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Preface

The Magnesium Technology Symposium held during TMS 2021 Virtual Annual Meeting &
Exhibition, March 15–18, 2021, will be occurring in the midst of a global pandemic. Despite
all these changes and upsets, research in the magnesium field has progressed and the global
magnesium alloy market continues to grow year over year. This growth is driven by the
promise of excellent mechanical properties at low density, vibration damping, recyclability,
electromagnetic shielding, and low toxicity.

However, there are a wide range of research challenges that face magnesium alloys, from
primary production to manufacturability to performance in service environments. Researchers
around the globe and from academia, government, and industry turn to the TMS Magnesium
Committee as a platform to keep abreast of the latest developments and showcase their own
research within the annual Magnesium Technology symposium and this associated proceed-
ings series.

This year, the symposium opens with two keynote speakers addressing one of the most
central challenges in magnesium alloys: limited plastic deformation. Dr. Irene J. Beyerlein
from the University of California Santa Barbara will open the symposium discussion on
deformation twinning in Mg/Nb laminate structures. She will be followed by Dr. Warren
Poole from the University of British Columbia who will present a method for measuring a
crucial plasticity parameter—critical resolved shear stresses—using instrumented indentation.
The sort of fundamental insight into the deformation behavior presented by the keynotes is a
vital component of designing new alloy and process strategies to overcome the inherent
plasticity limitations of Mg and its alloys.

Finally, the 2020–2021 Magnesium Committee would like to offer its gratitude to all the
authors contributing to the symposium, to the reviewers, to the session chairs, and to judges,
TMS staff members, and other volunteers. With the contributions of all of these people,
Magnesium Technology has been able to produce a valuable proceedings volume and a
symposium, even in the light of rapid changes!

Victoria M. Miller
Chair

Petra Maier
Vice Chair

J. Brian Jordon
Past Chair

Neale R. Neelameggham
Advisor
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Influence of Layer Thickness on Deformation
Twinning in Mg/Nb Laminates

B. Leu, M. Arul Kumar, and Irene J. Beyerlein

Abstract

Mg-based nanolayered composites can achieve remark-
ably high specific-strengths due to a combination of a
high density of bimetal interfaces and the light-weight
constituent Mg phase. However, their applicability to
load-bearing applications is hindered by limited forma-
bility and the anisotropic effects of deformation twinning.
Understanding the microstructural and interface proper-
ties that control twinning is crucial for the design of
multilayered composites. In this study, we employ an
elasto-viscoplastic fast-Fourier-transform (EVP-FFT)
crystal plasticity micromechanics model to examine the
effect of Mg layer thickness on the growth propensity of
10�12f g-tensile twins that span the entire Mg layer. The

analysis shows that a critical Mg layer thickness exists,
below which, twin growth becomes substantially harder.
This critical thickness is related to the backstresses that
develop along the twin boundary in the anti-twinning
direction. These backstresses result from the plastic
reaction of the adjacent Nb layers to the twin shear
where the Mg twin lamella intersects the Mg/Nb inter-
faces. Below the critical layer thickness, the strong
backstresses from both ends of the twin strongly interact.
They increase in intensity as the layer thickness reduces.
Concomitantly, increasing amounts of external loading
are required to overcome the backstress and make twin
growth feasible.

Keywords

Laminate material � Magnesium � Niobium �
Twinning � Layer thickness

Introduction

Dual-phase nanolayered metallic composites have gained
interest due to their unique ability to exhibit a multitude of
outstanding properties simultaneously. For example, Cu/Nb
nanolaminates have demonstrated excellent thermal stability,
ductility, shock resistance, radiation resistance, and high
strength [1]. These enhanced properties are attributed to the
high density of bimetal interfaces that are stable, block the
motion of dislocations throughout the material, and act as
sources/sinks for dislocations and vacancies [2]. While inter-
faces are undoubtedly important, the properties of the com-
posite will naturally depend also on its constituent phases. As
such, including light-weight Mg-as one of the phases would be
beneficial for lowering the overall density of the composite.
The result could be a light-weight, yet strong composite
material. However, one potential drawback in using Mg stems
from its complex anisotropic plastic behavior, involving two
inelastic mechanisms, slip and deformation twinning.

Deformation twinning is common in metals with
low-symmetry hexagonal close packed (HCP) crystal
structures, like Mg. The HCP structure can lead to a lack of
easily activatable slip systems needed to accommodate
plastic deformation along both the a- and c-axes of the
crystal [3]. There are several HCP twinning modes, but the
most common twinning mode in Mg and its alloys is the
10�12f g tensile twin mode. It becomes activated when the

c-axis of the crystal is subjected to tension but not com-
pression. In this way, 10�12f g tensile twinning helps to
alleviate tensile strain in the c-axis direction, especially
when it would be difficult to achieve via pyramidal hcþ ai-
slip otherwise.
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Twinning deformation involves a lattice reorientation and
localized shear in a subdomain of a grain [3]. Twins most
often nucleate at the grain boundaries and/or free surfaces
and propagate as fine lamellae into the grain interior [4–6].
They are often observed spanning the entire grain and, under
increased loading, these twin lamellae may thicken. The
formation and thickening of twins substantially affect the
deformation behavior since they reorient the crystal to a
plastically hard orientation and create additional interfaces
[7, 8]. In addition, the characteristic shear imposed by the
twin can generate localized stress concentrations ahead of
the twin tip in the surrounding crystal that can lead to pre-
mature failure [9]. Thus, understanding the characteristics
that influence the formation and growth of twins is crucial
for understanding the design, processing, strength, ductility,
and stability of Mg-based multilayered composites.

In nanolayered metallic composites, it has been observed
that finer layer thicknesses yield higher strengths [10–12].
While the interactions between dislocations and the bimetal
interfaces have been studied, the interactions between twins
and bimetal interfaces and the constraining effects of finer
layer thicknesses on twinning deformation have received
less attention. Understanding layer size effects on twinning is
also important for engineering Mg-based multilayered
composites to be strong, ductile, and stable.

To study the effects of layer thicknesses on twinning, we
employ a crystal plasticity fast-Fourier transform (EVP-FFT)
model that is capable of treating multiple phases and can
simulate explicit twinning. In this work, an Mg/Nb layered
composite system is modeled. Using EVP-FFT, we calculate
the local stresses that develop around newly formed twins in
multilayers of varying Mg-layer thicknesses. These stresses
are then projected onto the specific crystallographic twin
system in order to evaluate whether twin growth is favor-
able. We found that finer layer thicknesses result in larger
backstresses that impede the ability of twins to grow.
Backstresses are long-range directional internal stresses that
build as a result of twinning shear accommodation by the
surrounding material [13]. These backstresses act as barriers
to twin growth and must be overcome, for example, with
external loading, in order for twin growth to continue.
Conversely, larger layer thicknesses allow for easier twin
growth. However, layer thicknesses beyond 60 times the
twin thickness experience similar levels of backstress and
thus gain no further advantages for twin growth.

Numerical Method: EVP-FFT Model

We employ a crystal-plasticity fast-Fourier-transform
(EVP-FFT) model [14]. This model has been used to study
the development of local stresses and effective mechanical

response of heterogenous polycrystalline materials with
spatial variations in orientation, and elastic and plastic
properties [15–17]. This model has been adapted to study
deformation twinning in a single-crystal and polycrystal with
differing orientation and size [17, 18].

The model builds upon principles of equilibrium, kine-
matic relationships, and constitutive laws under an
infinitesimal strain approximation. The model simulates
deformation twins explicitly, which is briefly described here.
The stress field at every material point x, or voxel, is solved
for by using an implicit time discretization of the form:

rtþDt xð Þ ¼ C xð Þ : ee;tþDt xð Þ ð1Þ
In the above equations, rðxÞ is the Cauchy stress, C xð Þ is

the elastic stiffness tensor, and ee is the elastic strain tensor,
which is given by the total strain minus the plastic strain, ep,
and the twinning transformation strain, etw, i.e.,

ee;tþDt xð Þ ¼ etþDt xð Þ � ep;t xð Þ � _ep;tþDt xð ÞDt
� etw;t xð Þ � Detw;tþDt xð Þ ð2Þ

The plastic strain evolves due to dislocation slip on
crystallographic slip systems:

ee;tþDt xð Þ ¼ etþDt xð Þ � ep;t xð Þ � _ep;tþDt xð ÞDt
� etw;t xð Þ � Detw;tþDt xð Þ ð3Þ

ms ¼ 1
2

bs � ns þ ns � bsð Þ ð4Þ

where ssc xð Þ is the critical resolved shear stress (CRSS)
associated with the slip system s, and n is the stress exponent
(inverse of the rate-sensitivity exponent). The tensor ms is
the symmetric part of the Schmid tensor, and bs and ns are
the unit vectors along the slip direction and normal to the
glide plane of slip system s, respectively. Twinning in the
model is simulated explicitly by reorienting by following the
crystallographic twinning relationship and imposing char-
acteristic twinning shear, gtw, as an eigenstrain in a prede-
termined twin region. The twinning transformation strain is
incremented over Ntw steps on a particular twinning plane in
the twinning shear direction.

Detw ¼ mtwDctw xð Þ ð5Þ

Dctw xð Þ ¼ gtw

Ntw
ð6Þ

In simulation, Dt ¼ 10�4 s and Ntw = 1000 is kept suf-
ficiently large to ensure convergence. Note that etw is zero
everywhere outside of the twin domain.

4 B. Leu et al.



Results and Discussion

Figure 1a shows the model of a 10�12f g tensile twin
(red) embedded inside a single crystalline layer of Mg (blue)
adjoined to a single crystalline layer of Nb (gray). With
periodic boundary conditions in all directions, a composite
comprised of alternative stacking of Mg and Nb layers is
created. To study the effect of Mg layer thickness on twin
growth, the twin thickness, t, is kept constant, while L, the
Mg layer thickness, as well as the length of the twin length,
is varied from 10 to 150t. Like t, the Nb layer thickness is
also held constant at 12t. The simulation unit-cell size in x,
y, and z ranges from 3 � 400 � 180 to 3 � 400 � 1300
voxels. A polycrystalline outer layer of a randomly textured,
Mg/Nb composite, was used only along the top and bottom
boundary (not shown in Fig. 1a) and mimics the surrounding
polycrystalline composite. The polycrystalline layer is 100
voxels in thickness (in z-direction) and is sufficiently large to
isolate the stress fields around the single twin from the
periodic images. In the EVP-FFT model, deformation at
every step of the calculations is accommodated by a com-
bination of anisotropic elasticity and crystal plasticity. The
elastic constants of Nb used in the calculations for C11, C12,
and C44 are 245.6 GPa, 138.7 GPa and 29.3 GPa, respec-
tively [19]. The critical resolved shear stress (CRSS) used
for {110} <111> and {112} < 111 > type slip in BCC Nb
are both 135.0 MPa [20]. For Mg, the elastic constants C11,
C12, C13, C33, and C44 are 58.6 GPa, 25.0 GPa, 20.8 GPa,
61.1GPa and 16.6 GPa, respectively [19]. In Mg, pris-
matichai, basal hai and pyramidal type-I hcþ ai slip was

allowed with CRSS values of 35.7 GPa, 3.3 GPa, and
86.2 MPa, respectively [16]. The crystallographic orienta-
tion of the Nb and Mg was (133°, 53°, 75°) and (0°, 43°, 0°)
according to the Bunge convention. These orientations align
the 2110

� � Mg // �111½ � Nb and the 0001ð Þ Mg // 110ð Þ Nb [11,
21]. The choice of Mg crystal orientation aligns the plane
normal and shear direction of 01�12ð Þ 0�110½ � twin variant
along the z and y-directions, respectively. In these calcula-
tions, the twin was formed without external loading to
analyze the stress fields that develop when a twin exists in a
composite with two phases differing in elastic and plastic
properties.

