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Abstract 

This work systematically investigates the microstructure-property relationship in Mg alloys. Emphasis is placed on understanding, through 
high resolution crystal plasticity modeling, how grain size and texture collectively impact material strengthening and hardening, net plastic 
anisotropy, and tension-compression asymmetry. To achieve this, 528 fully three-dimensional finite element calculations are performed, which 
comprise eleven textures, four grain sizes, six loading orientations, and two uniaxial loading states (tension and compression). The grain size 
effect follows Hall-Petch relation that depends on both, loading orientation and initial texture. The reduction in extension twinning with grain 
size refinement is influenced by texture as well. Below a threshold textural strength, grain size refinement leads to an appreciable reduction 
in the net plastic anisotropy at yield, quantified using Hill anisotropy, and reduced tension-compression asymmetry. Using a micromechanical 
basis, the effect of grain size and texture on material ductility is predicted to be non-monotonic. The computational predictions serve as 
synthetic data sets for experimental validation and reduced-order modeling. 
© 2023 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Mapping microstructure-property relations in magnesium
Mg) alloys is complicated by the sensitivity of these hexag-
nal close-packed (HCP) materials to processing protocols
e.g., rolling, extrusion, etc.), which can result in protean mi-
rostructures [1,2] . Depending on the alloying composition,
rocessing affects grain size distributions, grain morphology,
nd the distributions of the sizes, shapes, and orientations of
econd phase particles [3–6] . Several efforts have been under-
aken to elucidate these effects on the microscale deformation
echanisms and macroscale behaviors in Mg and its alloys

7] . An excellent review of the interaction effects from grain
ize and texture can be found in Ref. [8] . For instance, stud-
es indicate that extension twinning tends to be reduced with
ecreasing grain size [9–19] . Experimental studies indicate
hat grain size refinement can improve the tensile ductility of
∗ Corresponding author. 
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ure [20] and alloyed Mg [21,22] , although may not always
e beneficial, for instance under heterogeneous macroscopic
oading states [22] . This alludes to the fact that a complete
hree-dimensional characterization of Mg and its alloys is im-
erative in order to connect microstructural details to proper-
ies such as strength and ductility. 

A thorough understanding, solely based on experiments,
f the roles microstructural factors play in the macroscopic
lastic anisotropy, tension-compression asymmetry, and ma-
erial failure is a thorny challenge [23] . Multiscale modeling
nd simulation can offer important insights into their com-
lex inter-relationships, which can enable designing superior
g alloys for various applications [24–27] . Often, theoretical
odels offer insights into the role of individual strengthening
echanisms [3,15,28] . However, few modeling efforts exist

hat consider interactions between the different strengthening
echanisms [29] . A micromechanics driven approach [30] of-

ers insights into how texture may play a role in damage evo-
ution that controls the ductility under multi-axial tensile load-
ng states. Recent works have adopted high-resolution crystal
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Fig. 1. (a) Polycrystal setup with illustrative case of a material principal direction (S) aligned with the loading (y) axis is shown. Panel (b) shows the grain 
size distribution. 

Table 1 
Loading cases considered in this work. ⊥ indicates a direction perpendicular to direction (). 

Loading direction (along Y ) L T S LT LS TS 

Lateral direction (along X ) T L L (LT )⊥ (LS )⊥ L 

Lateral direction (along Z) S S T S T (TS )⊥ 
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lasticity modeling and simulation to obtain microstructure-
roperty relations in synthetic microstructures [31,32] . For in-
tance, Ravaji and Joshi [32] performed a preliminary study
n the effect of grain size and initial texture on deformation
echanisms and macroscale properties. Earlier, Indurkar et al.

31] considered a broader range of textural variations and an-
lyzed their response for a wider set of loading orientations
n both, tension and compression, but did not consider grain
ize effect. 

This work focuses on mapping the material texture and
rain size effects on the macroscopic behaviors of Mg al-
oys. Using the recent developments [31,32] as a basis, the
im is to systematically investigate the interaction between
he grain size and initial texture on the micro-macro relation-
hip for different tensile and compressive loading orientations.
his effort is expected to serve several purposes. It offers via

hree-dimensional computational basis, a mechanistic under-
tanding about the coupled nature of grain size and textural ef-
ects in the overall material strengthening, plastic anisotropy,
nd tension-compression asymmetry in Mg alloys. The results
ay also serve as synthetic data sets to characterize reduced-

rder models of HCP plasticity [33–35] . Moreover, the pre-
ictions from the computations can be used to determine im-
rovements in mesoscale modeling efforts by comparing them
gainst carefully designed future experiments. 

In what follows, Section 2 describes the computational pro-
ocol that uses a size-dependent finite-deformation single crys-
al plasticity framework with slip and twinning [32] (see Ap-
endix for model description). Detailed results are presented
n Section 3 . Expanding on our previous work [31,36] , in
ection 4 we explore potential implications of the coupled
exture-grain-size dependent net plastic anisotropy on ductile
amage using a micromechanical theory [37] . 

. Finite element modeling 

Fig. 1 a shows the three-dimensional polycrystal mi-
rostructure with a normal grain size distribution ( Fig. 1 b)
enerated using an open-source polycrystal generation and
eshing package Neper, [38] ; deq is the equivalent diame-

er of a particular grain and d̄ the mean grain diameter. The
icrostructure comprises 300 grains, and each grain is dis-

retized using a fine mesh ( ∼ 280 per grain) of tetrahedral
nite elements (C3D4) in ABAQUS®. 

