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Abstract 

Deformation of polycrystalline aggregates of HCP crystals was 
investigated by employing crystal plasticity and finite element 
simulations. Results were validated using channel die 
compression tests. The three dimensional polycrystal, represented 
by Voronoi techniques, was assigned an initial distribution of 
crystallographic orientations determined from X-Ray Diffraction. 
The mechanical properties from the channel die compression tests 
were used to correlate the material parameters of the crystal 
plasticity model. Simulations predicted grain-to-grain interactions 
and the resulting texture evolution under channel die compression. 
The inhomogeneous deformation among grains was mapped by a 
stress and a strain distribution and grain orientation spread. The 
simulation results were compared with experimental observations 
of an HCP polycrystal subjected to channel die compression. 

Introduction 

dimensional (2D) or three dimensional (3D) microstructures [10-
15] to investigate many aspects of the heterogeneous plastic 
response of a local grain within a polycrystal under various 
boundary conditions [14]. At present, 3D CPFEM deformation 
simulations attract more attention as 3D microstructure 
deformation resembles the realistic deformation of polycrystals. In 
this context, the use of a fine meshed regular polyhedron 
representing a grain with a particular orientation has been widely 
used to investigate intragranular orientation gradient and grain 
interaction effects during deformation. Many CPFEM studies 
have used brick-shape grains [16], rhombic dodecahedron grains 
[13,14,17], and tetradecahedron grains [15] to investigate grain 
interaction effects on texture evolution, grain subdivision and 
strain localization. However, as suggested by Mika and Dawson 
[18,19], crystal shape could also play a large role on texture 
scatter, and hence, the use of uniform and regular grain shapes can 
still produce a discrepancy between experimental textures and 
simulations. 

Plastic straining of a polycrystal induces changes in the crystals 
orientation and the corresponding evolution of orientation 
distributions oftentimes called crystallographic texture. Texture 
governs the anisotropic mechanical properties of a polycrystal, e.g. 
yield surface and strain ratio (Lankford parameter) [1,2]. As 
texture evolution is intrinsically tied to the activation of slip 
systems and twinning systems, a number of deformation models 
incorporating texture, slip, and twinning have been developed in 
the last decades [3-12]. Two pioneering deformation models for 
polycrystals are the upper-bound and lower-bound theories, 
typically referred to as Taylor and Sachs models [3-4]. These 
models considered only strain compatibility and stress equilibrium, 
respectively, hence simplifying intricate interactions among grains 
within a polycrystal which resulted in a marked discrepancy 
between predicted and experimental textures [5]. Other models, 
called relaxed constraint models, are modifications of Taylor and 
Sachs models. For example, modified Taylor models [6,7] relaxed 
partly the strain compatibility condition; a modified Sachs model 
[8] considered reaction shear stresses between local grains and its 
neighborhood represented by the whole matrix; the Visco-Plastic 
Self-consistent (VPSC) model [9] satisfied the stress and strain 
equilibrium simultaneously by considering individual grains 
embedded in an effective medium, whose property was 
represented by the average of the polycrystalline aggregate. These 
modified models improved the texture prediction; however, most 
of these models did not consider the topological information of 
grains [5-12]. 

The crystal plasticity finite element model (CPFEM) combined 
the single crystal plasticity constitutive law with finite elements to 
compute the macroscale response of crystal aggregates [10,11]. In 
CPFEM, the equilibrium of forces (stresses) and the compatibility 
of displacements are implicitly satisfied by the finite element 
formulation. This technique can be used to model two 

This article investigates the plane strain deformation of a 
polycrystal aggregate using the CPFEM and 3D Voronoi grains. 
The focus is on revealing the effect of grain interaction on global 
texture evolution, intergranular heterogeneous plasticity, and 
intragranular orientation spread. The material studied is HCP 
AM30 magnesium alloy. 

