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Abstract: The microstructure evolution of a Mg–Gd–Y alloy was studied using uniaxial tension
combined with an electron backscatter diffraction technique. The results show that large amounts
of slip transfer phenomena can be observed around the grain–boundary area after tension, and the
activation of these slips depends largely on the misorientation of grain boundaries. The Mg–Gd–Y
alloy shows almost randomized grain–boundary misorientation, but transferred slip traces were
preferred at boundaries with misorientation around the [0001] axis between 0–30◦. Theoretically,
materials with a higher fraction of slip transfer at the grain–boundary area would improve the
ductility. Upon comparing the two groups of magnesium alloy with different grain–boundary
misorientation distributions, the one with more grain boundaries favored for slip transfer achieved
higher elongation during a tension test. Therefore, in addition to weakening the texture, adjusting
the misorientation of the grain boundaries appears to be a new method to improve the ductility of
magnesium alloys.

Keywords: magnesium alloy; slip transfer; crystallographic misorientation; ductility

1. Introduction

Magnesium is the lightest structural metal, and has received substantial attention as a
potential material in the transportation industry [1,2]. However, the application of wrought
magnesium alloys is restricted by its poor formability at room temperature, caused by the
strong basal texture developed during processing and the lack of available deformation
modes [3].

It is well known that deformation behavior of metals depends largely on the compatibil-
ity of neighboring grains. Recently, the intergranular deformation behavior of magnesium
alloys has attracted increasing attention [4–8]. Jonas [9] and Barnett [10] suggested that the
strain accommodation required by the neighboring grains might affect the variant selection
of twins in magnesium alloys. The formation of a twin involves shearing the matrix. When
twin nucleation occurs at a grain boundary, the strain must be shared by the neighboring
grain to accommodate the shape change. The amount and type of deformation modes
required for strain accommodation in the neighboring grains would affect the variant
selection process. In our previous study [11], the activation of {10

_
12} <10

_
11> twinning

was influenced by slip–induced twinning behavior and strain compatibility among sur-
rounding grains, except for the Schmid factor related to grain orientation. In addition to
twinning, slips are also affected by neighboring grains. Martin [6] found that the activation
of basal slip adjacent to grains that were deformed predominantly by non–basal slip would
accommodate high local strain.

Since the development of a mathematical treatment for orientation distribution func-
tion, texture analysis has been proven to be a very useful method to understand the
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properties of metallic materials. Combined with studies on deformation behavior of single–
crystal and texture analysis, the mechanical properties of most polycrystalline materials
could be predicted.

Additionally, polycrystalline magnesium alloys develop internal strain/stress charac-
teristics of three length–scales, i.e., macro–, inter– and intragranular. At the intergranular
scale, strain mismatch between grains with different orientations due to elastic and plastic
anisotropy at the grain level will result in stress relaxation in individual grains, and then
the activation of various intragranular deformation modes. Thus, the deformation behavior
of Mg alloys depends largely on the compatibility of neighboring grains, and then the
interactions between neighboring grains will significantly affect the mechanical properties.

In our previous works, with the combination of electron backscatter diffraction (EBSD)
and micro–scale digital–image correlation (DIC), the relationship between local strain and
grain orientation was fully studied. The average intergranular strains were found to be
higher than the average intragranular strains. Additionally, a grain boundary with a high m’
value and high Schmid factor for certain slip systems in adjacent grains could accommodate
enough local strains and improve the deformation compatibility [12]. Finally, a higher local
strain at the grain–boundary area was found to be related to higher elongation during a
tension test [13].

The interaction behavior of neighboring grains depends largely on the grain–boundary
misorientation. However, achieving a clear relationship between grain–boundary misorien-
tation and mechanical properties used to be difficult, until the development of a mathe-
matical tool to construct continuous distribution functions using axis–angle parameters
in a series of hyperspherical harmonics [14,15]. By using this method, we believe a better
understanding of the relationship between microstructure and mechanical properties can
be achieved.

Here, we focus on studying intergranular deformation behavior in magnesium alloys.
In order to achieve that, experiments were performed on an extruded Mg–Gd–Y alloy, which
shows both discrete grain orientation distribution and grain–boundary misorientation
distribution. Interactions between grains during deformation were carefully analyzed using
continuous misorientation distribution functions (MDF) to develop a statistical relationship
between grain–boundary misorientation and deformation behavior at a micro–scale.

