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Abstract: The mechanical behaviors of magnesium and its alloys, regulated by the slip and
twinning mechanisms, are remarkably influenced by the crystalline orientation. A better
understanding and quantification of the mechanisms in deformation is necessary. To this end, the
crystal plasticity finite element (CPFE) simulations of magnesium alloy plates have been
investigated in this study. The process of impression of single crystal samples with three different
declination angles with 0°, 45° and 90° is simulated. The corresponding detailed CPFE
simulations reveal a texture-dependent spatial distribution of extension twins, and the twin
morphologies and the indentation topography of single crystals have been discussed, highlighting
the influence of the initial texture. Furthermore, the simulations uncover the accumulated shear
strain of the deformation system varying with spatial position inside the sample, which is in favor
of the analysis of the twin-favor zone.

Introduction

In the context of the pursuit of the low-carbon economy, magnesium and its alloys have triggered
worldwide attention because of their lightweight, high specific strength, and excellent recyclability
[1-4]. The strong anisotropic mechanical behavior of Mg alloys, influenced by the hexagonal
close-packed (HCP) structure, the intrinsic polarity of the twin, and the crystal orientation [5-8],
is currently a hindrance to their potential prevalent applications. To address this issue, a better
understanding and quantification of the competition among the predominant microscopic
mechanisms that govern the mechanical behavior of Mg alloys is crucial, particularly in regard to
the role of the initial texture in shaping these mechanisms. At room temperature, slip and extension
twin [9-13] are the major mechanisms behind the plastic deformation. Numerous studies have
investigated the mechanical behaviors and underlying microscopic mechanisms of Mg alloys
under homogeneous loading conditions [14—17] such as tension, compression, and simple shear,
as well as inhomogeneous loading conditions like torsion [18,19] and bending [20,21].

The indentation test is a widely used method for determining the mechanical properties of
materials, where the complexity of the stress state around an indenter may sophisticate the
interactions between the various deformation modes. But there is much less fundamental
understanding regarding the nature of plastic deformation activity especially the extension twin
under such localized loading conditions. Gollapudi et al. [22] experimentally concurred that the
extension twin and basal slip are responsible for the crystal-orientation dependent indentation
morphologies of Mg alloy. Shin et al. [23] conducted nanoindentation on the basal and prismatic
planes of single-crystalline Mg and found that extension twin is essential for strain
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accommodation. Boc¢an et al. [24] found a strong correlation between the nanomechanical
behaviors of pure Mg and AZ31 alloy and the crystal orientation, which can be interpreted by the
anisotropic activities of slip systems and extension twin.

Moreover, the means of the crystal plastic finite element (CPFE) method was employed for the
interpretation of the indentation behaviors of magnesium, which provides easy access to factors
that are difficult to obtain experimentally. Kitahara et al. [25] reported the twin morphologies
beneath indent on low index planes in pure Mg single crystals and they concluded that the
anisotropic development of the twin region is induced by the basal slip through CPFE simulations.
Sanchez-Martin et al. [26] studied the activation and propagation of twinning in pure Mg grains
with different orientations. The crystal-orientation dependent indentation topographies driven by
the activity of extension twin have been observed in experiments and confirmed by CPFE
simulations. Zambaldi et al. [27] presented the crystal-orientation dependent response of pure Mg
during single-grain indentation. The importance of the twinning behaviors is emphasized in their
research, but hardly a visually apparent twin distribution inside the sample can be found. Besides,
the indentation behaviors and underly microscopic mechanisms of polycrystalline Mg alloys
should be further investigated, especially the twin pattern. In the following, twin nucleation,
propagation, and growth (TNPG) model [28] has been employed in a CPFE method to describe
the twinning mechanism and analyze the indentation behavior of single crystal samples and
randomly oriented sample. The texture-dependent indentation behaviors will be discussed.

Numerical procedures

Description of Crystal Plasticity Model. The CPFEM for indentation of polycrystalline Mg alloy
in this paper can be found else wise [29]. It is briefly described for completeness. For both slip and
twinning systems, the shear rate (y%) is formulated as

a
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where Yy, m, %, and 7 refer to reference shear rate, rate sensitivity component, resolved shear
stress (RSS), and critical resolved shear stress (CRSS), respectively. The evolution of CRSS in the
deformation process is given by
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where T, h%, £% are the accumulated shear strain in the grain (I' = Y, [ y*dt), the hardening
coupling coefficients, which used to describe the resistance on system a associated with system
[, and the threshold stress, respectively.

The threshold stress for a slip system « is related to the initial CRSS (z§), the back-extrapolated
CRSS (t§ + t§), the initial hardening rate (h§), and the asymptotic hardening rate (h{) in an
extended Voce law.
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The stress relaxation associated with twinning is accounted for by employing the model
proposed by Wu et al. [30], where the threshold stress for twinning system « is

a_Tg_TZ a a < fa
SRR, fe<f
a g

£ = o 4)
13‘+(Tf‘+h‘1"f‘)(1—exp(—éf‘)) fe>fy

107



Metal Forming 2024 Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 106-112 https://doi.org/10.21741/9781644903254-12

where f* is the critical twin volume fraction, 77 is the minimum twin resistance and f* is the
current twin volume fraction (TVF). Twinning is terminated within a grain if the TVF reaches a
threshold value V",

Finite Element Model. The crystal plasticity finite element (FE) simulation was performed
using ABAQUS v2022, a commercial software package. Fig. 1 shows the schematic diagram of
models with three different declination angles: (I) 0°, (II) 45° and (IIT) 90°. To facilitate the
following discussion, each model is divided into four parts based on the symmetry of the Vickers
indenter: northern west (NW), northern east (NE), southern west (SW), and southern east (SE).
The single crystal constitutive model described earlier was implemented in the ABAQUS UMAT
subroutine to describe the constitutive response at every integration point of all elements.