A constant nominal strain rate ( ̇̄ε) is applied along the
lobal Y -axis. We consider monotonic loading (uniaxial ten-
ile and compressive) along the three principal material
xes (L,T,S) and three off-axis (LT, LS, TS) directions, see
able 1 . Here, LT refers the direction 45◦ to the L-direction

n the LT-plane, and so forth. Symmetry boundary conditions
re applied on the bottom XZ plane, the left YZ plane, and
he XY plane adjacent to the left YZ plane. To prevent rigid
ody displacement and rigid rotation, the bottom XZ plane
s constrained from translating along the Y-direction, the left
Z plane is constrained against displacement along the X-

xis, and the adjacent XY plane is constrained from trans-
ating along the Z-direction. Intersection node of the front,
eft and bottom faces is pinned to constrain translating along
he Z-direction. Further, all the three displacements at the
rigin (X = Y = Z = 0) are constrained to ensure no rigid mo-
ions. The volume-averaged logarithmic strains are computed
s Ei j = (1 /V )

∫ 
εi j dV and the corresponding Cauchy stress
V 
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Table 2 
Material parameters representative of Mg alloy [32] . 

Mechanism τ̄0 (MPa) h0 (MPa) τ̄s (MPa) kτ (MPa. μm 
1 / 2 ) 

Basal 10 50 – 83 
Prismatic 55 1500 110 175 
Pyramidal 〈 a〉 55 1500 110 272 
Pyramidal 〈 c + a〉 60 3000 170 272 
Extension twinning (ET) τ̄0 (MPa) het (MPa) τs_et (MPa) het_sl (MPa) kτ (MPa. μm 

1 / 2 ) 
15 120 30 100 180 

Contraction twinning (CT) τ̄0 (MPa) Hct (MPa) Hct_sl (MPa) b kτ (MPa. μm 
1 / 2 ) 

85 6000 15 0.05 272 
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1 For numerical purposes, we choose d̄ = 104 μm for the Base material. 
omponents �i j = (1 /V ) V σi j dV where εi j and σi j are re-
pectively the components of the local (at each Gauss point)
ogarithmic strain tensor and the local Cauchy stress tensor
n the global frame; V is the current volume of the com-
utational domain. In the present case, only �YY � = 0. The
on Mises equivalent stress and the corresponding equiva-
ent strain are computed as: �eq =

√ 

(3 / 2)�′ : �′ = | �YY |
nd Eeq = √ 

(2/ 3) E′ : E′ where �′ and E′ are respectively
he volume-averaged deviatoric stresses and deviatoric part of
he logarithmic strains. The lateral strain anisotropy is ex-
ressed via Lankford ratio as RY = EXX /EZZ , where the lat-
ral normal strains depend on the loading direction, Table 1 .
or instance, when Y-axis ‖ LT-axis, RLT = ELT⊥ /ES as per
able 1 . The crystal orientation of each grain is described by

hree Euler angles ( ϕ1 , �, ϕ2 ) using the Bunge scheme [39] ,
ee Indurkar et al. [31] for details. 

Fig. 2 shows initial pole figures for eleven textures (A-K)
ith a wide range of textural strengths, plotted using MTEX

40] . While these pole figures appear very similar to those in
ndurkar et al. [31] and Ravaji and Joshi [32] , they are inde-
endently obtained (but using the same maximum variations).
he similarity between the present textures and those in the
receding works serves as a way to collate the observations
nd create extended data-sets. Details aside, cases A–D re-
emble strong textures that are reminiscent of single crystals
41] ; cases E–H are typical rolled textures [42–44] referred to
ere as intermediate textures, while cases I–K are weak tex-
ures, also sometimes observed in rolled Mg alloys [45–47] . 

Appendix A briefly describes the rate-dependent single
rystal plasticity model used at the grain scale as implemented
y Ravaji and Joshi [32] . It incorporates rate-dependent slip
nd twinning whose critical resolved shear stresses (CRSS)
re assumed to follow micro Hall-Petch relation ( Eq. (A.12) )
nalogous to the well-known macroscale Hall-Petch relation.
icro-scale (i.e., at the scale of slip/twin system within a

rain) Hall-Petch relations have been experimentally reported
n Mg alloys [48] and are rooted in theory of slip gradients
49] . By way of consequence, a grain size dependent aggre-
ate mechanical response emerges. Note that in Eq. (A.12) the
trengthening of each slip and twinning system is generally
istinct for each grain as we calculate the equivalent diameter
 deq ) for each grain. 

Table 2 consolidates the material parameters representa-
ive of an AZ31 Mg alloy. These constitutive parameters are
ssociated with each slip and twin system ( Appendix A ):
he initial size-independent CRSS ( ̄τ0 ) and saturation stresses
 ̄τs , τ̄s_et , τ̄s_ct ), slip hardening ( h0 ) and twin hardening
 het , hct , het_sl , hct_sl ) and are representative of an Mg alloy
32] . The micro Hall-Petch parameters, kτ are taken from

ang et al. [48] and ks is taken from Ravaji and Joshi [32] .
inally, the rate parameters are [50] : γ̇0 = 1 × 10−3 s −1 (slip),
ḟ 0 
et = 1 × 10−3 s −1 (extension twinning), ḟ 0 

ct = 1 × 10−4 s −1 

contraction twinning), and m = mt = 1 / 50. 