EVP-FFT model calculates the full stress, elastic and
plastic strain tensors at every voxel comprising the unit cell.
Figure 1b shows an example calculation of the twin plane
resolved shear stress (TRSS) fields that develop from a twin
of thickness t spanning an Mg layer with thickness 20t. The
twin boundary is highlighted in dashed lines. The TRSS is
the internal stress in the Mg layer resolved onto the same
crystallographic twinning system as the twin being studied.
It is a relevant driving force for migrating the twin boundary,
resulting in twin propagation and growth. From the TRSS
map in Fig. 1a, it is apparent that formation of the twin in the
Mg layer leads to a strong heterogeneous stress field within
and around the twin. The twin is constrained from deforming
at both twin tips by the adjacent Nb layers. The Nb crystals
resist the localized and directed shearing that is characteristic
of the twin and generate reaction forces back on the twin and
Mg layer, referred to as backstresses, as evident by the
negative TRSS fields. In particular, the TRSS along the twin

Fig. 1 a Schematic representation of EVPFFT unit-cell to simulate the
formation of a 10�12f g tensile twin in Mg-Nb laminate materials with
different layer thicknesses. The hexagonal inset represents the crystal-
lographic orientation of the Mg layer. The twin thickness, t, and Mg

and twin length, L, are denoted. b An example of the TRSS
distribution, in MPa, is shown for the case where L = 20t. The Nb
layer is omitted and the twin boundaries are highlighted with dashed
lines for clarity. (Color figure online)
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boundaries are negative, acting in the anti-twinning sense.
The backstresses act against the migration of the twin
boundary. For this twin to grow, they would need to be
overcome, for instance, with an externally applied load.

Figure 2 shows the TRSS profiles plotted along the twin
boundary for various Mg layer thicknesses, ranging from 10
to 150t. It can be seen that in all the cases the tips of the
twin, where they intersect the Mg/Nb interface experience
the largest backstresses. At these areas, the TRSS levels drop
below −100 MPa, going as low as −110 MPa in the smallest
Mg layer thickness of 10t. Furthermore, the TRSS levels
experience less backstress near the center of the twin. This
implies that the twin growth is expected to be easier near the
center of the twin compared to the twin tips. For layer
thicknesses below 60t (green line), the backstress increases
rapidly, resulting in lower levels of TRSS at the twin tip and
along the center of the twin as the Mg layer thickness gets
smaller. For layer thicknesses above 60t, the TRSS profiles
show similar levels of backstress at the twin tip and along
the center of the twin, resulting in TRSS levels approxi-
mately −110 MPa and −20 MPa, respectively.

An interesting finding from these calculations is that in-
creasing Mg layer thicknesses above 60t does not result in
further decreases in backstress. This can be seen in Fig. 3
(black), which shows the average TRSS taken from the
center of the upper twin boundary where twin thickening
would be easiest. The center of the twin is taken as the
central 5% of the entire twin length. The calculations reveal
that Mg layer thicknesses above 60t will not give further
enhancement to twin growth. Meanwhile, by decreasing the
Mg layer thickness below 60t, the backstresses can be
enhanced, resulting in greater difficulty for existing twins to
thicken.

The calculations, thus far, suggest that decreasing the Mg
layer thicknesses below a critical value (i.e., below 60 times

the twin thicknesses here), can suppress twin growth sig-
nificantly, resulting in thinner twin domains. To further
illustrate this, the Mg/Nb multilayer composite was com-
pressed in the out of plane direction. The compression
applied parallel to the hai-axis of the Mg layer in order to
induce c-axis tension, which would be favorable to activate
tensile twinning. Strain was applied at a rate of
1 � 10−3 s−1until the average TRSS along the center of the
twin was slightly greater than zero. At this point, the twin
growth may be possible. In can be seen in Fig. 3 (blue) that
the amount of additional external loading required for twin
growth to become favorable varies depending on the Mg
layer thickness. For smaller Mg layer thicknesses, more load
is required to counteract the strong backstresses that have
developed and thicken the twin. However, Mg layer thick-
nesses 50t and above require equal amounts of external
strain, about 0.003, in order for twin growth to become
favorable.

In prior work, a similar study on grain size effects on twin
growth was conducted for polycrystalline Mg [7, 17]. As
revealed here for the Mg/Nb bilayer composite, it was found
that reductions in the Mg grain size increase the backstress
that develops along the twin boundary. Another common
feature is the size effect is severe in finer grains/layers, and
almost negligible for grains/layers larger than a critical size.
Consequently, the applied strain required to start the twin
expansion process rises. The important difference is the
value of critical grain/layer size. In the Mg/Nb laminate, the
critical layer thickness is 2–3 times larger, ranging from 50–
60t, than the Mg polycrystal, ranging from 17–27t. The
enhanced sensitivity in the Mg/Nb stems from the fact that
Nb is plastically much harder than a neighboring Mg of any
crystal orientation, and therefore generates a larger reaction
stress to the same twin.

Fig. 2 TRSS profile taken along the upper twin boundary in the Mg
layer for the various Mg layer thicknesses (L), ranging from 10 to 150t.
Each colored line represents different values of L. (Color figure online)

Fig. 3 Effect of Mg layer thickness on twin backstress at center of the
twin (black), and additional strain required to reach positive TRSS
(blue). Increase in Mg layer thickness reduces Nb layer induced stress
reversal at the twin center and easy to thickens. (Color figure online)
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The combined effect of reduced grain size and layer
thickness is to reduce the ability of twins to thicken. These
effects may be compounded in the case of Mg-based lami-
nate composites. A practical way of making these compos-
ites is through severe plastic deformation techniques, such as
accumulative roll bonding, which, through successive
cycles, will reduce both layer thickness and grain size,
making it harder for large twins to develop [22]. These
effects can be seen in the work of Nie et al. on Ti/Al/Mg
laminates [23]. They found that twins become progressively
thinner near the Mg/Al interface, where the grain sizes are
also smaller. Separating the contributions of grain size and
properties of neighboring grains is a recommended area of
study.

Summary

In summary, using crystal plasticity fast Fourier transform
(EVP-FFT) model, we study the effect of Mg layer thickness
on 10�12f g twin growth in an Mg/Nb layered composite
composites of alternating Mg and Nb crystals. The analysis
reveals a critical size below which twin growth in the Mg
layer would be hindered. We explain the size effect via a
boost in backstresses that develop along the twin boundary
in the anti-twinning direction. The backstresses are a reac-
tion to the neighboring Nb layers to the intense shear strain
imposed by the twin lamellae that impinges on the Mg/Nb
interface. At a critical thickness, the backstresses from each
end of the twin start to strongly interact. The backstress is
influenced by the plastic properties of the neighboring layer.
Compared to pure Mg, twinning is much more constrained
in the Mg/Nb layer since the Nb layers provide a stiffer
constraint on the abutting Mg twin than another Mg crystal.
An interesting future study includes the effects of finer layer
thickness on the nucleation of twins in second nearest
neighbor Mg layers, such as was investigated for Zr/Nb [24].
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Measurement of the Critical Resolved Shear
Stress for Slip in Mg Alloys Using
Instrumented Indentation

Warren Poole, Shuheng Li, and Ghazal Nayyeri

Abstract

A critical challenge for the plasticity and fracture of
magnesium and its alloys is the competition between the
different deformation modes and how this varies with
temperature. In the current study, the critically resolved
shear stress for basal slip as a function of alloy
composition and temperature has been measured using
instrumented spherical indentation. Indentation offers the
advantage that tests can be conducted on grains of known
orientation in polycrystal samples, particularly of impor-
tance for alloys where producing single crystals is
difficult. Here, it will be demonstrated that by doing tests
with indenters of different radii, the critically resolved
shear stress (CRSS) for can be extracted. Very good
agreement was found between the CRSS values for basal
slip by indentation and the literature values from single
crystal tests. Finally, the contribution will also offer
perspectives on quantifying additional deformation
modes such as extension twining and 2nd order pyramidal
slip.

Keywords

Magnesium alloys � Indentation � Critical resolved shear
stress

The application of magnesium and its alloys in demanding
applications such as aerospace or automotive requires robust
models for the deformation behaviour under complex load-
ing conditions [1]. Physically based models for polycrystal
deformation require constitutive laws to describe the beha-
viour at the local level for both slip and deformation twin-
ning. The effect of composition and deformation temperature
are important as the slip systems with high critically resolved

shear stress (CRSS) values (2nd order pyramidal and pris-
matic) are strongly dependent on these factors. Practically,
this has important implications on the formability of mag-
nesium sheet alloys. For example, Boba et al. have shown
that the forming limits for ZEK100 are substantially
improved when the forming temperature is raised from room
temperature to 200 °C and is superior to more conventional
AZ31B sheet alloy [2]. Further, Skszek and co-workers
demonstrated that by using this rare earth containing alloy
and pre-heating the sheet, it was possible to stamp a complex
prototype magnesium door inner at stamping time of < 10 s
even though this was not possible using AZ31B [3].

In general, it is challenging to obtain the CRSS for the
different deformation modes from single crystals, especially
for the most practically important alloys. This is the case due
to the fact that i) there is such a significant difference in the
CRSS values for basal, prismatic and 2nd order pyramidal
slip [4] which makes aligning single crystals to isolate the
high stress slip systems difficult and ii) it is difficult to grow
single crystals for a wide range of alloys. As a result, there
has been considerable interest in using indentation tech-
niques on polycrystals within a grain of known orientation to
study the activation of different deformation modes [5–12]
and to attempt to extract values for the CRSS [13–16] at
ambient temperature. For high temperature indentation tests,
most work has focused on indentation creep tests, for
example see [17], however, these tests are outside the scope
of the current work.

For instrumented indentation tests where the force and
depth of indentation can be measured, one must consider
(i) the effect of indenter shape [5, 7, 8, 10, 12, 13], (ii) the
indenter size (known as the indentation size effect) [5, 8–10,
13, 18–22] and (iii) the direction of the loading axis in
relation to the crystal orientation [9, 11, 12, 23]. The current
work has focused on results using spherical indenters of
different radii as this has the advantage of well known elastic
contact mechanics (Hertz solution [24, 25]). Figure 1a
shows an example of the variation of the resolved shear
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stress on the basal slip system under a spherical indenter for
a loading direction of [0001] calculated from the analytical
(Hertz) solution. Figure 1b shows similar results from a
finite element method solution (in this case assuming iso-
tropic elasticity). The finite element method approach has the
advantage that anisotropic elastic constants can be used
(noting that Mg is nearly isotropic but it is important for
other materials such as iron or copper). It can be observed in
Fig. 1 that the maximum resolved shear stress lies in the
subsurface region below the outer edge of the contact radius.
This is the region where basal slip is expected to initiate.

Figure 2 shows an example of the indentation stress–
strain curve for high purity magnesium calculated from the
force–displacement curves (measured with a MTS Nanoin-
denter XP system with a spherical indenter with radius of
13.5 lm) using the approach of Kalidindi and co-workers
[26–29].

These results show that the onset of plasticity depends on
the angle between the loading axis and the c-axis of the
magnesium (note: in this case, the three measurements were
made in different grains of a polycrystal sample where the
orientation of the grain was determined by EBSD). The yield

Fig. 1 Contour plots of the ratio of the resolved shear stress to the
contact pressure for indentation where the indenter loading is parallel to
the [0001] direction a analytical solution and b finite element method.
Note, a is the contact radius between the indenter and the sample. The
ratio r/a is the ratio between the horizontal distance r from the contact

point and the contact radius and z/a is the ratio between the distance z
from the surface of the sample radius and the contact radius. The
position of r/a = 0 and z/a = 0 is the position directly under the contact
point for a spherical indenter. (Color figure online)

Fig. 2 Indentation stress–strain
curves for high purity magnesium
measured with a spherical
indenter with radius of 13.5 lm.
(Color figure online)
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stress for the indentation stress–strain curves was found to be
similar for the case where the angle between the c-axis and
the loading axis was 9.3 and 79.4° (178–181 MPa) but
considerably lower for the case of 54.2°. This can be
understood by calculating the resolved shear stress for these
different orientations (i.e. using the approach in Fig. 1)
which gives similar values of 63–68 MPa for the different
orientations. This is interpreted as the resolved shear stress
for basal slip for this indenter radius.