2. Experiment Methods

The alloy used in this paper, with a nominal composition of Mg–8.0Gd–3.0Y–0.5Zr
(wt%) (GW83), was prepared by semi–continuous casting. The billet was solution–treated
at 520 ◦C for eight hours, then extruded at 450 ◦C with an extrusion ratio of 25:1 and an
extrusion speed of 6 mm/s.

Tension tests for stress–strain curves were conducted using a ZWICK/Roell 20KN
mechanical testing machine at room temperature. Tension specimens had a rectangular
cross section of 3 mm × 1.4 mm with a 10 mm gauge length. Deformation microstructure
was observed at a tensile strain of 0.1. The observation planes of tension samples were
polished before the tensile test using a sequence of ethanol–based diamond suspensions
of 6, 3, and 1 µm, respectively. This was followed by fine–polishing using colloidal silica
suspension (OPS), and a final 2–4 s etching using a solution of 5% HNO3, 15% acetic acid,
20% H2O and 60% ethanol before SEM and EBSD observations.

The EBSD analysis was carried using a Quanta 250 SEM equipped with a TSLTM EBSD
camera and an OIM software package. SEM pictures were also collected in the Quanta
250 SEM. The EBSD scanning process was conducted at a step size of 1 µm with a voltage
of 20 kV and a current of 107 nA.

Misorientation distribution function (MDF) [14,15], calculated using the symmetrized
hyperspherical harmonic formulation, was applied to quantify misorientation statistics for
the magnesium samples in this paper.

Grain orientation on each side of a boundary was represented by three Euler angles (φ1,
Φ, φ2). Then, misorientation, represented by axis–angle parameter (ω, n), was calculated.
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A minimum misorientation angle and an axis of rotation lying in a pre–defined standard
region were selected, and the subset of the rotation space—commonly referred to as the
fundamental zone—was obtained. Rotation axis was then written as a function of polar
coordinates (θ, φ). A generic MDF, which is a real–valued probability density function, can
be expanded with real coefficients f NC

L, M and f NS
L, M, as:

f (ω, θ, φ) =
∞

∑
N=0

N

∑
L=0

[
f NC
L, 0ZNC

L, 0 +
L

∑
M=1

(
f NC
L, MZNC

L, M + f NS
L, MZNS

L, M

)]
(1)

Coefficients f NC
L, M and f NS

L, M were calculated using ω, θ, φ as variables.

f NC
LM =

∫ 2π

0

∫ π

0

∫ π

0
ZNC

L, M f (ω, θ, φ)(sinα)2dωsinθdθdφ (2)

f NS
LM =

∫ 2π

0

∫ π

0

∫ π

0
ZNS

L, M f (ω, θ, φ)(sinα)2dωsinθdθdφ

ZNC
L, M = (−1)L+MK× cos(Mφ)

ZNS
L, M = (−1)L+MK× sin(Mφ)

K =
2LL!

π

[
(2L + 1)

(L−M)!(N + 1)(N − L)!
(L + M)!(N + L + 1)!

] 1
2
×
[
sin
(ω

2

)]L

× CL+1
N−L

(
cos
(ω

2

))
× PM

L (cos(θ))

with integer indices 0 ≤ N, 0 ≤ L ≤ N and −L ≤M ≤ L. CL+1
N−L is a Gegenbauer polynomial

and PM
L is an associate Legendre function.

Then, sections of constant misorientation angles (10–90◦) were selected to visualize the
misorientation space. In each section, 36 misorientation relationships were calculated (same
misorientation angle, but different axis). The detailed derivation of the above equations
and the meaning of each parameter can be found in the literature [14,15]. The maximum N
was selected as 16 in this work. The MDF was then normalized to the random distribution
of misorientation and are plotted in this paper.