— ! NE /.ndenterw
. "—1=_Sample—| @ ="
W

Y ‘ z (n  (m

SW | SE I
ZLX ' X y

Fig. 1. The schematic diagram of indentation test model.
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Fig. 2. The pole figures of indentation samples in terms of {0001} and {1010}

The pole figures of single crystal and random samples are presented in Fig. 2. To simulate the
plastic deformation behavior of different samples, the crystal orientation information was
incorporated into the crystal plasticity subroutine. Each element, which represents a single grain,
was assigned a set of Euler angles to define its crystal orientation. Basal slip, prismatic slip, and
pyramidal slip, and extension twin were considered in the modeling to accommodate the plastic
deformation.

Results and discussion

Twin Morphologies. Fig. 3(a-c) show the simulated twin morphologies of the 0°, 45°, and 90°
indentation samples. These morphologies correspond to the set of nodes where the TVF (Twinning
Volume Fraction) is greater than 0.1. In the 0° sample, the twins are mainly concentrated in the
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region that interfaces directly with the indenter and are confined to shallow layers. Conversely, the
extension twin in the 45° and 90° samples is more extensive and penetrates deeper beneath the
indenter-contact area. The convex hull formed by the twins has a distinct angular morphology and
exhibits strong symmetry. In the case of single crystal-0, the indentation results show a hexagram-
like pattern, which is associated with the six variants of the extension twin [30]. In the case of the
single crystal-45 sample, the twin distribution mainly penetrates into the northern part of the
sample, and the distribution of twins in this sample displays better symmetry with respect to the
x=0 plane, as is also observed in the single crystal-90 sample.
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Fig. 3. The simulated 3D-twin morphology of (a) single cyrstal-0, (b) single crystal-45, and (c)
single cyrstal-90 sample, (d—f) The 2D-twin morphology at x=0 section and y=0 section, (g—i)
The TVF distribution at x = 0 section and ' y = 0 section.

Accumulated Shear Strain. Fig. 4 presents a comparison of the accumulated shear strain
distribution between the simulated results of single crystal samples with different initial
orientations and random sample. In single crystal 0 sample, basal slip is found to be the dominant
deformation mechanism. Specifically, the accumulated shear strain resulting from basal slip
increases to a maximum at approximately 20 microns and then decreases gradually. The
accumulated shear strain of extension twin monotonically decreases from the surface. In contrast,
a significant difference is evident between the northern part (NW, NE) and the southern part (SW,
SE) in the accumulated shear strain of basal slip and extension twin in single crystal-45 sample, as
illustrated in Fig. 4(b). The shear strain of the extension twin is conspicuously higher in the
northern part compared to the southern part, resulting in the anisotropic distribution of the twin
region (Fig. 3(e, h)). The shear strain of basal slip in the northern part is also higher than that in
the southern part. Due to the symmetry of twin regions, a similar distribution pattern of shear strain
also observed in the single crystal-90 sample, as shown in Fig. 3(f, 1).

109



Metal Forming 2024

Materials Research Forum LLC

Materials Research Proceedings 44 (2024) 106-112

https://doi.org/10.21741/9781644903254-12

Single Crystal 0 Single Crystal 45 Single Crystal 90

—-—- Basal
a0 - Prismatic
Pyramidal
£ | —— Extension rwin

[
ER

o m_ @ m am e W m ow o m NN D T ERCIED
Depth fpm Depth yan Deph fjim Depth jem Depth . Depth jum

Fig. 4. The accumulated shear strain distribution along depth of basal slip, prismatic slip,
pyramidal slip, and extension twin: (a) single crystal-0 sample, (b) single crystal-45 sample and
(c) single crystal-90 sample.

The Indentation Morphology. Fig. 5 depicts the simulated indentation morphology of four
samples. As shown in Fig. 5(d), no pile-up or sink-in effects are observed in random sample. In
contrast, the texture-dependent indentation morphologies of single crystal samples (Fig. 5(a-c))
are highlighted. The single crystal samples exhibit smooth raised features on their surface. In the
single crystal-0 samples, the pile-up profile occurs adjacent to the indenter. In the single crystal-
45 samples, the pile-up profile is observed in the northern part, and the sink-in profile occurs
around the indenter and expands along the x-axis. In the single crystal-90 sample, the pile-up
profile is marginally apparent and the expansion of sink-in profile is more prominent. Notably, the
extension twin in the samples can cause apparent extension along the c-axis and shrinkage
perpendicular to the c-axis, resulting in pile-up and sink-in effects observed in the indentation
morphology. Therefore, the twin morphology can be inferred from the indentation morphology,
and vice versa.
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Fig. 5. The simulated indentation morphology of (a—c) single crystal texture samples, and (d)
random texture sample.

Summary and Conclusions

In this work, three-dimensional crystal plasticity finite element (CPFE) simulations were
performed using several initial textures, including three single crystal textures, and a random
texture. The 3-D and 2-D twin morphologies, surface morphologies and accumulated shear strain
of deformation mode are discussed, and they all show texture-dependent characteristics. The
surface morphologies are strongly correlated with the internal twin distribution. Additionally, the
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shear strain distribution of the extension twin corresponds to its three-dimensional twin
distribution. In the single crystal-0 sample, twin is confined to the shallow layer, but it can
penetrate deep beneath the region directly under the indenter in the single crystal-90 sample. As
for the single crystal-45 sample, the twin only extends into the northern parts.
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