. Results 

The simulations are performed under an applied strain rate
˙̄
 = 1 × 10−3 s −1 up to a nominal strain of 0.25. Three aver-
ge grain sizes d̄ = 1 μm, 10 μm, and 100 μm are consid-
red in addition to the simulations with no grain size effect
referred to as Base material 1 ). For all the cases the same mi-
rostructure (i.e., grain topology, grain orientation allocation,
nd grain size distribution are adopted ( Fig. 1 ). In this sec-
ion, we focus on the main characteristics that emerge from
he interaction between grain size and texture. Full stress-
train responses, Lankford ratios, and relative activity plots
re shown in Appendix B . 

.1. Hall-Petch trends 

Fig. 3 collates the role of grain size and texture in the
acroscopic yield stress defined as σy ≡ (�eq )Eeq =0. 2% . The

rends (lines) follow Hall-Petch relation σy ∼ d̄−1 / 2 . For the
ensile loading in the L ( Fig. 3 a), T ( Fig. 3 b), and the LT
 Fig. 3 d) orientations, the weaker a texture the weaker the
rain size effect. On the other hand, for S ( Fig. 3 c), LS
 Fig. 3 e), and TS ( Fig. 3 f) orientations, the trend is reversed
 stronger textures tend to have a weaker grain size strength-
ning. 

Under uniaxial compression, the orientation effect on the
rain size-texture coupling is somewhat more complicated.
he L ( Fig. 3 g), T ( Fig. 3 h), and LT ( Fig. 3 j) orientations
xhibit a weaker Hall-Petch effect in weaker textures (I-K)
ompared to their stronger counterparts. Interestingly in these
oading cases, at d̄ ∼ 10 μm the yield stress is nearly in-
ependent of the initial texture. In comparison, whereas S-
ompression ( Fig. 3 i) shows a stronger Hall-Petch effect for
tronger textures (similar to the tensile responses in L and T),



3660 S. Baweja and S.P. Joshi / Journal of Magnesium and Alloys 11 (2023) 3657–3672 

Fig. 2. Initial [0001] and [101̄ 0] pole figures projected on the LT plane for textures A-K. For a particular texture, the angles in the brackets indicate the 
maximum standard deviations in the Euler angles. 

Table 3 
Average Hall-Petch Coefficients ( ̄ky ) and standard deviations for tensile and 
compressive loading. 

Direction Hall-Petch Coefficient (MPa μm 
1 / 2 ) 

Tension Compression 

L 291 . 8 ± 39 . 7 319 . 2 ± 46 . 6 
T 287 . 2 ± 34. 8 325 . 5 ± 57 . 4
S 273 . 0 ∓ 41 . 7 328 . 1 ± 120. 25 
LT 287 . 8 ± 34. 0 318 . 4 ± 43 . 4
LS 224. 5 ∓ 26 . 1 218 . 7 ∓ 27 . 7 
TS 207 . 5 ∓ 29 . 2 203 . 1 ∓ 32. 5 
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ompressive responses along the TS ( Fig. 3 l) and LS ( Fig. 3 k)
rientations tend to exhibit the opposite trend, i.e., weaker the
exture stronger its Hall-Petch slope. 

Table 3 summarizes the predicted average Hall-Petch co-
fficients ( ̄ky ) and standard deviation in tension and compres-
ion computed from Fig. 3 . Several salient points can be de-
uced. While k̄y values depend on the loading direction, for
 given direction k̄y in compression is greater than in tension
save for LS and TS, which show similar values in tension
nd compression). In a review by Yu et al. [8] , a similar
rend is reported for principal loading directions. In tension
nd in compression along the L, T, and LT directions, k̄y val-
es roughly coincide with each other suggesting the relatively
sotropic grain size strengthening in these directions. On the
ther hand, the loading orientations involving the S-direction
i.e., S, LS, and TS) exhibit very distinct k̄y values, in both
ension and compression. Interestingly, the LS and TS values
re much lower than the corresponding individual k̄y values
n L, T, and S directions; Moreover, the tensile and com-
ressive k̄y values in LS and TS are closer to their tensile
ounterparts. In the Table, the standard deviations indicate
he role played by initial textures strengths. In all cases ex-
ept S-compression, the textural effect is around ∼ 10 − 15% .
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Fig. 3. Hall-Petch plots for uniaxial loading in tension (Panels a–f) and compression (Panels g–l). Symbols are crystal plasticity results and lines are Hall-Petch 
fits. Black solid line indicate the average of the trends for a given loading orientation. 
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Fig. 4. Normalized polar plots of texture and grain-size dependent yield anisotropy for loading in (a) tension and (b) compression. Base material (blue), 
d̄ = 10 μm (red), and d̄ = 1 μm (yellow). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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or S-compression the textural effect is ∼ 36% , much larger
han the rest. Overall, such high standard deviations indicate
hat for a given loading direction the texture-grain size cou-
ling is non-negligible. We note that the bounds predicted by
he current simulations for the L, T, and S directions match
easonably with experimental range ∼ 210 − 350 MPa μm 

1 / 2 

eported for AZ31 Mg alloys [9,51–53] , although the under-
ying material parameters are not fitted to any particular ex-
erimental data set. Moreover, the broader correlations of the
all-Petch coefficient with textural intensity corroborate with

hose reported by a wide range of experiments [8] . 