Crystal Plasticity Constitutive Framework 

The constitutive framework adopted in this paper corresponds to 
the formulation presented in [20,21]. This formulation is an 
extension of a rigid viscoplastic model to account for elasticity 
effects, and incorporates a number of changes with respect to a 
previous formulation [22]. The model can be summarized as 
follows: 
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Where d is the deformation rate, e" is the elastic deformation rate, 
IT is the plastic deformation rate, w is the spin tensor and e" is 
the small elastic tensor. Cl' is the elastic lattice spin tensor, W^is 
the plastic spin tensor, Re is the lattice rotation tensor, r is the 
stress tensor, C' is the fourth order anisotropic crystal elasticity 
tensor and S" ®m" defines the Schmid tensor, y is the plastic 
shear rate on the a slip which follows a power law relationship 
shown in Equation 6, y is the reference shear rate (^=0.001/S 
in this study), Ta is the resolved shear stress on a slip, m(=0.05 in 
this case) is the strain rate sensitive exponent parameter and K" is 
the threshold stress of the a slip. h0 is the initial hardness rate due 
to dislocation accumulation, KS and Ko are the saturation strength 
and the initial strength of the slip, respectively. Details of the 
formulations are given in the reference [20,21]. 

Modeling Framework 

Magnesium has a hexagonal close-packed (HCP) structure whose 
deformation modes are different from those of aluminum. Typical 
deformation modes in magnesium are basal <a>-{0002}<1120> 
slip, prismatic <a>-{ 10l0}<l 120> slip, second pyramidal <c+a>-
{1122}<1123> slip and extension twinning {10Ï2}<10Ï1>. In 
this study, a commercial extruded AM30 alloy (mass %, 2.54% Al, 
0.40% Mn, Mg in balance) was selected as the HCP experimental 
material to conduct channel die compression at high temperature 
200°C and at strain rate of 10"3S"! to strain 30%. At these loading 
conditions, twinning would not be profuse and, hence, only slip 
will be the predominant deformation mode. Figure 1 displays the 
three slip modes used in this study. The hardening parameters of 
the three slips modes were obtained using material point 
simulations to fit the experimental stress-strain curve recorded 
from the channel die compression test. The elasticity parameters 
used in this study are listed in Table I, while the slip system 
hardening parameters obtained from the calibration procedure are 
presented in Table II. Figure 2 compares the predicted and 
experimental stress-strain curves. 

The texture of AM30 was measured by X-ray diffraction method 
(XRD). The recalculated pole figures were calculated based on the 
orientation distribution functions (ODFs) which was obtained 
using the measured six incomplete pole figures {10Ï0}, {0002}, 
{10Ï1},{10Î2}, {1120} and {10Ï3}. The initial and the channel 
die compressed texture of AM30 plotted by the texture software 
MTEX [23] are shown in Figure 4a and 4b, respectively. 

Figure 1 : Typical slip deformation modes in magnesium: (a) basal <a>-
{0002}<1 ]20> slip, (b) prismatic <a>-{10l0}<1120> slip, and (c) second 
pyramidal <c+a>-{ 1122}<1123> slip. 

Figure 2: Correlation of the experimentally measured and the material point 
simulation stress-strain behavior of an AM30 magnesium alloy at 200°C. 

Table I. Elasticity parameters for AM30 magnesium alloy. 

C,i 
59.52 GPa 

C,2 
25.6 GPa 

C,3 
21.4 GPa 

C33 
61.74 GPa 

C44 
16.47 GPa 

Table II. Hardening parameters of the slip modes for AM30 
magnesium alloy. 

