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Abstract

Hexagonal close-packed (HCP) magnesium metals are
widely used in different industries due to their low density
and high specific strength. Their applicability is restricted
due to poor formability and pronounced plastic aniso-
tropy. Commonly, the formability is improved by altering
the chemistry (adding rare-earth elements like Y) or
modulating the microstructure (e.g., grain refinement).
Grain refinement alone cannot yield the desired ductility,
and the scarcity of rare-earth elements also limits the
alloying addition. In this work, using the crystal plasticity
framework, the combined effect of Y-content and grain
size on the mechanical responses of Mg alloy is studied.
The influence of alloying is represented by varying the
activation stress and hardening responses of basal,
prismatic, pyramidal slip, and tensile twin systems. This
detailed study provides a map of strength and tension–
compression asymmetry for a wide range of Y-content
and grain sizes. This work provides a pathway to optimize
the microstructure and chemistry to achieve excellent
structural properties.
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Extended Abstract

Hexagonal close-packed (HCP) magnesium (Mg) and
derivative alloys are widely used for lightweight trans-
portation due to their low density and high specific strength
[1]. However, poor formability at room temperature limits
their widespread use in many applications. The low forma-
bility of Mg is a consequence of its pronounced plastic
anisotropy [2, 3]. The plastic deformation in Mg and its
alloys is accommodated by a combination of basal hai ,
prismatic hai , and pyramidal hcþ ai slip, along with de-
formation twinning [4]. The activation barrier or critical
resolved shear stresses (CRSS) for each slip dislocation
mode is significantly different. In turn, a crystal oriented to
activate one set of slip systems can have a different plastic
response than another crystal oriented to activate another set
of slip systems. Further, the deformation twinning is direc-
tionally dependent, so the deformation twins accommodate
either c-axis contraction or extension but not both. The
anisotropy in CRSS values and directional dependency leads
to a pronounced tension–compression asymmetry, which
limits the material’s formability.

Grain refinement, texture control, and alloying are com-
monly considered potential strategies to improve the
formability of Mg by reducing the dissimilarities in the
CRSS among slip modes and suppressing direction-
dependent twinning. Reducing the grain size has been
found to suppress twinning activity and increase formability
[2, 5]. The crystallographic texture is modified, specifically
the texture weakening, via alternative metal processing
techniques, such as asymmetric rolling and equal channel
angular pressing to improve the formability [6, 7]. Finally,
the additions of rare earth elements (Y, Ce, Nd, La, etc.)
have been reported to lower plastic anisotropy significantly
[8–11]. Among these three strategies, the alloying addition is
known to be a viable way to improve formability. However,
these alloying elements are not abundant and thus limit the
applicability of these alloys. This work hypothesizes that this
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limitation can be overcome by combining the alloying
method with the grain refinement strategy. That is, the
minimum amount of rare-earth elements needed to improve
the formability of Mg alloys can be reduced by properly
tuning the grain size.

To capture the effect of grain size and Y-content on
mechanical responses, a visco-plastic self-consistent (VPSC)
crystal plasticity model is employed [12]. In the calculation,
basal hai, prismatic hai, and pyramidal hcþ ai slip modes
and f1012g tensile twinning are assumed to accommodate
the plastic deformation. The dislocation density-based
hardening law is used [13]. The effect of grain sizes on
slip and twinning is modeled through directional-dependent
micro-Hall-Petch equations [14]. Following the classical
works of [15–17], the alloying concentration is directly
related to the strength terms for each slip and twinning
mode. It allows us to directly capture the role of alloying
elements on dislocation slip motion and deformation twin-
ning. The stress–strain responses and twin volume fraction
values reported in [18] for different Y content are used to
calibrate and validate the model. The model-predicted
mechanical responses for both rolling direction tension
(RDT) and compression (RDC), along with the experimental
values, are shown in Fig. 1a. The solid and dashed lines
correspond to the model-predicted stress–strain response for
RDC and RDT loadings, whereas the symbols refer to
experiments. Note that the grain size is different for different
Y-content cases. Overall, the developed correctly captures
the twinning signature in the RDC loading and the complex
dependence of Y content on slip and twinning activity for
both RDC and RDT. The increase in Y-content lowers the
tension–compression asymmetry at yield and also later in the
strain hardening regime.

The developed model is further used to simulate the
mechanical responses under tension and compression for a
wide range of grain sizes and Y-content. The calculated

tension–compression asymmetry at yield is plotted in the
grain size and Y-content, see Fig. 1b. As one expects, the
tension–compression asymmetry decreases with an increase
in Y-content and a reduction in grain sizes. Interestingly, the
distribution shown in Fig. 1b suggests that the Y-content can
be reduced significantly with a slight to moderate decrease in
grain sizes. For instance, the required reduction in grain size
to lower the Y-content by 1% to achieve similar tension–
compression asymmetry is only *5 micron, which is fea-
sible. Overall, this work establishes a plausible framework to
optimize the microstructure (grain size) and Y-content to
achieve desired structural properties such as strength and
asymmetry.
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