Turning to the indentation size effect, Fig. 3 summarizes
experimental results for the resolved shear stress at the onset
of plasticity for spherical indenters of different radii (high
purity magnesium with indentation loading direction nearly
parallel to the c-axis). It can be seen that there is a very
strong size effect with the RSS decreasing from 250 to
21 MPa as the indenter radius increases from 1 to 250 lm.
Nayyeri et al. have discussed these results in more detail [14]
and shown with dislocation-based model, it is possible to
measure the critically resolved shear stress by extrapolating
to an infinite indenter radius. The value they obtained of
1.7 MPa for the CRSS of basal slip in high purity magne-
sium is in good agreement with results from single crystal
experiments. Nayyeri extended this approach to study vari-
ous Mg–Al and Mg-Zn and Mg-Zn-Nd alloys and again
found good agreement between the indentation and single
crystal results after accounting for the orientation of the
magnesium crystal and the indentation size effect [15].

In summary, it has been shown that spherical indentation
has the advantage of well defined contact mechanics which
allows for the calculation of the resolved shear stress on the
basal slip system for different loading orientations. However,
there is a strong dependence of the resolved shear stress at
the onset of plasticity on the indenter tip radius. In order to
determine the critically resolved shear for basal slip relevant
to crystal plasticity models, it is necessary to account for the
size effect. Practically, this can be done by making mea-
surements with indenters of different radii and extrapolating
to an infinitely large indenter radius. Future work involves

extending the work to measure the temperature dependence
of the critically resolved shear stress for different alloys by
doing indentation experiments at different temperatures.
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Development of a Low-Cost
and Room-Temperature Formable Mg Alloy
Sheet with In-Plane Isotropic Tensile
Properties

Taiki Nakata, Chao Xu, Hideaki Ohashi, Yu Yoshida, Katsuhito Yoshida,
and Shigeharu Kamado

Abstract

Twin-roll-cast Mg-3.07Al-0.25Mn (mass%) alloy was
continuously rolled at a warm temperature, and the
room-temperature stretch formability, tensile properties,
microstructures, and texture of the annealed sheets were
investigated. The sheet rolled at 220 °C exhibits large
Index Erichsen values over 8 mm due to the formation of
a ring-like texture feature where the basal poles are
oriented *25° from normal direction to all directions.
Fine grain structure with an average grain size of *7 µm
could be obtained, so that the sheet shows moderate 0.2%
proof stress of *160 MPa and large elongation to failure
over 25% in both rolling and transverse directions. The
fabrication process of the alloy sheet, which consists of
homogenization, warm-temperature rolling, and anneal-
ing, is viable in industrial production and accordingly, the
alloy sheet developed in this work will broaden the
commercial applications of wrought Mg alloys in auto-
motive industries.

Keywords

Magnesium alloy � Rolling � Formability � Texture
weakening � Recrystallization

Introduction

Lightweight magnesium alloys have significant potential to
reduce the weight of a car. Recent efforts have successfully
developed new magnesium alloys with improved extrud-
ability and mechanical properties comparable to those of Al–
Mg-Si based 6xxx aluminum alloys used in many automo-
tive parts [1, 2]. The development of magnesium sheet alloy
is also required for numerous weight-sensitive applications;
however, several fundamental issues exist, and they hamper
the use of magnesium alloy sheets in automobiles. For
example, during rolling process, commercially available
magnesium alloy sheets, such as Mg-3Al-1Zn and
Mg-2Zn-1Mn (mass%, AZ31 and ZM21) alloy sheets, easily
form a typical rolling texture with a strong alignment of
(0001) poles to the normal direction of the sheets (ND) [3,
4]. In magnesium alloy sheets with such texture, activation
of (0001) ½11�21�½11�20� slips (basal slips) seldom accom-
modates thickness strain during forming process. Although
the deformation mainly proceeds by twins, the matrix/twin
interface becomes crack initiation and propagation sites.
Then, the strongly textured magnesium alloy sheets exhibit
poor room-temperature formability with a typical Index
Erichsen (I.E.) value of 3–5 mm [5]. To randomize the
texture, a high temperature rolling has been proposed by
Huang et al., and they successfully increased the I.E. value
of the AZ31 alloy sheet from 4.5 mm to 8.6 mm [6].
Although this is a fundamental study which helps to
understand the texture weakening behavior in magnesium
alloy sheets, the corresponding process requires extra costs,
resulting in the increase of the cost of final products [7].
Alloying of zinc and calcium is a low-cost method to control
the texture, and recent studies lead to the development of an
Mg-Zn-Ca alloy sheet with a high I.E. value of 8.2 mm [8].
However, the Mg-Zn-Ca alloy sheet shows a large planar
anisotropy due to the splitting of basal poles to the transverse
direction (TD) of the sheet, resulting in poor 0.2% proof
stress along the TD [8]. Furthermore, it has been reported
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that the splitting of basal poles to one direction is not
an ideal texture for further improvement of the room-
temperature formability [9].

We have recently reported that good balance of a
room-temperature formability and tensile properties can be
realized in an Mg-3Al-0.4Mn alloy sheet via industrially
viable rolling process [10]. The alloy sheet exhibits a large I.
E. value of 8.2 mm, this needs to be further improved to
compete with Al–Mg-Si alloy sheets having an I.E. value
over 10 mm [11]. In this study, we have tried to optimize
rolling temperature for the further improvement of the
property, and the effect of rolling temperature on tensile
properties, room-temperature stretch formability,
microstructures, and texture of an Mg–Al-Mn alloy sheet has
been investigated.

Experimental Procedure

An Mg-3.07Al-0.25Mn (mass%, AM30) alloy sheet,
270 mm width and 4 mm thickness, was prepared by a
twin-roll casting. The sheet was cut into plates with *130
mm in width and * 100 mm in length, and homogenized at
415 °C for 2 h and 500 °C for 12 h in a muffle furnace
under an Ar atmosphere, followed by water quenching. The
homogenized plates were rolled at four different rolling
temperatures, namely 220, 240, 260, and 280 °C
with *20% thickness reduction per pass. The rolling was
repeated six times without reheating to obtain rolled sheets
with *1 mm thickness. The rolling speed was fixed at
5 m/min. The as-rolled samples were annealed at 250 °C for
4 h in a muffle furnace, followed by water quenching.

To evaluate the room-temperature stretch formability of
the annealed samples, an Erichsen cupping test was per-
formed on rectangular samples with 60 � 60 mm2 using a
sheet metal testing machine (ERICHSEN, Model 100)
having a hemispherical punch with 20 mm in diameter. The
punch speed and blank-holder force were around 6 mm/min

and 10 kN, respectively. Mechanical properties of the
annealed samples were evaluated by a tensile test using an
Autograph AG-50kNI (Shimadzu) at an initial strain rate of
10–3 s−1 and room-temperature. The loading directions were
parallel to the rolling and transverse directions of the sheets
(RD and TD), and the tensile specimens have 20 mm in
gauge length and 4 mm in width. Both Erichsen cupping test
and tensile test were repeated three times for reproducibility.

Microstructures and textures of the as-rolled and annealed
samples were evaluated by an electron backscattered
diffraction (EBSD) method on a scanning electron micro-
scope (JEOL JSM-7000F) with TSL EBSD apparatus and a
TSL OIM software. Distribution of second phase particles
was also observed using a scanning electron microscope
(JEOL IT-500) equipped with an energy dispersive X-ray
spectroscopy (EDS) detector. The EBSD- and SEM-samples
were metallographically prepared by SiC papers, 0.3 µm
Al2O3 suspension, and 0.04 µm non-drying colloidal silica
suspension in an automatic polisher (IKEGAMI SEIKI co.,
ISPP-1000). All observations were performed on the
RD-ND planes, and the EBSD data were rotated to analyze
them from the RD-TD planes.

Results and Discussion

Figure 1a and b show snapshots of fractured samples after
the Erichsen cupping test of the annealed AM30 samples
rolled at 220 and 280 °C. The I.E. values of the annealed
samples are also summarized in Fig. 1c. The rolling at 220 °
C gives the highest I.E. value of 8:3þ 0:3

�0:3 mm. The stretch
formability gradually deteriorates with increasing the rolling
temperature, and the I.E. values of the samples rolled at 240,
260, and 280 °C are 7:6þ 0:4

�0:7 mm, 7:1þ 0:4
�0:2 mm, and 4:2þ 0:4

�0:3

mm, respectively.
Figure 2a, b show nominal tensile stress strain curves of

the annealed AM30 samples. Table 1 also summarizes their
ultimate tensile strength (UTS), 0.2% proof stress (PS), and

Fig. 1 Snapshots of fractured samples after the Erichsen cupping test of the annealed AM30 samples rolled at a 220 °C and b 280 °C. c Summary
of the I.E. values of the annealed AM30 samples. (Color figure online)
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elongation to failure (EF). All samples show similar in-plane
isotropic strengths. The UTS is about 250–260 MPa, and the
PS is *160 MPa. The EF in the samples rolled at 220 and
240 °C are over 25% for both RD and TD. Although the
rolling at higher temperature slightly decreases the ductility,
the samples still show good EF over 23% along the RD, and
that along the TD is *25%.

Figure 3 shows backscattered electron images of the
annealed AM30 samples. Regardless of the rolling temper-
ature, all samples contain secondary phase particles. The
distribution of the particles is almost the same in all samples,
and these particles are mostly submicron-sized and
spherical-shaped. A small amount of rod-like particles also
exist. They have 1–2 µm in length, and the diameter is less
than 1 µm. These particles may be Al8Mn5 phases

(rhombohedral, a = 1.2667 nm, c = 0.7942 nm [12]) as
reported in [13].

Figure 4a, b, c, d show inverse pole figure maps of the
annealed AM30 samples. Insets in these maps are corre-
sponding (0001) pole figures with the maximum intensity of
the (0001) poles. Intensity profiles of the (0001) poles
measured along the RD are also displayed in Fig. 4e, and
Table 2 summarizes average grain sizes and Schmid factors
for (0001) ½11�21� slips (basal slips). The grain size becomes
finer by the rolling at low temperature. The sample rolled at
220 °C shows the finest grain size of 7.6 µm, while the
rolling at 280 °C increases the grain size to 10.2 µm. The
samples rolled at 220, 240, and 260 °C show similar
RD-split texture feature with the maximum intensity of *4
MRD. The tilting angles of the (0001) poles are * 25° in
these samples, and they also show broadened angular dis-
tribution of the (0001) poles to the TD, leading to the rela-
tively large Schmid factors (Table 2). Although the samples
rolled at 220, 240, and 260 °C show similar texture feature,
it should be mentioned that the fraction of strong basal
components (grains with (0001) poles tilting 0°−10° from
the ND) increases with increasing the rolling temperature.
The sample rolled at 280 °C still exhibits RD-split texture
feature; however, the tilting angle of the (0001) poles is
only *10°, and the sample shows the high maximum
intensity of 6.6 MRD, resulting in lower Schmid factors than
other samples.

To understand the microstructural changes as shown in
Fig. 4, the EBSD was also done on the as-rolled condition.

