fig. 5 Hardness versus declination angle corresponding to pure Mg and to the 

MN11 alloy. 
 

Figure 5



 

 
 
 
Fig. 6 Comparison between simulated and experimental hardness versus 
declination angle curves for pure magnesium 

Figure 6



 
Fig. 7 Variation of the shape of the hardness versus declination angle curve as a 
function of the ratios between the non-basal and the basal CRSS values. 

Figure 7
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Figure 8



(c) 

 

 

Fig. 8 Sets of CRSS values tested in order to match the experimental and simulated 

hardness versus declination angle curves of the MN11 alloy: (a) increase of the basal 

CRSS; (b) decrease of the basal CRSS; (c) combination of an increase of the basal 

CRSS and a decrease of the prismatic CRSS 



 

 

CRSS (MPa) 

Method Basal <a> Prismatic <a> Pyramidal <c+a> 

Single crystal [3] 0.81 

  Single crystal [4]  0.76 

  Single crystal [5]  0.52 

  Single crystal [6]  

 

39 

 Single crystal [7]  

 

50 

 Single crystal (micropillar) [8] 

  

44 

Single crystal and polycrystal CP model [9]  1 20 40 

Single crystal and polycrystal CP model [10] 0.5 25 40 

 

Table 1. CRSS values proposed for pure Mg. 

Table 1



 

 

Slip plane Slip direction Number of systems 

Basal (0001) <11  0> 3 

Prismatic {10  0} <11  0> 3 

Pyramidal <a> {10  1} <11  0> 6 

Pyramidal <c+a> {10  2} <11  3> 12 

 

 

Table 2. Slip systems included in the crystal plasticity model. 

Table 2



Slip system 0 s h0 

Basal <a> 2 (0.5) 10 (-) 20 

Prismatic <a> 25 85 1500 

Pyramidal <a> 25 85 1500 

Pyramidal <c+a> 40 150 3000 

 

Table 3. Set of inelastic material parameters used in the validation of the model. 

Table 3



 

 

Slip system activity (%) 

  

Basal <a> Pris. <a> Pyra. <a> Pyra. <c+a> 

Declination angle (º) 

0 65 11 1 23 

20 65 16 1 17 

37 62 24 2 12 

53 63 24 1 11 

70 62 25 1 12 

90 52 36 2 10 

 

 

Table 4. Slip system activity as a function of the declination angle during an 

indentation. 

 

Table 4



 

 

 

 

0 (s) 

Set Basal <a> Prismatic <a> Pyramidal <a> Pyramidal <c+a> 

1 25 (75) 25 (85) 25 (85) 25 (75) 

2 5 (15) 5 (17) 25 (85) 40 (150) 

3 3 (9) 24 (82) 15 (51) 24 (90) 

4 3 (9) 25 (85) 25 (85) 40 (150) 

5 3 (9) 37.5 (127.5) 25 (85) 40 (150) 

6 3 (9) 3 (10) 37.5 (127.5) 60 (225) 

7 3 (9) 37.5 (127.5) 37.5 (127.5) 60 (225) 

8 3 (9) 60 (205) 37.5 (127.5) 60 (205) 

 

 

Table 5. Sets of CRSS values taken into account in the parametric study. 

Table 5



 

 

Slip systems 

Parameter Basal <a> Prismatic <a> Pyramidal <a> Pyramidal <c+a> 

h0 (Mpa) 20 1500 1500 3000 

s/0 (except set 1) 3 3.4 3.4 3.75 

 

Table 6. Simplifications assumed during the parametric study. 

Table 6



 

Slip system 0 s h0 

Basal <a> 35 105 20 

Prismatic <a> 20 80 1500 

Pyramidal <a> 60 300 1500 

Pyramidal <c+a> 95 345 3000 

 

 

 

 

Table 7. Set of CRSS values proposed for the MN11 alloy. 

Table 7
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