.2. Macroscopic anisotropy and tension-compression 
symmetry 

Fig. 4 shows the effect of grain size on the anisotropy
n the yield stress in tension ( Fig. 4 a) and in compression
 Fig. 4 b) for the different textures (indicated by the different
olored sectors). In the figure, for a given loading state (ten-
ion or compression), each sector is split into six sub-sectors
 each representing a particular loading direction, cf. Table 1 .
he yield stress for a particular loading direction is normal-

zed with respect to the yield stress for the L-direction. Along
ith the Base material case, the figure collates the plastic

nisotropy trends for d̄ = 10 μm and d̄ = 1 μm. 
Broadly speaking, for a given texture the yield anisotropy

ecreases with decreasing grain size. On the other hand, the
ffect of texture for a given grain size is not that straightfor-
ard. In tension ( Fig. 4 a), textures A-G exhibit very similar

rends for the yield anisotropy - i.e., L, T, and LT exhibit
imilar yield stresses, whereas S, LS, and TS are much lower
governed by extension twinning). For the weakest textures
I-K), the response tends to be increasingly less anisotropic. 

In compression ( Fig. 4 b), the S-direction response is sig-
ificantly stronger than the rest of the loading directions for
he stronger textures (A-H), including the LS and TS ori-
ntations (unlike the tensile counterpart). With increasingly
eakening of the initial texture, the S-compression response
ecomes less strong relative to the L-compression response.
s in the tensile case, the weakest textures (I-K) the response
ecomes increasingly less anisotropic. 

On a broader note, we see that while grain size refinement
elps reduce in-plane anisotropy (i.e, L, T, LT), an overall
eduction in the yield anisotropy in both, tension and com-
ression, across all directions (L, T, S, LT, LS, TS) seems
nly plausible with the additional effect of textural weaken-
ng. Thus, finer grain size combined with an initial weak tex-
ure can significantly decrease the overall yield anisotropy, see
or example textures I-K in Fig. 4 . We make a more quanti-
ative assessment of the texture-grain size interaction on yield
nisotropy in Section 4 . 

Fig. 5 shows the grain-size dependent tension-compression
symmetry in the yield stress as a function of texture for each
oading direction. Grain size reduction markedly reduces the
symmetry across all textures and all loading orientations. For
 given grain size, texture H appears to be the transitional
exture, beyond which a further weakening of the initial tex-
ure remarkably decreases the yield asymmetry. This is most
learly seen for the Base material. Interestingly, the trends
or TS (and to a lesser extent, LS) exhibit a non-monotonic
ehavior as a function of the initial texture strength, where
exture F (or G, in the case of LS-orientation) exhibits the
ighest asymmetry. 

.3. Effect on extension twinning 

Fig. 4 collates the effect of grain size on the volume-
veraged extension twin volume fraction ( ̄f ET ) for the dif-
erent textures. The loading cases considered pertain to the
rientations that are generally considered favorable to exten-
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Fig. 5. Grain-size effect on the texture-dependent tension-compression yield asymmetry.Base material (blue), d̄ = 10 μm (red), and d̄ = 1 μm (yellow). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ion twinning. The solid symbols correspond to Eeq ∼ 0. 015
 ̄f ET |Eeq =0. 015 ) and open symbols correspond to the maximum
alue, f̄ ET 

max . The former is chosen because some experimental
ata is available at those strain levels [15,54] . 

For a given texture, f̄ ET |Eeq =0. 015 decreases with decreas-
ng grain size. However, this decrease relative to the Base

aterial ( d̄ = 104 μm) depends on the initial texture strength.
he weaker the initial texture the larger the grain size effect
n f̄ ET |Eeq =0. 015 . The relative decrease from Base material
 d̄ = 104 ) μm to d̄ = 1 μm is ∼ 50% in the case of stronger
extures (e.g., textures A-D); for intermediate textures (e.g.,
extures E, F) it is ∼ 70% and for the weaker textures (tex-
ures G-K) it is nearly 90% . It is difficult to make accu-
ate assessment of these predictions as such detailed data sets
ay not be easily obtained in experiments. Notwithstanding,
ig. 6 i- 6 k include the experimental data from Ghaderi and
arnett [15] , Ma et al. [54] obtained at ε̄eq ∼ 0. 015 for tex-

ures with similar peak intensities. It can be seen that the
omputational predictions appear to roughly corroborate the
xperiments. 

As seen in the figure, f̄ ET 
max values also decrease with de-

reasing grain size. Further, for a given d̄ , f̄ ET 
max decreases

ith decreasing initial textural strength (from texture A to
exture K). For instance, in texture A f̄ ET 

max ranges between
0. 65 ( d̄ = 1 μm) and ∼ 0. 75 ( d̄ = 104 μm) whereas for

exture K it ranges between ∼ 0. 15 ( d̄ = 1 μm) and ∼ 0. 20
 d̄ = 104 μm). The relative decrease (with reference to d̄ =
04 μm) for d̄ = 1 μm ranges between ∼ 10 − 25% across
ll the textures, which is much smaller than the grain size de-
endence seen at the smaller strain. This suggests that while
he initially (i.e., at small strain levels) average extension
winning rate may be slow for d̄ = 1 μm compared to the
ase material, it increases with increasing deformation. Yet,

he amount of extension twinning in the fine-grained material
ever catches up with its coarse-grained counterpart. This be-
avior is consistent for all the loading orientations shown in
ig. 6 . Finally, while textures A-E show similar f̄ ET 

max for the
ifferent loading cases, for textures F-K the f̄ ET 

max values in
-tension are appreciably lower than the other loading ori-
ntations across the range of d̄ . This trend is also seen at
eq = 0. 015 albeit to a weaker extent. 