mode 
Basal <a> 

Prismatic <a> 
Pyramidal 2™ <c+a> 

ho 
19.6 MPa 
37.5 MPa 
18.8 MPa 

Kb 
18 MPa 
30 MPa 
44 MPa 

K* 
20 MPa 
34 MPa 
46 MPa 

The commercial finite element software ABAQUS 6.9 and a user 
subroutine UMAT incorporating the crystal plasticity constitutive 
theory and the magnesium AM30 materials parameters as listed in 
Table I and Table II were used to simulate texture evolution and 
mechanical response. The initial texture used in this CPFEM 
simulation was measured in the undeformed sample (Figure 4a) 
and was represented by 343 discrete orientations as shown in 
Figure 3c. The 3D polycrystal is represented by the 3D Voronoi 
grains created by the code Neper [24]. The Voronoi 3D grain is 
evidently more realistic than regular shaped grains used in other 
studies: brick grains [15,16], rhombic dodecahedron grains and 
other regular polyhedron grains [13-15,17]. In particular, 3D brick 
grains are too regular and too uniform in comparison to a realistic 
grain morphology. The element type used to discretize the 
Voronoi grains is the second order tetrahedral C3D10 element. As 
such, one element has four integration points, namely four 
orientations. There are totally 55092 elements in the Voronoi 3D 
microstructure. The undeformed polycrystal and the channel die 
compressed 3D polycrystal up to a strain of 30% are presented in 
Figures 3a and 3b. 
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Note that A8j is the smallest value among the 12 misoientation 
angles. 

Simulation Results and Discussion 

The measured and CPFEM predicted texture are listed in Figure 4. 
Figure 5 shows the orientation distribution and its spread of grain 
number 123 as well as its stress and strain localization at strain 
30%. The finite element simulation channel die compression 
stress-strain curve using crystal plasticity model and the measured 
stress-strain curve are presented in Figure 6. 

Figure 3: (a) The predeformation 343 3D Voronoi grains and (b) deformed 
343 Voronoi grains and (c) the initial 343 discrete orientations representing 
the initial texture of AM30 magnesium alloy. 

Plane strain compression simulations were performed on the 3D 
polycrystal to strain 30%. Deformation textures were plotted in 
the {0001} and {1010} pole figures using the texture software 
MTEX [23] with a half scatter width of 7.5 degree. 

In order to study intragranular orientation spread in discrete grains, 
one special orientated grain was selected: grain numberl23 with a 
orientation {<p,, O, (p2}={190.62, 69.85, -162.48}.This grain has 
331 elements with a total of 1324 orientations. Note that the 
analysis of local inhomogeneous deformations in a 3D Voronoi 
polycrystal has been scarcely treated in the literature [25,26]. 

In-grain misorientation, namely the orientation spread in one grain 
indicates the local inhomogeneous orientation distribution and the 
effect of grain interaction. In addition, the orientation spread of a 
grain can also characterize the stability property of the grain with 
a special orientation. The orientation spread A6j in a grain g at 
various strain levels can be calculated by Equations 9-11. In the 
specimen coordinate system, one orientation g ={cpi, 3>, q>2} can 
be expressed into the rotation matrix given by Equation 9. There 
are 12 misorientations Ag,, between two orientations g, andg, 
where g is the orientation of an integration point in the grain g 
and S is the mean orientation of all the orientations in the same 
grain. Agj can be calculated by Equation 10 where Mj is the 
symmetry operator which depends on the symmetry of the HCP 
crystal system. Usually, the minimum rotation angle A0j defines 
the misorientation angle or disorientation angle which is 
expressed as Equation 11. 

Figure 4: Pole figures for an AM30 magnesium alloy showing (a) the 
experimental initial texture and (b) the experimental channel die compression at 
a strain of 30% and (c) the finite element crystal plasticity simulation result at a 
strain of 30%. 
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important role on orientation spread, stress and strain localization 
and intergranular heterogeneous plasticity. 

Conclusions 

Figure 5: For an AM30 magnesium alloy (a) shows mesh of the initial grain 
number 123, (b) the local Mises stress and (c) local strain 633 distribution of 
grain number 123 at a strain of 30%, (d) the orientation distribution of the grain 
number 123 at a strain of 30%. The cross symbols represent the orientations, 
the circle symbol represents the initial orientation of grain number 123 and the 
cube symbol represents the mean orientation among all the orientations, and (e) 
the orientation spread of the grain number 123 at a strain of 30%. 

Plane strain compression simulations of a three dimensional 
microstructure of HCP magnesium AM30 were performed using 
an elastic-plastic crystal plasticity model and the finite element 
method. The mechanical response, global texture evolution and 
the intergranular heterogeneous plasticity of discrete grain were 
captured by the 3D Voronoi microstructure channel die 
compression simulation. Simulation results showed that the effect 
of grain interaction could play an important role on global texture 
evolution, the orientation spread and the local heterogeneity 
deformation of one grain. 
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