Fig. 2 Nominal tensile stress strain curves of the annealed AM30
samples stretched along the a RD and b TD. (Color figure online)

Table 1 Summary of the UTS,
PS, and EF of the annealed AM30
samples

Rolling temperature (°C) Tensile direction UTS [MPa] PS [MPa] EF (%)

220 RD 254þ 3
�7 159þ 1

�1 26:1þ 2:0
�3:2

TD 257þ 4
�6 157þ 2

�1 26:1þ 4:8
�3:5

240 RD 255þ 2
�1 158þ 3

�2 28:1þ 0:6
�1:1

TD 258þ 1
�1 164þ 1

�2 25:3þ 0:8
�0:5

260 RD 257þ 2
�1 161þ 4

�3 23:3þ 0:6
�0:8

TD 257þ 2
�2 161þ 1

�1 26:1þ 1:2
�0:8

280 RD 253þ 5
�9 159þ 3

�4 23:5þ 2:9
�2:7

TD 251þ 10
�7 157þ 4

�2 24:8þ 2:3
�2:6

Fig. 3 Backscattered electron images of the annealed AM30 samples rolled at a 220 °C, b 240 °C, c 260 °C, and d 280 °C
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Figure 5 shows inverse pole figure maps and (0001) pole
figures of the as-rolled AM30 samples obtained from the
whole analyzed region and the recrystallized grains (grains
with grain orientation spread less than 0.5° are considered to
be the recrystallized grains). All samples consist of large
unrecrystallized grains and recrystallized grains, and Table 3
summarizes average sizes of the recrystallized grains, frac-
tions of the recrystallized grains, and kernel average
misorientation (KAM) values. The average recrystallized
grain size and the areal fraction of recrystallized grains
increase with increasing the rolling temperature, and the
rolling at high temperature decreases the KAM value. They
suggest that dynamic recrystallization is promoted by the
rolling at high temperature. The (0001) poles of the as-rolled
samples split to the RD with an angle of *10°. The
recrystallized grains show similar RD-split texture feature as
the as-rolled samples, and the recrystallized grains also have
strong basal texture component.

In this work, we have investigated the effect of the rolling
temperature on the room-temperature stretch formability,
tensile properties, and microstructures of the rolled and
subsequently annealed AM30 alloy sheet. The large Index
Erichsen value of 8:3þ 0:3

�0:3 mm has been obtained after the
rolling at 220 °C; however, the stretch formability gradually
decreases with increasing the rolling temperature. The

AM30 alloy sheet rolled at 220 °C also exhibits in-plane
isotropic tensile properties with moderate strengths and
ductility; the UTS, PS, and EF are 254þ 3

�7 MPa, 159þ 1
�1 MPa,

and 26:1þ 2:0
�3:2 % along the RD, and those for the TD are

257þ 4
�6 MPa, 157þ 2

�1 MPa, and 26:1þ 4:8
�3:5 %, respectively.

The excellent room-temperature stretch formability in the
AM30 alloy sheet rolled at 220 °C is attributed to the weakly
aligned (0001) poles to the RD, which promotes the basal
slips during the stretch forming [14]. It is noted that the
sheets rolled at 240 and 260 °C also show similar weak
texture feature; however, the fraction of the strong basal
texture component increases with increasing the rolling
temperature. This may result in the deteriorated formability
[10]. Although the splitting of the (0001) towards the RD
still exists after the rolling at 280 °C, the tilting angle
is *10°, which limits the activation of basal slips. There-
fore, the sheet rolled at 280 °C exhibits the limited
room-temperature formability.

All alloy sheets show the in-plane isotropic properties.
This is mainly attributed to the similarity of the activity of
basal slips in both RD and TD. In addition, the fine grain
structure with the average grain size less than 8 µm in the
sheets rolled at 220 and 240 °C results in the moderate 0.2%
proof stress of *160 MPa and large elongation to failure
over 25% [10, 14, 15]. The rolling at higher temperature

Fig. 4 Inverse pole figure maps and (0001) pole figures of the annealed AM30 samples rolled at a 220 °C, b 240 °C, c 260 °C, and d 280 °C.
e Intensity profiles of the (0001) poles measured along the RD. (Color figure online)

Table 2 Average grain sizes and
Schmid factors for basal slips in
the annealed AM30 samples

Rolling temperature (°C) Average grain size (µm) Schmid factors for basal slips

Tensile direction//RD Tensile direction//TD

220 7.6 0.29 0.28

240 7.8 0.28 0.28

260 8.9 0.27 0.27

280 10.2 0.24 0.24
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increases the grain size; however, the sheets rolled at the
temperature over 260 °C still show the moderate strengths
and good ductility. This is probably due to the high fraction
of strong basal texture component and activation of
{10�10}½11�21� prismatic slips during the tensile test [15].

Formation of the strong basal texture component is
strongly suppressed by the rolling at low temperature. The
main reason may be the suppression of dynamic recrystal-
lization during the rolling process. Dynamic recrystallization
takes place during rolling process. The dynamically recrys-
tallized grains generally form strong basal texture feature, and
during the subsequent annealing, these grains grow larger by
eating surrounding grains [10, 16], which suggest that the
dynamic recrystallization and the growth of the grains pro-
mote the formation of the basal texture in magnesium alloy
sheets. As shown in Fig. 5, the (0001) poles of the dynami-
cally recrystallized grains tend to align parallel to the ND, and
the fraction of the dynamically recrystallized grains increases
with increasing the rolling temperature. For these reasons, the
sheet rolled at 220 °C forms the lowest fraction of the basal
texture component, and the basal texture component gradu-
ally increases with increasing the rolling temperature.

Summary

In this work, the effect of rolling temperature on a
room-temperature stretch formability, tensile properties,
microstructures, and textures in an annealed
Mg-3.07Al-0.25Mn (mass%) alloy sheet was investigated.
The rolling at 220 °C contributes to the development of
weak alignment of the (0001) poles towards the rolling
direction of the sheet. The low-temperature rolling also
results in the low fraction of a strong basal texture compo-
nent, leading to an excellent Index Erichsen value of
8.3 mm. Furthermore, the sheet forms fine grain structures
with an average grain size of 7.6 µm; therefore, moderate
0.2% proof stress of *160 MPa and high elongation to
failure over 25% could be obtained for the rolling and
transverse directions.
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Fig. 5 Inverse pole figure maps
and (0001) pole figures of the
as-rolled AM30 samples obtained
from the whole analyzed region
and the recrystallized grains.
(Color figure online)

Table 3 Average sizes of the
recrystallized grains, fractions of
the recrystallized grains, and
kernel average misorientation
(KAM) values of the as-rolled
AM30 samples

Rolling temperature
(°C)

Average recrystallized grain
size (µm)

Areal fraction of recrystallized
grains (%)

KAM
value

220 0.9 0.3 1.2°

240 1.0 0.9 1.1°

260 1.9 3.6 1.0°

280 4.5 16.2 0.7°
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Microstructure and Fracture Toughness
of an Extruded Mg-Dy-Nd-Zn-Zr Alloy
Influenced by Heat Treatment

Petra Maier, Benjamin Clausius, Charis Joy, Roman Menze,
Benjamin Bittner, and Norbert Hort

Abstract

The influence of microstructural changes induced by heat
treatment on fracture toughness is investigated for a
resorbable Mg-Dy based alloy. The initial hot-extruded
condition is a fine-grained Resoloy® (Mg–Dy–Nd–Zn–
Zr) alloy consisting of lamellar LPSO structures within
the matrix. Solution heat treatment causes grain growth
and the formation of blocky LPSO phases. The amount of
the lamellar LPSO structures reduces. Quasi-static C-ring
tests with and without Ringer solution were used to
evaluate force–displacement curves and their fracture
energy. The coarser-grained alloys tend to twin under
plastic deformation, which is influencing the crack
propagation. Blocky LPSO phases clearly hinder crack
growth. The fine-grained extruded condition shows the
highest force and displacement values to induce the crack,
the solution heat-treated microstructure consisting of a
good balance of grain size, matrix, and blocky LPSO
phases and twins show highest fracture energy. Even if
there might be an absorption of hydrogen, the ductility
under stress corrosion is high.

Keywords

Magnesium�RESOLOY®� Fracture toughness�Crack
propagation � LPSO phases

Introduction and Motivation

Magnesium alloys show significant promise for being
applied as absorbable metals in implants, which are only
needed for temporary fixation. Rare earth elements are used
to achieve high strength with an acceptable biological per-
formance, like biocompatibility and enhancement of bone
formation [1–3]. Resoloy®, a Mg–Dy–Nd–Zn–Zr alloy high
in Dy, was developed specifically for absorbable implants by
MEKO Laser Materials Processing and the
Helmholtz-Zentrum Geesthacht in Germany and interna-
tionally patented [4]. Resoloy is an alloy based on Mg-Dy
with excellent strength and ductility. The corrosion rate
depends on many factors, like grain size, thermomechanical
history, and surface quality, but is relatively low [5]. The
high elasticity of Resoloy provides excellent fatigue life in
air [6, 7]. Dy, having a high solubility in Mg, can adjust in
combination with other alloying elements, like Gd, Zr, both
the mechanical and corrosion properties by heat treatment,
and according to in vitro studies Mg-Dy alloys show good
cytocompatibility [8, 9]. Also for Nd as an alloying element
in Mg it has been reported, that it improves the corrosion
resistance by demonstrating a good in vivo biocompatibility
[10]. Mg–Nd–Zn–Zr alloy exhibits even much better
mechanical properties and lower corrosion rate than WE43
and AZ31 alloys and indicates that the as-extruded condition
meets the requirement of cell toxicity for biomaterials in a
short-term study [11]. Mg–RE–Zn alloys, where RE are rare
earth elements like Y, Gd, Tb, Dy, Ho, Er, Tm, form novel
long-period stacking-ordered (LPSO) structures and show
improved strength, fracture toughness, corrosion resistance,
and fatigue strength and by deformation kinks also
remarkable deformability [12]. Previous studies on cast and
extruded Resoloy show increased amount of LPSO phase
with increasing solution heat treatment time [13]. With
optimized heat treatment lamellar LPSO structures within
the matrix form and provide a uniform corrosion. The
extruded Resoloy in study [14] improved stress corrosion
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behavior after a short-term annealing, whereas pitting cor-
rosion appeared after solution heat treatment at 500 °C for
24 h, 48 h, and 72 h. The microstructure changed during
solution heat treatment from fine grains with a high amount
of lamellar and blocky LPSO structures to large grains with a
lower amount of lamellae and new formed blocky LPSO as
well as grain free of LPSO structures. However, during
stress corrosion no crack initiated from these corrosion pits.
Beside the requirement of a moderate, homogenous corro-
sion rate to avoid strong hydrogen evolution and pitting
corrosion, biomedical applications need a certain fracture
toughness and should not be susceptible to the stress cor-
rosion cracking. ZX50, WZ21, and WE43, investigated by
slow strain rate tensile testing in a simulated human body
fluid, indicated a susceptibility to stress corrosion cracking
[15], whereas EV31A is less susceptible due to a robust and
stable film of mixed oxides of Zr, Nd, and Gd [16]. In
general, the nature and stability of the oxide/hydroxide films
and the intensity of the loading influences the ease of dis-
ruption of the protective film, which will increase the
opportunity for hydrogen entry. Beside corrosion pits also
microstructural features like precipitates and phase bound-
aries, increasing local stress level, or slip induced film rup-
ture are responsible for crack initiation—accelerated by
hydrogen embrittlement and anodic dissolution at the slip
steps [17].