. Possible implications on damage tolerance 

In plastically anisotropic materials, ductile damage process
hrough internal porosity evolution can be expressed via [55] :

˙ ≡ φ̇

φĖeq 
≈ 3 

h 
sinh 

(
3 

h 
T

)
(1) 

here φ is the porosity and φ̇ is its rate of growth, Ėeq is the
ffective plastic strain rate, and T is the stress triaxiality ratio.
n this expression, h is a scalar invariant of the Hill plastic
nisotropy tensor h given by Benzerga and Besson [56] : 

 = 2

[
2 

5 

hL + hT + hS 

hL hT + hT hS + hL hS 
+ 1 

5 

(
1 

hLT 
+ 1 

hLS 
+ 1 

hTS 

)] 1 
2 

(2) 

here the anisotropy coefficients hL , hT , hS are the coef-
cients of h along the principal material directions, and
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Fig. 6. Grain size effect on extension twin volume fraction ( ̄f ET ) at Eeq ∼ 0. 015 (solid circles) and the corresponding maximum ( ̄f ET 
max , open circles). Colors 

represent the different loading orientations. Triangles are experimental data ( [15] , , [54] ) at Eeq ∼ 0. 015 under L-compression ( ) and T-compression 
( )). 
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LT , hLS , hTS are those along the off-axis directions. For a
lastically isotropic material, h = 2; thus, h > 2 indicates a
aterial with plastic anisotropy that resists void growth rela-

ive to a plastically isotropic material whereas h < 2 indicates
he opposite. Benzerga and colleagues adopted this theory to
nderstand the role of texture induced plastic anisotropy in the
uctility of different Mg alloys and validated the outcomes ex-
erimentally under different triaxiality conditions using round
otched-bar geometries [30,57] . More recently, Indurkar et al.
31] and Baweja et al. [36] explored the same idea by calcu-
ating the h coefficients using crystal plasticity results. How-
ver, those works did not investigate the role of grain size.
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Fig. 7. Correlation of h with the maximum [0001] pole intensities for textures 
A-K. 
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ne limitation of the damage theory based on Eq. (1) is
hat it does not account for tension-compression asymmetry,
hich can be important [58] . Given the weakening of tension-

ompression asymmetry with weaker textures and grain size
eduction (cf. Fig. 5 ), we posit that the Hill-anisotropy theory
ay be somewhat better suited for Mg alloys in such scenar-

os. Hence, we perform a preliminary analysis of the grain
ize effect in the texture-dependent damage potency of Mg
lloys, solely due to porosity growth. Given the interest in
ensile damage, we compute h values via Eq. (2) using only
he tensile data from the preceding section. The reader is re-
erred to Kondori [57] and Indurkar et al. [31] for details on
omputing the components of h in Eq. (2) . 

Fig. 7 shows the role of texture in h as a function of
rain size. The plots show the variation of steady-state values
f h (at Eeq ∼ 0. 2) against peak [0001] intensity, cf. Fig. 2 .
he h values shows a correlation with the peak [0001] pole

ntensities; stronger the [0001] texture higher the h; on the
ther hand, there is no simple correlation of h with [101̄ 0]
ole intensities and is not shown here. Notably, the plot pro-
ides a more quantitative representation of the trends shown
n Fig. 4 . As seen, for the range of grain sizes studied here,
 → 2 (plastically isotropic, cf. Eq. (2) ) only when the initial
extural strength is below a certain threshold. For strong tex-
ig. 8. Effect of grain size on the relative measure of ductility ( D) as a function
anel (a) T = 1 . 0 and Panel (b) T = 2. 0. 
ures (e.g., A, B) the net plastic anisotropy increases for all
he grain sizes. 

From the standpoint of damage tolerance, the fact that
 ≥ 2 across the texture intensity range indicates that these
extures tend to provide a better, or at least similar, resis-
ance to void growth relative to a plastically isotropic mate-
ial. Weaker [0001] textures (peak intensity � 10, which are
ssociated with textures I-K, cf. Fig. 2 ) tend to exhibit h ∼ 2
nd are insensitive to grain size. For reasons that are not cur-
ently clear, there is a small drop in h in the [0001] intensity
ange between ∼ 18 − 24 before further increase in the initial
extural strength leads to increase in h. Another notable result
s that d̄ = 10 μm appears to offer the most beneficial effect
n h via a synergistic interaction between the grain size in-
uced decrease in the net plastic anisotropy and the texture
nduced enhancement of the net plastic anisotropy. 

Using these results, the grain size and texture-dependent
easure of porosity growth rate can be computed using
q. (1) . We define for a given d̄ and texture, a relative mea-
ure of ductility as D = 1 − (�̇d̄ /�̇Base ) where �̇Base is asso-
iated with the Base material at a particular Eeq (taken here
o be 0.2). Thus, D = 0 indicates no relative change whereas
 > 0 indicates a relative improvement. Fig. 8 collates D

or d̄ = 10 μm and d̄ = 1 μm for the range of textures at
wo stress triaxiality levels. The results are plotted against
he maximum [0001] pole intensities. For a given d̄ , D is
ot a monotonic function of the initial textural strength. At
 fixed T , weaker (peak intensity � 15 , i.e, H-K) textures
xhibit similar quantitative trends for the two grain sizes.
urther, these textures show D ≈ 0, which suggests a neg-

igible role of grain size in their ductility improvement rel-
tive to the Base material. By way of contrast, intermedi-
te (peak intensity ∼ 10 − 20, textures C, E-H) and stronger
peak intensity � 20, A,B,D) textures are sensitive to d̄ . In-
erestingly, d̄ = 10 μm shows better relative ductility than
 ̄= 1 μm, which suggests a non-monotonic nature of ductil-
ty with respect to the grain size. Another interesting feature
s that while the trends are the same at the two values of T ,
he grain size effect on D appears to become more benefi-
ial with increasing T . Moreover, for a given texture whether
lastic anisotropy is beneficial or not depends on grain size.
 of the peak [0001] pole intensity corresponding to textures A-K in Fig. 2 . 
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his is most vividly seen for textures A and D where D is
ositive (beneficial) for d̄ = 10 μm but negative (deleterious)
or d̄ = 1 μm. 