3. Results and Discussion
3.1. Initial Microstructure

Figure 1 shows the initial microstructure information. The material used in this paper
is the same as in our previous study [12]. The figure is rotated 90◦ clock–wise, in order to
show the frame of reference used in Figures 2–6. A fully recrystallized microstructure with
an average grain size of 25 µm can be found (Figure 1a). The initial texture of this Mg alloy,
shown in Figure 1b, is relatively weak, and the highest texture intensity is only 2.752 which
is lower than most of the current wrought Mg alloys.
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3.2. Slip Transfer at Grain–Boundary Area

Figure 2 shows the deformed microstructure after the tension test (ε = 0.1), and Figure 3
shows the pole figure (PF) after tension. Obvious slip traces in the grains and fluctuation
at the grain boundaries can be seen. Using slip trace analysis, basal slip and first-order
prismatic slip were found to be the dominant slip deformation modes and only a few {10

_
12}

<10
_
11> instances of twinning can be found. In addition, many slip traces were found to be

transferred through grain boundaries. SEM photographs of different kinds of slip traces
with high magnification are shown in Figures 4–6. Several kinds of slip and twinning in
pairs can be found around grain boundaries. Basal slip traces were found to come in pairs
with basal slip (named B–B, Figure 4), prismatic slip (named B–P, Figure 5), and {10

_
12}

<10
_
11> twinning (named B–T, Figure 6). The statistical data in Figure 7a show that the

number fraction of transferred slips across grain boundaries has a high proportion of above
80%. Additionally, the vast majority of these transferred slips were identified as basal slips
(Figure 7b).
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In Figure 4a, slip traces can be found in Grain 1, Grain 2 and Grain 3. Using slip trace
analysis, as shown in Figure 4c–e, these slip traces were identified as basal slip traces with
high Schmid factors of 0.48, 0.45 and 0.39, respectively.

A geometric compatibility factor m’, first defined by Luster and Morris [16], was employed.

m′ = cosψ× cosκ (3)

where ψ and κ are the angles between the active normal slip plane and slip directions, respectively.
Using this parameter, the geometric compatibility factor between the slip systems

in adjacent grains may vary between 0 and 1. For m’ = 1, complete compatibility exists
between the slip systems in the neighboring grains, and in this case, both the slip directions
and the slip planes in each grain will be parallel. In contrast, m’ = 0 indicates that the slip
systems are completely incompatible, such that either the slip directions or slip planes are
orthogonal. In general, m’ will assume intermediate values between 0 and 1.

The geometric compatibility factors between the two slip systems in Grain 1 and
Grain 2 are listed in Table 1. The highest value of geometric compatibility factor is 0.91
which indicates good compatibility for the activation of basal slip systems in the adja-
cent grains.

Table 1. m’ value between basal slip systems in Grain 1 and Grain 2.

G2

G1 Basal [11-20]
(0.27)

Basal [1-210]
(0.48)

Basal [-2110]
(0.23)

Basal [11-20] (0.41) 0.91 0.09 0.82

Basal [1-210] (0.45) 0.82 0.91 0.09

Basal [-2110] (0.04) 0.09 0.81 0.91

Schmid factor of basal slip in grains wherein the occurrence of transferred basal slip
was calculated; the result is shown in Figure 8, with the comparison with the Schmid factor
distribution in all grains (1231 grains were collected for the analysisi of Schmid factor). It
can be seen that the relationship between the Schmid factor of the basal slip system and the
activation of slip transfer at the grain–boundary area is weak. Therefore, it seems that the
criterion for the activation of transferred basal slip cannot depend only on the value of the
Schmid factor.
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3.3. Effect of Grain–Boundary Misorientation Distribution on Slip Transfer

As the above results show, deformation behavior at grain level does not depend only
on grain orientations, and the interaction between grains around grain-boundary areas
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appears to be significant during the deformation process. In this case, whether certain
types of grain boundaries might favor transferred slips should be considered.