As much as some microstructural features cause crack
initiation, low angle grain boundaries [18], twinned grains
[19, 20], second phases [18], and LPSO structures [21, 22]
can also hinder crack propagation and increase fracture
toughness. Charpy-tests [23], slow rate tensile tests [24], or
U-bent tests [17] are often used to determine fracture
toughness and stress corrosion cracking. However, this study
applies C-ring compression test to investigate stress corro-
sion and fracture toughness. Similar tests have been already
done on the Mg–Dy–Nd alloy [25], but are in general rarely
applied to magnesium alloys yet. The fracture energy during
crack propagation, which is mainly influenced by twins, is
used to discuss the fracture toughness. Like found in
Resoloy, corrosion pits in Mg10Dy1Nd during static C-ring
compression tests at a moderate deformation 20% did to lead
to cracks. Furthermore, the displacement at fracture implies a
rather ductile behavior—indicating a protective film by the
passive layer. The role of LPSO phases, grain boundaries,
and twins during crack propagation will be of interest.
Dislocations in twinned regions or grains with lamellae
LPSO structures will have short distances to move and
therefore will pile up at these obstacles and can lead to crack
initiation and reduced toughness [26]. The stress pile up will
depend on the coherence of slip planes.

Experimental

The Resoloy alloy was cast at the Helmholtz-Zentrum in
Geesthacht, Germany. After a short annealing at 500 °C for
15 min, tubes were indirectly hot-extruded at the Extrusion
Research and Development Center TU Berlin at an overall
temperature of 400 °C, a ram speed of 1.5 mm/s and an
extrusion ratio of 19:1. The outer diameter of the as-extruded
tubes was 35 mm, and the wall thickness was 5 mm. The
chemical composition Dy and Zn were analyzed by using
X-Ray micro fluorescence M4 Tornado (Bruker, Billerica,
MA, USA), Nd and Zr by using a spark optical emission
spectroscopy Spectrolab M12 Hybrid (Ametek-Spectro,
Kleve, Germany) and the impurities Fe, Cu, Ni were ana-
lyzed by using atomic absorption spectrometry 240FS AA
(Agilent, Santa Clara, CA, USA). Micrograph were obtained
on a Leica DMi8 A (Leica Microsystems GmbH, Wetzlar,
Germany). Short annealing was performed at 200 °C for 4 h,
acting more as a stress relieve, and solution heat treatment
were done at 500 °C for 24, 48, and 72 h.

C-ring samples with a width of 10 mm were machined
from the extruded tubes with an outer diameter of 34 mm
and a wall thickness of 2 mm. Figure 1a shows their posi-
tion in the initial extruded tubes according to [25]. C-ring
samples were compressed with 2 mm/min in a testing
machine up to 17 mm in air (geometrical restriction) and up
to fracture in Ringer solution, see Fig. 2b. Before corrosion,
the samples were cleaned in an ultrasonic bath in ethanol.
During C-ring compression tests, force–displacement curves
were monitored. The deformation can be calculated in %
according to the deformation of the diameter [27] by setting
the displacement (the initial height of 34 mm minus the
height of the deformed C-ring) in relation to the initial
height, which provided information on the ductility.
A maximum deformation of 50% was possible. When a
deformation of 40% is exceeded, the material is supposed to
have ductile behavior. A transition from tensile to com-
pressive stresses from the outer to the inner surface devel-
oped in the C-rings upon loading and in case of a crack
growth, it propagates through these corresponding areas. For
the micrographic investigation special attention was paid to
microstructural features like branched or secondary cracks
and its interaction with twins and LPSO phases, either as
lamellar matrix structures or as blocky phases.

The following values of the force–displacement curves
were used to describe the fracture behavior: the force at
which the fracture started (evaluated by the reduction in the
force with increasing displacement), its displacement value,
and its resulting fracture energy (the area underneath the
force‐displacement curve during crack propagation up to its
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turning point towards the end of the curve). Three C-ring
samples were tested at each condition and the average values
were reported.

Results and Discussion

The Resoloy alloy consists of 12.63 wt.% Dy, 1.05 wt.% Nd,
0.94 wt.% Zn, and 0.075 wt.% Zr. Fe, Cu, and Ni do not
exceed 0.001 wt.%. Figure 2 shows the changes in
microstructure by the heat treatment: the short annealing at
200 °C for 4 h does not change the microstructure signifi-
cantly, see Fig. 2a, b. According to [14] the grain size
increases by solution heat treatment from below 10 µm in
the as-extruded condition to around 45 µm at 48 h. Due to
the development of the blocky LPSO phases being consid-
ered as small grains the average grain size reduces during
annealing up to 72 h, even coarser grains develop.

Figure 3a shows the force–displacement curves of rep-
resentative C-ring tests of the Resoloy alloy in the different
conditions in Ringer solution compared to the as-extruded
Resoloy in air. Figure 3b shows each individual part of the
force–displacement curves during crack propagation, from
crack initiation (declining force) to turning point at the end
of the curve. The force–displacement curve of one
pre-deformed as-extruded Resoloy C-ring in air (compressed
to 11 mm) is shown in comparison to the compression in
Ringer solution in Fig. 3c. The displacement at fracture is
shifted to 17 mm – so pre-deformation in air results in
higher ductility before the fracture starts in Ringer solution.
Figure 3c shows a small stress relaxation at 11 mm (see grey
arrow at dotted line).

Without the exposure to Ringer solution at least 50%
deformation (displacement of 17 mm) is possible without
crack initiation. Like mentioned before, material which
exceeds a C-ring compression of 40% deformation, can be
classed as ductile. Testing in Ringer solution reduces the
displacement at crack initiation (Fig. 3a). The passive film,
which protects Resoloy at a certain deformation [14],
becomes porous and allows contact between Ringer solution
and Resoloy without an oxide layer. Hydrogen can penetrate

Fig. 1 C-ring sample: a position in the initial extruded tube and b in
compression test in Ringer solution

Fig. 2 Microstructure of the Resoloy alloy in the different conditions
(transverse cross-section): a as-extruded, b heat-treated 200 °C 4 h,
c solution heat-treated 500 °C 24 h, d solution heat-treated 500 °C
48 h and e solution heat-treated 500 °C 72 h

Microstructure and Fracture Toughness … 21



Fig. 3 Force–displacement curves of C-ring tests under compressive
loading in Ringer solution for the Resoloy alloy in the different
conditions: a compared to testing in air up to 17 mm, b during crack
propagation from crack initiation to turning point at the end of the
curve, and c compared to pre-deformed as-extruded Resoloy up to
11 mm and the tested up to fracture Fig. 4 Properties from force–displacement curves: a displacement at

crack initiation, b force at which fracture starts, and c its fracture energy
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the microstructure, causing crack initiation by embrittlement
and crack propagation. However, the as-extruded condition
still reaches an average displacement of 12.2 mm (*36%)

and the heat-treated conditions around 11 mm (*32%), see
Fig. 4a. The force at which the fracture starts reduces by heat
treatment (Fig. 4b) according to the hardness reduction see in
previous research [14], which mainly goes back to grain
growth and dissolvent of lamellar matrix LPSO structures.
The fracture energy increases by solution heat treatment at
500 °C, especially at 48 h, see Fig. 4c. Comparing the frac-
ture energy to the Mg–Dy–Nd system with similar composi-
tion (without Zn and Zr) from study [25], Resoloy reaches
values twice a high. The fine-grained microstructure with
lamellar matrix LPSOs in the as-extruded condition as well as
the blocky LPSO phases of the heat-treated RESOLOY act
positively on the fracture toughness. The reduced fracture
energy at 72 h can be explained by the growth of the grains
and the loss of lamellar matrix LPSOs [14].

Figure 5 shows representative cross-sectional micro-
graphs of the crack path in the Resoloy C-rings deformed in
Ringer solution. Due to stopping the compression test when
the turning point at the end of the force–displacement curves
was exceeded, the samples did not fail completely and the tip
can be investigated.

Fig. 5 Cross-sectional micrograph of the crack path in the Resoloy
C-ring samples in Ringer solution in the different conditions:
a as-extruded, b heat-treated 200 °C 4 h, c solution heat-treated
500 °C 24 h, d solution heat-treated 500 °C 48 h, and e solution
heat-treated 500 °C 72 h

Fig. 6 Micrographs of crack path in higher magnification:
a as-extruded and b solution heat-treated 500 °C 48 h
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All the cross-sectional micrographs are showing
sub-cracks of the main cracks—they become very pro-
nounced at solution heat treatment at 500 °C towards longer
annealing times, see Fig. 5e. The sub-cracks branch off at
grain boundaries and the crack gets redirected by blocky
LPSO phases after stress pile up. When there are coarser
grains free of lamellar matrix and blocky LPSO phases, the
crack runs continuously across the grain and is deflected at
the approaching grain boundary or rather by the other ori-
entation of the adjacent grain. However, more often LPSO
lamellae, blocky phases, twins and grain boundaries hinder
crack propagation and the crack branches or get redirected
[28]. In the micrographs of higher magnification it can be
clearly seen, that the crack follows the direction of the LPSO
lamellae of the individual grain and is sidetracked by blocky
LPSO phases (Fig. 6a showing a crack path in the
as-extruded condition).

Figure 6b shows the crack path in the heat-treated
Resoloy at 500 °C for 48 h. The micrograph clearly shows
the grain growth and that the crack follows the thinned out
matrix LPSO lamellae and gets hindered by blocky LPSO
phases within the grain or at grain boundaries and at grain
boundaries itself.

Some blocky LPSO phases cause crack propagation
along the interface of the phase and the matrix and some
guide the crack across the phase; depending on the size of
the blocky phase and of the angle between the initial crack
path and the orientation of the LPSO planes with the phase.
According to the bar chart in Fig. 4c, the heat-treated
Resoloy at 500 °C for 48 h shows the highest fracture
toughness among the conditions investigated in this study.
The developed microstructure, consisting of lamellar matrix
and blocky LPSO phases and grains of limited size, seems to
absorb the highest energy. The microstructural feature
causing the highest crack deflection by crack branching,
some blunting, and bridging, also seen in [28]. More detailed
investigation of the role of the LPSO phases, also their
mechanical properties, are in progress.

By examining the microstructure along the crack path of
the solution heat-treated conditions at 500 °C, where the
grains have grown, from the tensile side where the crack
initiated to the compression side it can be seen that the
amount of twins increase towards the last-mentioned side.
RE in Mg alloys is known to reduce the tension–compres-
sion asymmetry [29] by suppression twinning under com-
pression. During C-ring deformation crack opening occurs at
the tensile side (less strain accumulation within grains by
stress relief during crack growth), while the grains at the
compression side are exposed to larger strain before the
crack “arrives”. Therefore, these grains seem to twin more.
At this point twinning will have also induced plasticity.

Representative micrographs for an annealing time of 24 h
allow a good comparison: Fig. 7a shows grains without
twins at the tensile side and Fig. 7b grains at the compres-
sion side, which are much stronger twinned. These twin
boundaries either hinder the crack growth by redirection and
leading to a zig-zag propagation or by accumulating

Fig. 7 Micrographs of the plastic deformed regions of the C-ring
nearby the crack of solution heat-treated Resoloy at 500 °C for 24 h:
a tensile side and b compression side

Fig. 8 Micrograph of crack initiation at lamellar matrix LPSO
structures in solution heat-treated Resoloy at 500 °C for 72 h
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dislocation on new slip traces, finally acting as secondary
micro-crack initiation areas [30, 31], and all mechanisms are
increasing the fracture energy. The drop in force within the
force–displacement curve, see Fig. 3b, shifts towards higher
displacements. To find out if larger grains within the solution
heat-treated condition tend to twin more or if the
micro-cracks also initiate at lamellar matrix LPSO structures
further investigations are needed. However, the finer grained
as-extruded and short-time annealed (200 °C for 4 h)
microstructure does not show extensive twinning—neither at
the tensile nor at the compression side. Independent of
twinning, the compression side will be more strain-hardened
than the tensile side where the crack initially opens.
Microhardness measurement would help to establish the
amount.