. Concluding remarks 

In this work, we performed extensive full-field crystal plas-
icity simulations to elucidate the interaction between the tex-
ural variability and grain size on the orientation-dependent
ehaviors of Mg alloys. The main results are summarized: 

1. The grain size effect follows the Hall-Petch relations
across all loading orientations and textures. The aggre-
gate effect of the texture and grain size on the yield
strength is non-negligible and depends on the loading
orientation. 

2. Under tensile loading, orientations dominated by exten-
sion twinning tend to show a weaker Hall-Petch effect
for initially strong textures. For slip-dominated orienta-
tions, the trend is reversed. In comparison, the texture
dependence of the Hall-Petch trends under compressive
loading are somewhat more complicated. 

3. For a given texture, the yield stress anisotropy and
tension-compression asymmetry decrease with decreas-
ing grain size. A near-isotropic yield strengthening
across all six loading directions seems plausible via a
combinatorial effect of grain size refinement and weak
initial texture. 

4. Extension twinning decreases with decreasing grain
size across the range of textures considered here. The
amount of reduction depends on the textural strength
with weaker textures showing a relatively larger grain
size effect compared to stronger textures. 

5. Using a micromechanical theory of ductile damage, the
effect of grain size on a relative measure of ductility
is predicted to be non-monotonic with textural strength.
The analysis further indicates that for a given texture,
whether or not plastic anisotropy improves the ductil-
ity relative to a coarse-grained material is grain size-
dependent. 

6. The theory-based analysis suggests that Mg alloys may
be intrinsically resistant to damage by porosity evolu-
tion, which suggests other factors such as shear local-
ization may play a role in determining their failure. 

While the results are presented for a particular set of ma-
erial parameters (representing a particular Mg alloy), they
hould be of relevance to other Mg alloys showing similar
lip and twinning behaviors. 
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ppendix A. HCP Mg crystal plasticity FEM model 

The single crystal plasticity model of Zhang and Joshi
50] was modified to include grain size effect by Ravaji and
oshi [32] . We briefly present that model here. 
Mathematical preliminaries Let P and Q be second-order

ensors, a fourth-order tensor P . Then, P : Q = Pi j Qi j , and
 : Q = Pi jkl Qkl . The inner product PQ = Pik Qk j , and dyadic
roduct P � Q = Pi j Qkl . Similarly, given vectors p and q , p �
 = pi q j , and p · q = pi qi . 
Kinematics Given the deformation gradient F and its ma-

erial time derivative Ḟ , the total velocity gradient ( L) in the
eformed configuration is: 

 = Ḟ F−1 = Le + Lp (A1)

omprising the elastic ( L 

e ) and plastic ( L 

p ) parts. The kinetics
f crystal plasticity is expressed using Lp as: 

p =
⎛ 

⎝ 1 −
Ntw ∑ 

β=1 

f β

⎞ 

⎠ 

Ns ∑ 

α=1 

γ̇ α(s α � m 

α ) 

︸ ︷︷ ︸ 
slip in parent 

+
Ntw ∑ 

β=1 

γ̇ β (s β � m 

β ) 

︸ ︷︷ ︸ 
twin in parent 

(A2) 

here γ̇ i is the shear strain rate on the deformation system
(= α, β) , s i the slip ( i = α) or twin ( i = β) direction and
 
i their respective plane normals. Here, Ns = 18 are the total

umber of the slip systems, which includes basal (3), pris-
atic (3), pyramidal 〈 a〉 (6), and pyramidal 〈 c + a〉 (6) modes;
tw = 12, which include six extension twin (ET) and six con-

raction twin (CT) modes (see Table A.1 ). In Eq. (A.2) , f β

enotes the current twin volume fraction on the twin system
. 

The rates of slip ( ̇γ α) and twinning ( ̇γ β) are defined as
ollows: 

˙ α = γ̇0 

∣∣∣∣τα

gα

∣∣∣∣1 /m 

sign (τα ) ; γ̇ β = ḟ βγ tw (A3) 

here γ̇0 is the reference slip rate, and γ tw the constant twin-
ing shear for a given twin mode [59] , and m is the single
rystal rate-sensitivity parameter for slip. In Mg, γ tw = 0. 129
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or extension twinning and γ tw = 0. 138 for contraction twin-
ing. 