Figure 9 shows the misorientation angle distribution of boundaries with transferred
basal slips across and all boundaries in this material (1632 grain boundaries were collected
for the analysis of grain–boundary misorientation distribution). A significant difference
can be found between these two distributions, and low–angle boundaries appear to favor
transferred basal slips.
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In order to fully understand the effect of grain boundary on the slip transfer phe-
nomenon, MDF maps using the axis–angle parameters were draw to fully understand the
geometric characteristics of these boundaries favored for transferred basal slip. Figure 10
shows the MDF of all boundaries in the Mg–Gd–Y alloy. The misorientation distribution
is quite randomized, and the highest intensity is only 1.76. Figure 11 shows the MDF of
the boundaries with transferred basal slips across them. Obvious high intensification can
be found at low misorientation angles and especially around the axis around [0001]. By
using the MDF method, it can easily be seen that the activation of the transferred basal
slip system is preferred at boundaries with misorientation at the axis around [0001] and an
angle of 0–30◦.
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3.4. Effect of Grain–Boundary Misorientation Distribution on Ductility

The grain–boundary area preferred for more slip transfer would accommodate higher
strain. If one polycrystalline magnesium alloy has more boundaries of the sort, the ductility
of this material, theoretically, should be higher.

In order to support the arguments made in the present manuscript, data from two
groups of Mg–3Al–1Zn (AZ31) alloy have been included. Figure 12 exhibits two groups of
data, all from the Mg–3Al–1Zn (AZ31) alloy, which is the most common of the magnesium
alloys. The manufacturing process for each is different; one involves rolling and the other
involves extrusion. These two kinds of material show a similar Schmid factor distribution
during tension along their prior working (rolling or extrusion) direction. However, the
rolled AZ31 alloy shows much higher elongation than the extruded one (Figure 12b, data
collected from the literature [17–29]). This phenomenon could not be explained based on
the theory that a higher ductility is achieved by grain orientations favored for basal slip.

Crystals 2022, 12, x FOR PEER REVIEW 10 of 12 
 

 

 
Figure 12. (a) Schmid factor distribution, and (b) elongation during tension tests of typical rolled 
AZ31 alloys and extruded alloys (data collected from the literature). 

By analyzing the MDF of these two AZ31 alloys, in Figures 13 and 14, a higher frac-
tion of low-angle misorientation distribution was found in rolled AZ31 (600 boundaries 
were collected for the analysis of the misorientation distribution map for each of the AZ31 
alloys). Therefore, with a higher fraction of boundaries favored for transferred slip, a 
higher elongation can be obtained in the rolled AZ31 alloy. 

 
Figure 13. Misorientation distribution map of rolled AZ31 alloy. 

Figure 12. (a) Schmid factor distribution, and (b) elongation during tension tests of typical rolled
AZ31 alloys and extruded alloys (data collected from the literature).



Crystals 2022, 12, 388 10 of 12

By analyzing the MDF of these two AZ31 alloys, in Figures 13 and 14, a higher fraction
of low-angle misorientation distribution was found in rolled AZ31 (600 boundaries were
collected for the analysis of the misorientation distribution map for each of the AZ31
alloys). Therefore, with a higher fraction of boundaries favored for transferred slip, a higher
elongation can be obtained in the rolled AZ31 alloy.
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In past decades, texture-weakening has been proven to be a good method for improv-
ing the ductility of magnesium alloys [20,30]. With more grains favored for basal slips, the
elongation of magnesium alloys during a tension test could be increased dramatically. The
Mg–Gd–Y alloy shown in this paper has a weakened texture, and the maximum texture
intensity is only 2.752. The results shown in this paper already prove that with a better
deformation compatibility, the grain-boundary area can accommodate a higher strain and
the magnesium materials can achieve higher ductility. Since it has been reported that
misorientation distribution can be altered after heat treatment [31,32], the deformation
compatibility of magnesium alloys could also be improved. Furthermore, high deformation
compatibility, when combined with a randomized texture, would further improve the
ductility of magnesium alloys.
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4. Conclusions

(1) The activation of slip crossed the grain boundary during tension deformation, and
the basal slip system was the dominate type. Not a lot of twinning was observed on
the surface after tension.

(2) The activation of dislocation slip pairs was affected by the misorientation of grain
boundaries. Grain boundaries with a misorientation around the [0001] axis and at a
10–30◦ angle promoted the activation of basal slip pairs.

(3) The extruded AZ31 alloy showed higher elongation, because the extruded AZ31 alloy
exhibited a higher fraction of grain-boundary misorientation around the [0001] axis at
an angle of 0–30◦.

Author Contributions: Formal analysis, J.S.; Methodology, J.S., J.L., Q.C. and L.L.; Project adminis-
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agreed to the published version of the manuscript.
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