Like seen in Fig. 3c, pre-deformation in air up to 11 mm,
which is high in the strain-hardened region, results in higher
overall ductility before the fracture starts when subsequent
exposure to Ringer solution (its fracture energy is with
340 mJ above the average value of 305 ± 67 mJ). The
passive layer, which is ruptured during deformation to
11 mm displacement in air, immediately renews and crack
initiation is delayed by preventing hydrogen embrittlement
during further C-ring deformation—until the passive layer
becomes porous again and bare metal surface is exposed to
Ringer solution. Hydrogen diffuses into the Mg matrix and
accumulates at particular sites, the so-called low surface
energy planes [32]—grain boundaries and basal planes are
some of them. If twins or lamellar LPSO structures in
Resoloy are pathways for hydrogen, diffusion leading to
micro-cracking needs to be further investigated. With
increasing stress, places like these are found to act prefer-
entially as crack initiation sites [32]. The fracture energy of
the pre-deformed C-ring and then compressed in Ringer up
to fracture is in the upper range compared to the initial
C-ring compression. The crack is expected to propagate
through a higher strain-hardened and twinned microstructure
(starts at higher force and displacement).

Preliminary examination on crack initiation sites allow
already the following statement: either twin boundaries or
lamellar matrix LPSO structures are responsible for crack
formation. They might act a slip bands and accumulate
dislocations. Figure 8 shows a short crack 2 mm off the
main crack, initiated at a lamellar matrix LPSO structure,
whose neighboring grains are crossed by twins. The crack is,
after following the linear LPSO structure for approximately
50 µm, redirected by a blocky LPSO phase and follows then
a linear LPSO structure to carry on with, see its parallel
lamellae *50 µm on the right of the crack tip. The blocky
LPSO phase bridged the crack from one grain into the
neighboring grain due to its favorable orientation. In case of
an off-orientation of the lamellae within the blocky LPSO
phase, its (then weaker) interface to the Mg-matrix bridges

the crack into the neighboring grain. However, the crack
blunts at the obstacle before growing, which is increasing the
fracture energy. With or without the LPSO structures the
grain boundaries serve as an obstacle to crack growth, which
implies in general to keep the grain size small; for strength
and ductility.

These preliminary findings will undergo further exami-
nation, on the one hand to improve statistics and on the other
hand to extent this study by fractography using scanning
electron microcopy or surface topography scanner.

Summary

In this study the microstructure and its fracture toughness of
RESOLOY, a magnesium resorbable alloy based on Mg–Dy
alloyed with Nd, Zn, Zr, modified by annealing and solution
heat treatment was investigated. C-ring compression tests
were undertaken to determine the strength, ductility, and in
case of a fracture the fracture energy and the interaction of
the crack propagation with microstructural features were
studied. The hot-extruded and short-time annealed Resoloy
alloy, being fine-grained and consisting of lamellar LPSO
structures within the matrix, show the highest bending
strength in C-ring compression test—in general and at
fracture initiation. Solution heat treatment causes grain
growth and the formation of blocky LPSO phases by
reduction of the amount of the lamellar LPSO structures.
The ductility in air is very high and remains quite high in
Ringer solution, outstanding for the as-extruded condition.
Force–displacement curves offer statements on strength and
ductility at crack initiation (highest for the as-extruded
condition) and fracture energy during crack growth (highest
for solution heat-treated condition at 500 °C for 48 h).

The coarser-grained, heat-treated conditions twin under
plastic deformation, whose boundaries on top of grain
boundaries and LPSO phases hinder crack growth by redi-
rection at higher stresses. Blocky LPSO phases hinder crack
growth by either bridging when phase gets crossed or by
blunting followed by propagating along the interface. The
microstructure consisting of a good balance of grain size
being rather small, matrix, and blocky LPSO phases and
twins show the highest fracture energy, in this study found in
the heat-treated condition at 500 °C for 48 h.

Not to risk any inhomogeneous corrosion behavior, it is
wise to apply heat treatment parameters at which the lamellar
matrix LPSO structures have no completely disappeared—
previous research has shown that they reduce the corrosion
rate.
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The High-Solution Design of Magnesium
Alloys

Jun Wang, Yuan Yuan, Xiongying Cheng, Tao Chen, Bin Jiang,
Dajian Li, Aitao Tang, Torben Boll, and Fusheng Pan

Abstract

The broad applications of Mg alloys are still limited by
poor mechanical properties and poor corrosion resistance.
Our group has found strength, ductility, as well as
corrosion resistance of Mg alloys can be synergic
enhanced by solution elements in primary Mg phase.
However, most elements only show limited solubility in
a(Mg) phase. We proposed that by dissolving
multi-elements in the a phase, the enhanced entropy
may bring enlarged solution and cocktail effects to the
final properties of Mg alloys. This solubility extension
possibility was firstly investigated in this work using
thermodynamic evaluation based on connected databases.
Thermodynamics indicates that the solubility of
Rare-earth elements (REs) in a phase can be extended
by the synergetic dissolving of Li and REs in a phase.
This finding is instructive for the design of high solution
of Mg alloys, and provides a new strategy for improving
the performance of Mg alloys by high-solution design
(HSD) of primary phase in alloy.

Keywords

Mg alloys � Alloying � High-solution design �
Thermodynamics

Introduction

The research and development of Mg alloys have attracted
increasing attentions due to their promising application for
saving energy and environment protection [1–8]. However,
the broader application of Mg alloys is still limited because
of its comparably poor mechanical and corrosion properties.

The most commonly and effective alloy design approach
is by alloying with other elements to improve the properties.
Yasi and Hector Jr. et al. considered 29 different solutes for
the solution strengthening and developed a “strengthening
design map” [9]. Dilute solute of second element in a(Mg) is
also reported to be able to improve the formability of alloy
by affecting the stacking fault energy and formation mech-
anism [10–12]. Our group proposed a unique strengthen
synergy mechanism for Mg alloys that the dissolution of
other atoms in a phase can simultaneously improve its
strength and ductility [5–7, 13–16]. Moreover, it is also
found solution of atoms in a(Mg) can also change the cor-
rosion potential of a(Mg) and then reduce the possible gal-
vanic corrosion [4].

Hence, the high-solution design (HSD) of a(Mg) is a
promising approach to be able to simultaneously improve
the combination properties and then advance the perfor-
mance of Mg alloys. However, most of the elements have
limited solubility in a(Mg) [17], and therefore any method to
increase the solubility of elements in a(Mg) is interesting.
There are some non-equilibrium methods to dissolve more
atoms, such as fast-solidification, ion-injection, etc. But
these methods are usually with high cost and inappropriate
to produce large components. Thus, increasing the
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equilibrium solubility of elements in a phase has high the-
oretical significance and application significance.

The multi-element dissolving in a phase can result in
entropy increase and the lattice distortion. Meanwhile, the
attraction and repulsion between atoms may have a com-
plicated combination effect. Therefore, the interactions of
multi-elements in the primary solution phase can be com-
plicated and may lead to some surprising behavior, or in
another saying, cocktail effects for the final properties of
alloys.

As a first step, thermodynamic evaluations aiming to
predict the possibility of extended solubility of some ele-
ments, specially, some low solubility Rare-earth elements
(REs), in a phase, have been performed in this work.

Calculation Methods

The evaluations were based on the thermodynamic equilib-
rium state and corresponded to the minimization of the
global Gibbs energy of the phases. The evaluations were
performed by using the commercial thermodynamic soft-
ware Pandat and Thermo-Calc, together with the currently
available latest databases of PanMg and TCMg5. Equilib-
rium isothermal sections were examined for the maximum
solution points of liquid in systems.

Results and Discussion

Solution of X and Li in a Phase

Based on current available Mg-based database, the evalua-
tions of Mg-included ternary system for dozens of
solution-element-pairs indicated that most elements decrease
the solubility of REs in a phase. But Li was an exception
that Li can strongly increase the solubility of some elements

in a(Mg). Figure 1 shows the typical results, where the
phase boundaries of a phase in Mg–Li–X system were
shown.

Figure 1 shows the maximum solubility of X in a phase
occurs for the condition of the largest concentration of Li in
a phase. By extensive calculations, Table 1 shows that Li,
dissolved in a(Mg), can extend the solubility range of the
REs, La, Nd, Ce, Y, and the non-RE elements Sr in a(Mg),
but decrease the solubility of Gd in a(Mg). It is seen, for
these investigated elements with extended solubility, that the
extended solubility values are around twice, or even more, of
the original solubility of X in a(Mg), which is a big incre-
ment compared to the original values, as shown in Table 1.

One typical isothermal section of Mg–Li–La is shown in
Fig. 2 at the defined temperature. It shows that, for Mg–Li–
RE systems, the largest solubility in a(Mg) occurred at the
tri-section points joining the BCC, HCP, and one Mg–RE
compound regions. With the temperature decreasing, Mg–X
compounds precipitated from a(Mg).

The Employed Databases and the Interaction
Between Mg and Li

It is shown that Li alloyed in a(Mg) has a strong effect on the
solubility of X in a(Mg). These currently employed com-
mercial databases are encrypted, so the evaluations of these
ternary systems are not possible. Probably, the evaluations in
this work just represent extrapolations based on the
sub-binary systems and therefore some deviations could be
existed.

There are many literatures studied on the Mg–Li–X sys-
tems, especially Mg–Li–RE systems [18–22]. It is reported,
with RE addition in Mg–Li-based alloys, good mechanical
properties can be achieved, where some intermetallic phases,
Al–RE compounds or Mg–RE compounds were presented
and have effects on the grain refinement and strengthen

Fig. 1 The weight fraction of X
and Li in a(Mg) of Mg–Li–RE
calculated using the Pandat
software based on PanMg
database. (Color figure online)
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advancement. However, because of the difficulty to identify
the Li content in a(Mg) phase using normal characterization
method, there is quite few studies on the composition of the a
phase of the investigated alloys. It is reported in [19, 20], the
selection of Y and Gd additions in Mg–Li alloy is because of
the large solubility of Gd/Y in a(Mg) phase considering of
the binary Mg–Gd/Y system. But no further information
about the composition of a phase in ternary system where
two elements are presented. Zhang and Wu et al. reported
there is around 1.51 at.% Ce solid-soluted in a(Mg, Li, Ce)
phase for Mg–8.5Li–xCe alloy [22], where this value is much
higher than the generally accepted solubility of Ce in a(Mg,
Ce) phase for the binary Mg–Ce system (around 0.1 at.%).
Since the reported element content analysis is coming from
EDS analysis in [22] and the Li content is also not considered
in the final composition normalization, the reported content
of Ce in a phase could be with low precision. Hence, we
could not give more experimental evidences on the high
solution of Mg–Li–X alloy here. The experimental work is in
process in our group.

Considering the mutual solution of elements, most of the
elements have limited solubility in a(Mg) according to the
binary phase diagrams of the Mg–X system. However, the
element Li is an exception, for which there is a large mutual
solubility between Li and Mg, which indicates that Li and
Mg atoms are similar to each other, and there is no strong
attraction or repulsion between Li and Mg. Hence Li is
promising to extend the dissolution of X in a(Mg) and Li did
show the expected effects. Moreover, no other elements
except Li show the same effect through trials on dozens of
elements using current databases.

The phase diagrams of binary systems show that Y and
Gd also have comparable big solubility in a(Mg). Y, Gd, and
Mg can fit the empirical Hume–Rothery rules well [23].
However, the crystal structures of Li and Mg are different
and the electronegativities of Li and Mg are also with a large
difference. It cannot be simply concluded, that the similarity
of atomic sizes of Li and Mg is the one important factor.
There should be other characteristics to affect the mutual
solubility of the two elements. More investigations are on
the way in our group. However, these evaluations do provide
promising predications. These key predictions can be tested
by experiments and the exploration process is then greatly
shorted.