The current resolved shear stress (RSS) on the slip system
is τα = σ : (m 

α
� s α ) and the corresponding current slip

ystem resistance gα is given by: 

α = τα
0 +

∫ t 

t0 

(ġα
sl−sl + ġα

tw−sl ) dt (A4)

here τ i 
0 is the initial critical resolved shear stress (CRSS),

˙i sl−sl and ġi tw−sl denote the hardening rates on ith slip system
ue to slip-slip and slip-twin interactions, respectively: 

˙i sl−sl =
Ns ∑ 

j=1 

hi j (γ̄ )γ̇ j , hi j =
{
h(γ̄ ) (i = j self hardening ) 

qh(γ̄ ) (i � = j latent hardening )

(A5) 

ith γ̄ being the accumulated shear strain on all slip systems,
i j are the self ( i = j) and latent ( i � = j) hardening moduli,
nd q(= 1) the latent hardening coefficient. Following [50] :

(γ̄ ) =
{ 

h0 , (basal slip ) 

hi 0 sech 
2 
∣∣∣ hi 0 ̄γ
τ i 
s −τ i 

0 

∣∣∣, (non-basal slip ) 
(A6)

here h0 is the initial slip hardening modulus and τs is the
aturation stress. The hardening rates of slip resistances due
o interactions with extension and contraction twinning are
hosen as: 

˙αtw−sl =
⎧ ⎨ 

⎩ 

hα
et_sl sech 

2 

∣∣∣∣ hβ

et_sl ̄γet 

τ
β
s_et −τ

β

0_et 

∣∣∣∣γ̇ ET , (ET ) 

0. 5 Hct_sl (γ̄ct )
−0. 5 γ̇CT , (CT ) 

(A7) 

epicting a saturation hardening for the slip due to rapid evo-
ution of ET with a hardening modulus het−sl and a non-
aturation type hardening (hardening modulus Hct−sl ) of the
lip due to thin CTs that act as a barrier to dislocation motion
50] 

For twinning, the evolution of twin volume fraction ( ̇f β)
n Eq. (A.3) 2 is defined as: 

ḟ β = ḟ 0 
I 

(
τβ/sβI 

)1 /mt 

(A8) 

here for ḟ 0 
I is the characteristic rate of volume fraction and

β

I is the twin system resistance for the twin mode I = ET, CT
omputed as follows: 

β

I = τ
β

0 +
∫ ti 

t
(ṡβt w−t w + ṡβsl−tw ) dt (A9)
◦

able A1 
lip and twin systems observed in Mg single crystals. 

echanisms Slip/twin 
plane 

Slip/twin 
direction 

No. of 
systems 

asal 〈 a〉 Slip ( 0001) 〈 112̄ 0〉 3 
rismatic 〈 a〉 Slip 

{
101̄ 0

} 〈 112̄ 0〉 3 
yramidal 〈 a〉 Slip 

{
101̄ 1

} 〈 112̄ 0〉 6 
yramidal 〈 c + a〉 Slip 

{
112̄ 2

} 〈 112̄ 3 〉 6 
xtension Twinning (ET) 

{
101̄ 2

} 〈 101̄ 1 〉 6 
ontraction Twinning (CT) 

{
101̄ 1

} 〈 101̄ ̄2 〉 6 

B

 

s  

(  

a  

c  

s  

t
 

(  
ith the twin-twin interactions for ET ( Eq. (A.10) 1 ) and CT
 Eq. (A.10) 2 ): 

˙βt w−t w = hβ
et sech 2 

∣∣∣∣∣ hβ
et ̄γet 

τ
β
s_et − τ

β

0_et 

∣∣∣∣∣γ̇ β , ṡβt w−t w = Hct 

( 
Nct ∑ 

m=1 

f m 
) b 

γ̇ β (A10)

here hβ
et , τ

β

0_et and τ
β
s_et respectively denote the initial hard-

ning modulus, CRSS, and the saturation stress for the given
T system β. Likewise, τβ

0_ct and b control the hardening rate
f the CT system β. We assume that slip evolution does not
ffect twin hardening, i.e. in Eq. (A.9) , ṡβsl−tw = 0 [50] . 

At a given time t , the accumulated extension twin volume
raction at each Gauss point f ET (t ) and its volume-averaged
epresentation f̄ ET (t ) is: 

f ET (t ) =
6 ∑ 

β=1 

f β (t ) ; f̄ ET (t ) = 1 

V 

∫ 

f ET (t ) dV (A11)

Computationally, when f ET = fcr (we set fcr = 0. 9 [50] )
t a Gauss point the corresponding element volume is reori-
nted to the twinned orientation of the variant β that has the
argest contribution. Upon reorientation, the f ET at the partic-
lar Gauss point is reset to zero. Therefore, 0 ≤ f̄ ET (t ) ≤ 1 .
 twinned region in a grain becomes a new sub-grain that
lastically deforms slip and/or twinning (i.e. double twinning
s possible). The same approach is adopted for contraction
winning. 

For a polycrystalline material with a grain size distribution
 Fig. 1 ), an equivalent grain diameter deq is obtained for each
rain. Then, for each grain, the CRSS τ i 

0 (cf. Eqs. (A.4) and
A.9) ) of a deformation system i = (α, β) as [9,10] : 
i 
0 = τ̄ i 

0 + ki τ (deq )
−1 / 2 (A12) 

here τ̄ i 
0 is the size-independent CRSS (for large single crys-

als) for the ith system, and ki τ is a micro Hall-Petch parameter
or the particular deformation system. 

The saturation stresses τs for slip ( Eq. (A.6) ) and twin-
ing ( Eq. (A.10) ) are also assumed to be grain-size dependent
60,61] . Per Ravaji and Joshi [32] , we assume: 
i 
s = τ̄ i 

s + ki s (deq )
−1 , τ i 

s ≥ τ i 
0 (A13)

here τ̄ i 
s is the size-independent saturation stress of a single

rystal for the deformation system i, and ki s is a proportion-
lity factor with the condition τ i 

s ≥ τ i 
0 . 

ppendix B. Overall responses 

1. Principal material directions 

Fig. B.1 shows the grain size-dependent uniaxial ten-
ile stress-strain responses ( Fig. B.1 a, d, g), Lankford ratios
 Fig. B.1 b, e, h) and relative activities ( Fig. B.1 c, f, i) for
ll eleven textures (A-K) when loaded along the three prin-
ipal material directions (L, T, and S). In all the plots, the
olid lines indicate the responses of Base material for a given
exture. 