The Implications of This Solubility Extension

The Mg–La, Mg–Nd, and Li–La, Li–Nd have little mutual
solubility for each other. It is shown, even with the presence
of Li addition, the solubility of La and Nd is still below 1
atom per 100 Mg atoms in a(Mg), where the interactions of
nearest neighbor atom or second nearest neighbor atoms
with Li (the number below 1/10 atoms) is probably ignor-
able. The positions of Li and X elements and the possibility

Table 1 The solubility of X in a phase calculated using PanMg database

System Temp
(°C)

w(Li)
(wt%)

w(X)
(wt%)

x(Li)
at. %

x(X)
(at. %)

Mg–Li–La 580 0 0.18 0 0.03

580 4.30 0.57 8.82 0.07

Mg–Li–Nd 540 0 3.39 0 0.56

540 2.21 4.85 7.6 0.81

Mg–Li–Ce 580 0 0.66 0 0.11

580 3.02 0.98 9.9 0.16

Mg–Li–Y 560 0 13.24 0 4.00

560 1.62 15.00 6.07 4.40

Mg–Li–Gd 550 0 22.98 0 8.13

550 1.82 20.91 3.72 7.32

Mg–Li–Sr 500 0 0.14 0 0.04

500 5.6 1.78 17.4 0.27

Fig. 2 The isothermal section of Mg–Li–La in Mg-rich side at 580 °C.
(Color figure online)
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of the existence of clusters or short-orders structure in crystal
should be clarified and is in progress in our group.

These evaluations indicate that a large concentration of Li
(> 5 at.%) in a(Mg) may increase the solubility of La and Nd
in a(Mg) by some factors. Though, the higher solubility of La
and Nd may have a positive effect on the mechanical prop-
erties of Mg alloys (including both strength and ductility), the
Li concentration in alloys can of course change the mechan-
ical properties accordingly. It is reported that Li dissolved in
Mg alloys can lower the density of Mg alloys and enhance the
ductility simultaneously [24, 25]. Hence, it can be expected
that the Mg–Li–X (X = REs) alloys may have high strength
and high ductility simultaneously, which are already reported
by some groups [18–21, 26–29]. Of course, the strength and
ductility also relate to the microstructure and deformation
structure, the direct relation of mechanical properties with the
concentration of RE and Li in alloys can’t be predicted here.
Besides, the additions of REs in Mg alloys were argued as the
heavy addition of REs offset the priority of light-weight ofMg
alloys. Here, with lighter element Li addition, an acceptable
balance may be obtained. And with the addition of favorable
REs for corrosion resistance, a combined good performance
of Mg alloys is promising to be achieved with synergetic
solution of Li and REs in Mg alloys.

Conclusions

Thermodynamic evaluations show the solution in a(Mg) is
possible to be extended by alloying multi-element in Mg
alloys. The discovery of this phenomena provides a new
strategy for simultaneously improving the combined prop-
erties of Mg alloys by design a high solution of a(Mg)
phase. Development of high-solution Mg alloys with a
combined good performance is promising.
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Fundamentals of Plastic Deformation



Accounting for the Effects of Dislocation
Climb Mediated Flow in Mg Alloy ZK10 Sheet

Michael A. Ritzo and Sean R. Agnew

Abstract

Tensile samples of an Mg alloy ZK10 sheet were tested at
a range of temperatures and strain rates designed to rather
evenly probe a range of Zener Hollomon parameter
values, from ln(Z) � 15 (10–4 s−1 and 623 K) up to ln(Z)
� 50 (10–3 s−1 and 300 K). In contrast with more
commonly examined Mg alloy AZ31B sheet material,
ZK10 sheet material shows modest strain anisotropy
(r-value) at low temperatures for both 45° (r45 � 1.2) and
TD (rTD � 1.4) sample orientations, despite showing
evidence of significant prismatic slip of <a> dislocations,
which often leads to high r-values at low temperatures.
These low r-values become even lower (r45 � 0.84 and
rTD � 0.89) at high temperatures. These behaviors are
hypothesized to occur due to a distinct initial texture and
deformation mechanism activity, which includes a modest
level of tensile twinning and <c + a> slip at both room
and elevated temperature. A version of the viscoplastic
self-consistent (VPSC) code, which accounts for the
kinematics of dislocation climb, is used to simulate the
behavior of a textured Mg alloy ZK10 sheet reveals that
both the glide of pyramidal <c + a> dislocations and the
climb of basal < a > dislocations are required to describe
the behavior at elevated temperatures.

Keywords

Texture � Anisotropy � Dislocation � Climb �
Twinning � Crystal plasticity

Introduction

The use of polycrystal plasticity modeling has radically
changed our understanding of the deformation of hexagonal
close packed (hcp) Mg alloys over the past two decades.
Historically, it was believed that {10�12} tensile twinning
was a significant deformation mechanism only at low tem-
peratures. A major reason for this was that the critical
resolved shear stress (CRSS) for twinning was shown to be
nearly temperature insensitive whereas the CRSSs of the
hard, non-basal slip mechanisms (i.e., prism <a> and pyra-
midal <c + a>) tend to be highly temperature sensitive
[1–4]. During room temperature deformation, {10�12} tensile
twinning is known to be one of the few mechanisms that can
accommodate strains along the <c> axis. Pyramidal slip of
<c+a> dislocations, the another slip mode which can
accommodate <c> axis strain, has a rather high CRSS value
at room temperature, which limits its activity [5] and has led
to suggestions that it may be more important at higher
temperatures. Other suggestions include climb of basal
<a> and non-basal [c] dislocations, grain boundary sliding,
and diffusional flow. The higher stress conditions presently
of interest ensure that diffusional flow will not be
controlling.

The interplay between deformation twinning and dislo-
cation slip (glide) has been studied in different contexts, but
the role of dislocation climb, used to explain differences in
texture evolution and r-value of AZ31 has yet to be applied
broadly to the high temperature deformation of other Mg
alloys, such as ZK10 (the material chosen for the current
study), which is known to undergo significant twinning at
room temperature [6]. One implication for the current study
is that{10�12} twins have been shown to transmute glid-
ing <a> matrix dislocations into <c + a> dislocations in the
twin [7]. <c + a> slip has been thought to reduce the strain
anisotropy in Mg alloys and promotes a characteristic tex-
ture, distinct from all other slip modes. The possible influ-
ence of twinning in the activation of <c + a> glide at high
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temperature is of great interest, as <a> climb has been shown
to be competitive with non-basal slip modes, particu-
larly <c + a> glide on second order pyramidal planes [8].

Dislocation climb and cross-glide are relevant to applica-
tions involving creep, load relaxation (such as bolt-load
retention), and hot/warm forming operations. Indeed, the
measured constitutive response of Mg and its alloys frequently
exhibits power-law type constitutive behavior at temperatures
and rates relevant to these applications (e.g., [1]). Rarely have
crystal plasticity modelers accounted for these aspects, though
the work of Staroselsky and Anand [2] notably considered the
possible role of grain boundary sliding. In addition, the inter-
play between twinning and dislocation climb at high temper-
atures has not been studied previously.

Only recently has it become possible to explore the
unique characteristics of Mg alloy ZK10. Several crystal
plasticity models for describing twinning in polycrystalline
materials have been developed, but no such models existed
to predict the effect of dislocation climb on texture and strain
anisotropy. A viscoplastic self-consistent (VPSC) polycrys-
tal modeling code, which accounts for the non-conservative
(climb) motion of dislocations has been developed recently,
[8, 9] which will allow for the simultaneous study of twin-
ning and climb.

We begin by providing a brief introduction to the climb
and twinning models, followed by a description of experi-
mental methods and results which highlight the effects we
are hoping to explain, and then enumerate simulation results
that explore the effect of tension twinning on the relative
activities of slip and climb modes. The tensile deformation
of ZK10 was studied as its unique rolled texture made it a
model system to explore the effect of twinning. Tensile
deformation parallel to and 45° away from the sheet trans-
verse direction is considered to study the effect of sample
orientation on the twin volume fraction.

Modeling Background

Crystal plasticity models generally consider dislocation glide
and twinning [10, 11] as the only dissipative processes. In
addition, both slip and twinning are assumed to be governed
by the generalized Schmid law, which resolves the stress r
on the slip system as follows:

s ¼ m : r ð1Þ

where m ¼ sym b̂� n̂
� �

is the Schmid tensor, bn is the slip

plane normal and bb is the slip direction [13]. The role of
cross-slip is often associated with the process of dynamic
recovery [14], and the role of dislocation climb treated
similarly. The strain accommodated by these mechanisms is
for the most part disregarded. Lebensohn et al. [9]

generalized the connection between stress and dislocation
motion, beyond the Schmid law of Eq. 1. by appealing to the
full Peach–Koehler relationship,

f ¼ r � bð Þ � t̂ ð2Þ

where b is the Burgers vector and t̂ is the dislocation line
direction. The forces which drive dislocation glide (the
Schmid stress times the magnitude of the Burgers vector)
can then be parsed from those which drive climb.

f g ¼ r � bð Þ � t̂
� � � v̂ ¼ r : b̂� n̂

� �� �
bj j ð3Þ

where bv is the direction of dislocation glide (within the glide
plane and orthogonal to the line direction). On the other
hand, the climb force is resolved along the glide plane
normal direction.

f 2c ¼ r � bð Þ � t̂
� � � n̂ ¼ � r : b̂� v̂

� �� �
bj j ð4Þ

Notably, the glide force only depends upon the deviatoric
stress (the addition of pressure has no effect), whereas the
climb force depends on the full stress tensor. For dislocation
glide, the dyadic cross product b̂� n̂ can be decomposed
into symmetric (strain, m) and antisymmetric (rotation, q)
components. Indeed, this slip-induced rotation is the basis of
texture evolution during glide. For climb, the analogous
tensor, b̂� v̂ can be decomposed into symmetric strain
(k) and rotation (r) components. The distinct types of strain
and rotation associated with climb and glide provide a means
by which their contributions to the deformation may be
parsed. For example, the strain rate within a crystal under-
going glide and climb may be expressed as a function of the
applied stress as follows.

_e ¼ P
s m

s f s

sscb
s

� �ng
sign ms : rð Þþ P

s k
s f c

rcbs

� �nc
sign ks : rð Þ

ð5Þ
Relative to traditional crystal plasticity, the relations are

complicated by the fact that one must track the character of
dislocation populations. Indeed the “climb strain tensor,”
k ¼ sym b̂� v̂

� �
, can be expressed in terms of the angle

between the Burgers vector and line direction.
Many approaches have been taken in order to simulate

the effect of twinning; the two most important models are the
Predominant Twin Reorientation (PTR) [15] and the Twin-
ning Detwinning (TDT) [16] models. In both cases, twinning
is activated per the same power-law constitutive rule and
Schmid stress as described above for slip. Distinctly, a
volume fraction of each activated twin variant created within
each straining increment is proportional to the strain
accommodated, and the proportionality constant is the
characteristic twinning shear of that mode (e.g., * 0.14 for
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the {10�12} tensile twin). In this early study of the interaction
between dislocation climb and twinning, we employ the
PTR model which attempts to capture effect of twinning on
texture by selectively reorienting grains that surpass a
threshold twinning volume fraction (FT ) as defined by Eq. 6

FT ¼ 0:25þ 0:25 FE
FR

ð6Þ
When the volume fraction of a grain undergoing twinning

exceeds FT , the grain in question is reoriented according to
its most active twin variant. FE is a measure of the twinning
volume fraction calculated by summing the volume fractions
of all grains that have been completely reoriented and FR

tracks the total volume fraction of twins which have been
invoked and is known as the “real” twinned fraction, as this
is akin to the volume fraction that can be measured. The
major advantage of this model is computational efficiency,
since the number of grains in the calculation remains fixed
throughout the simulation. The major disadvantages are that
entire grains are reoriented instead of local regions and that
the model only accounts for the texture evolution associated
with the most active twinning system in each grain.