While the tensile stress-strain responses along the L-
 Fig. B.1 a) and T- ( Fig. B.1 d) directions reveal a stronger
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Fig. B1. Uniaxial tension along principal material directions L, T and S . Texture effects on the evolution of (i) equivalent stress-equivalent strain (panels (a, 
d, g)), (ii) lateral strain ratio (panels (b, e, h)), and (iii) relative activities of deformation mechanisms (panels (c, f, i)). 
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rain size effect and a relatively small textural effect, the
-tension stress-strain responses ( Fig. B.1 g) show a much
igher sensitivity to textural variation. In fact, at moderate
train levels ( Eeq ∼ 0. 05 ) in S-tension, stronger textures (e.g.,
–D) appear to have comparable stress levels at d̄ = 1 μm

nd d̄ = 10 μm. For most textures (except textures J and K),
he S-tension responses are sigmoidal, which is indicative of
ominant extension twinning. Moreover, these sigmoidal be-
aviors are relatively insensitive to textural strengths up to
eq ∼ 0. 06 beyond which they exhibit a stronger sensitivity
o textural variations - the stronger the texture the higher the
ump in the stress level beyond Eeq ∼ 0. 06 . 

The corresponding results for uniaxial compression are col-
ated in Fig. B.2 . Along the L and T directions, the textu-
al effects on the on the yield stress and strain hardening
re marginal relative to the grain size effect, similar to that
n tension. By way of contrast, in S-compression the tex-
ure effect is remarkable, particularly for d̄ = 1 μm. Up to
eq ∼ 0. 05 the stronger textures (e.g., texture A, B) cor-

esponding to d̄ = 10 μm achieve very similar stress levels
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Fig. B2. Uniaxial compression along principal material directions L, T and S . Texture effects on the evolution of (i) equivalent stress-equivalent strain (panels 
(a, d, g)), (ii) lateral strain ratio (panels (b, e, h)), and (iii) relative activities of deformation mechanisms (panels (c, f, i)). 
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s the weakest textures (e.g., J, K) with d̄ = 1 μm. Beyond
hese moderate strain levels the smaller grain size responses of
he weaker textures deviate noticeably (exhibit stronger strain
ardening) compared to their the larger grain size responses
f the stronger textures. 

2. Off-axis directions 

The tensile and compressive responses along the off-
xis directions (LT, LS, and TS) are respectively shown in
igs. B.3 and B.4 . Many of the features discussed in the
tress-strain responses along principal axis loading are also
een in the off-axis responses and are not repeated for brevity.
nstead, some distinctive characteristics are highlighted. Un-
er LS-tension ( Fig. B.3 d), sigmoidal responses are absent at
ll grain sizes and for all textures, which indicates low ex-
ension twinning; this is corroborated from the relative activ-
ty plot, cf. Fig. B.3 f. In contrast, LT-compression ( Fig. B.4 a
xhibits sigmoidal responses for all grain sizes and most tex-
ures (save for textures I, J, and K), which is consistent with
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Fig. B3. Uniaxial tension along three off-axes directions (LT, LS and TS). Texture effects on the evolution of (i) equivalent stress-equivalent strain (panels (a, 
d, g)), (ii) lateral strain ratio (panels (b, e, h)), and (iii) relative activities of deformation mechanisms (panels (c, f, i)). 
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he high extension twinning relative activity, cf. Fig. B.4 c.
emarkably, TS-compression responses also lack sigmoidal
haracteristics due to low twinning. These trends indicate that
he effect of loading direction (at least in the off-axis re-
ponses) is generally a governing factor in the mechanism
ctivation compared to texture or grain size, which mani-
ests in the macroscopic stress-strain behaviors. Another in-
eresting characteristic pertains to TS-orientation. Both, TS-
ension ( Fig. B.3 g) and TS-compression ( Fig. B.4 g) show
tronger effects of texture for all grain sizes to the extent
hat many strong texture-large grain size combinations are
irtually indistinguishable from weak texture-small grain size
ombinations. Moreover, while LT-tension generally shows
hat a stronger texture with smaller grain size results in
 stronger overall stress-strain behavior ( Fig. B.3 a), in LS-
ension ( Fig. B.3 d) and in TS-tension ( Fig. B.3 g), generally
 stronger texture tends to produce a weaker response for a
iven grain size. This effect is most discernible at d̄ = 1 μm.
n other words, for these latter loading orientations, stronger
extures oppose the grain size strengthening effect. Similar
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Fig. B4. Uniaxial compression along off-axes directions (LT, LS and TS). Texture effects on the evolution of (i) equivalent stress-equivalent strain (panels (a, 
d, g)), (ii) lateral strain ratio (panels (b, e, h)), and (iii) relative activities of deformation mechanisms (panels (c, f, i)). 
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rends are also observed in LS-compression ( Fig. B.4 d) and
S-compression ( Fig. B.4 g). In passing, we note that the LT-
ompression ( Fig. B.4 a) responses are rather insensitive to
he textural strengths, except their role in extension twinning,
ompare textures I-K (low extension twinning) against tex-
ures A-H (relatively higher extension twinning). 
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