In this study, the experimentally measured texture is used
as an input and boundary conditions appropriate for uniaxial
tension parallel to (TD) or 45° away from (45) the sheet
transverse direction are imposed. The parameters which
were explored include the critical resolved shear strengths
(s) of the prismatic < a>, pyramidal <c + a> , tensile
twinning, and basal <a> climb, all relative to the strength of
basal <a> slip. The outputs presently under consideration
are the r-value and the evolved texture after deformation.
The power-law exponents employed in this study were fixed
at ng ¼ 3 andnc ¼ 3, for high temperature simulations and
ng ¼ 20 for low temperature simulations, though further
exploration of the effects of these parameters on the con-
stitutive response and texture evolution is merited.

Experimental Methods

Mg alloy ZK10 sheet with 1 mm thickness was provided by
the former Magnesium Elektron North America, part of the
Luxfer group, with a nominal composition of 1wt% Zn and
0.5% Zr. The samples were received in the F (as-worked)
temper, but examined in the O (soft annealed) temper, which
involved annealing at 300 °C for 1 h to fully recrystallize
the microstructure. The microstructure of the samples was
examined in previous study and found to be comprised of
equiaxed grains with a lineal intercept grain size of −10 ml
with only occasional twins from the prior deformation in
addition to few precipitates present [6]. The texture is
measured using X-ray diffraction from the sheet midplane,
both before and after deformation, using a Panalytical X’pert

Pro MPD diffractometer, as described previously [17]. The
texture analysis and representation were performed using the
MTEX toolbox for MATLAB [18]. A preliminary assess-
ment of the twin fractions in deformed samples was made by
tracking the orientations on the basal pole figure with tilt
values, a > 50° and subtracting them from the orientations
collected from the undeformed sample. The process was
repeated for a > 80° in order to determine upper and lower
bound estimates of the twin fraction.

Tensile samples with an ASTM E-8 sub-sized standard dog
bone geometry were prepared from the sheets using electrodis-
charge machining. The effective gauge section of the samples is
approximately 33 mm long by 6 mm wide. The r-values were
measured as the ratio of the logarithmic true plastic strains along
the width and thickness directions, after deforming the samples
to a plastic strain of 0.08–0.12 perpendicular (TD) and 45°
(45) to the rolling direction. One test of the accuracy of the strain
measurements was to examine volumetric strain implied, and
since plasticity is known to be volume constant, only those
measurements with implied absolute dilatation of less
than *0.005 were retained in the final analysis.

Tensile tests were performed at temperatures ranging
from room temperature up to 350 °C, at strain rates ranging
from 10–4 to 10–3 s−1. The tensile test data were analyzed in
terms of the flow stress measured at a plastic strain
of *0.10. The test conditions were chosen in order to obtain
a wide range of Zener–Holloman parameter, Z, also known
as the temperature-compensated strain rate:

Z ¼ _e exp Q
RT

� � ð7Þ

where Q is the activation energy and R is the universal gas
constant. Sellars and Tegart [19] suggested a hyperbolic sine
function would describe the relationship between rate and
flow stress over a wide range of hot working and creep
conditions.

Z ¼ A sinh arð Þf gn ð8Þ
At low stress (or Z) conditions, this relationship asymp-

totes to a simple power-law indicative of high temperature
creep, whereas it asymptotes to an exponential function of
stress at high stresses, which is typical of thermally activated
slip. That is, it does a reasonably good job of describing both
the power-law and power-law breakdown regimes. The
empirical parameters A, a, n, and Q were obtained by
least-squares non-linear regression.

Experimental Results

Tensile test results are shown in Fig. 1a. It is clear that
increased temperature results in the lowered yield and ulti-
mate tensile stress. In addition, the amount of hardening
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decreases as the temperature increases. Figure 1b presents
the flow stress during uniaxial straining parallel to the TD
and between RD and TD, at a tensile plastic strain of *
0.10, plotted as a function of the Zener–Holloman param-
eter, Z. Superimposed on the experimental data is a best-fit
Sellars–Tegart function (Eq. 8), with a stress exponent
n = 3.5. Such a value suggests that the rate-controlling
deformation mechanism is dislocation climb at conditions of
Z * 22 or less. The transition to rate-insensitive plasticity
(or power-law breakdown) occurs over the range of
22� Z � 35. At even higher Z levels, the plasticity is
rate-insensitive. The focus of this study is placed upon
examining the texture evolution and strain anisotropy over
these same three Z-value regimes.

Figure 1b also presents the r-values measured at a plastic
tensile strain of 0.08–0.12 and plotted as a function of applied
Z. In the low Z regime, the r-value is close to 1 (near plastic
isotropy) and in the high Z regime, the r-value is *1.4.
There is a slight difference in r-value between sample ori-
entations at the high Z test conditions that is not present at
low Z. It is notable that conditions where the constitutive
modeling suggests the onset of significant strain accommo-
dation by dislocation climb (i.e., the low Z power-law climb
and glide regime), the r-value begins to decrease.

Finally, the crystallographic texture and its evolution
after tensile deformation within each of the aforemen-
tioned Z-regimes is presented in Fig. 2. Samples tested at
high Z conditions show significant activity of prism dis-
locations, which is manifests as intensity of the ODF in
Rodrigues space forming nodes at the top (for 45° sam-
ples) or bottom (for TD samples) of the Z axis. In con-
trast to previous studies on AZ31B, the ZK10 samples in
the current study exhibited dramatically lower r-values,
which is attributed to reduced prism slip [17]. This also

helps to explain the lower yield stresses of these ZK10
sample at ambient temperatures, since the distinct texture
permits the softer basal slip mechanism to accommodate
greater fraction of the macroscopic strain. Another pos-
sible contributor to decreased r-values could be <c + a>
slip on pyramidal planes, which was found to be the
dominant deformation mechanism of Mg single crystals
oriented for <11�20> tension or < 0001> compression at

ambient temperatures in Mg–Li and Mg–Zn [20], Mg–Y
[21] and at high temperatures in Mg–Al–Zn [22] and pure
Mg [23]. Notably, only single crystals of Mg–Al–Zn did
not show a dominance of <c + a> slip under these
straining conditions, suggesting that it is the unusual case,
even though it is the most common commercial wrought
Mg alloy.

The twin volume fractions were estimated to be between
1.5 and 7.5%, based upon the measured deformation tex-
tures, though no clear trend with testing direction or test
conditions (Z) is apparent. Due to the minor contribution
twinning makes to the overall strain accommodation, even at
room temperature, it is not considered to be a significant
contributor to the low yield strength of this alloy.

As the temperature is increased (and Z-value is corre-
spondingly decreased), the texture evolution undergoes a
transition, whereby the intensity forms two fibers along the z
axis. In the low Z regime, where the r-value is decreased
below 1, the texture appears similar to the undeformed
texture, i.e., the deformation texture evolution is greatly
slowed at low Z conditions (Fig. 3a). Previous study of Mg
alloy AZ31B revealed that this is due to the activation of
basal <a> dislocation climb, which does not cause rotations
in the texture and, therefore, results in a slowing of the
texture evolution which would otherwise occur due to dis-
location glide.
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Fig. 1 a Stress–strain plots performed from ambient to 350 °C. b Plot
of log-flow stress vs. log-Z (right y axis). The r-value for samples of
textured Mg alloy, ZK10, sheet material tested parallel to the sheet
transverse direction (TD) and 45° away from TD (left y axis). The solid

(TD data) and dashed (45° data) curves are meant to guide the eye, but
suggests three mechanistic regimes at low, intermediate, and high
Z-values. (Color figure online)
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Modeling Results

Numerous authors have explored the effects of varying the
critical resolved shear stress (CRSS) ratios of basal, pris-
matic <a>, and pyramidal <c + a> slip can have on the
r-values and texture evolutions [e.g., 3]. Here we focus on
the effects of climb of basal <a> type dislocations on a
twinning prone alloy. Figure 3 shows the optimized set of
Voce parameters used to simulate the low temperature
tensile tests. It is clear from Fig. 3c that in both sample
orientations that the majority of the strain is accommo-
dated through basal and prism glide, which is expected for
low temperature deformation. Tensile twinning has a low
relative activity, which is related to the low twinning
fractions estimated experimentally. Surprisingly, <c + a>
glide has significant activity at ambient temperatures in
both orientations and may explain the lower r-values of the
45° sample orientation as increased <c + a> glide activity.
This is in contrast to the previously mentioned study on
AZ31B, where the glide of <c+a> dislocations on second
order pyramidal planes was suppressed at low tempera-
tures. This could be due to alloy chemistry as it was
shown that Al and Zn additions to single crystal Mg

samples increase the CRSS of <c + a> glide and decrease
the twinning CRSS [22]. Curiously, it does not seem to
have a strong effect on the alloy’s ductility as one would
predict.

In order to simulate the high temperature experimental
samples, large batches of simulations were performed with
varying the CRSS values which control tension twinning,
prism <a> and second order pyramidal <c + a> glide, along
with the critical stress which controls the climb of basal <a>
dislocations (all relative to the CRSS of basal <a> glide).
Equations 9 and 10 were used to quantify the total residual
error between the experiments and simulations, taking into
account the plastic anisotropy (r-values) and deformation
texture of both sample types.

RelErr ¼ TexErrTD þ rsim�rexpj jTD
rTD exp

þ TexErr45 þ rsim�rexpj j45
r45 exp

ð9Þ

TexErr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiR

f exp gð Þ � f sim gð Þ� �2
dg

q
ð10Þ

where f exp gð Þ and f sim gð Þ refer to the orientation distribution
functions of the experimental and simulated deformation
textures, respectively.

Fig. 2 Crystallographic textures of samples Mg alloy ZK10 sheet
material tensile tested parallel to the transverse direction (TD) (a–
d) and 45° away from it (45) (e–f). The textures correspond to

(a) undeformed and deformed at ln Z = (b & e) 48.9, (c & f) 31.8, and
(d & g) 19.3 (d & h). Unless provided, all ODFs share the same scale
as Fig. 2. (Color figure online)

b)
TD

45

c)a)

Fig. 3 Low temperature a TD and 45° orientations textures. b Exper-
imental and simulated stress–strain curves of TD and 45° samples.
c Relative slip activity plots of simulated tensile tests. Closed symbols

and lighter lines represent TD samples and opened symbols and darker
lines represent 45° samples. (Color figure online)
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Two separate simulation batches were run to elucidate the
relative effects of tension twinning as well as dislocation
glide and climb slip modes on the high temperature flow.
The first batch varied the tension twinning, <c + a> glide,
and basal climb critical stresses (Fig. 4a–c). It is clear that
climb of basal <a> dislocations is an important mechanism
in the high temperature deformation of ZK10, as soft basal
climb (Fig. 4a) is required to lower the residual error. As
basal climb is deactivated by raising its relative critical stress
(Figs. 4b and c), the total error becomes more dependent on
the CRSS value of < c + a> slip. The simulations per-
formed here suggest a very low CRSS ratio of <c + a> to
basal glide (<1), which is physically unrealistic. This is most
likely due to the exceptionally low r-values measured
(*0.7), since < c + a> slip is known for lowering the strain
anisotropy in textured Mg alloy sheets. Given the fact that
the twin volume fraction is less than 7.5% at any tempera-
ture, it is not surprising that the CRSS value of twinning
does not strongly influence the error. A second batch of

simulations was used to highlight the relationship between
basal climb and non-basal glide. Again, soft basal climb
caused the total error to be nearly independent of prism
and <c + a> glide strength (Fig. 4d). Again, when the crit-
ical stress ssfor basal climb is increased, soft <c + a> glide
is required in order to achieve a lower total error (Fig. 4e and
f). Curiously, the CRSS value controlling prism slip plays a
minor role in influencing the total residual error in these high
temperature simulations.

The optimal CRSS values of twinning, non-basal glide
and climb relative to that of basal glide were used in Fig. 5
to illustrate the best-fit set of parameters to describe the high
temperature deformation of ZK10. The absolute values of
the Voce hardening parameters so and s1 were varied to
match experimental stress–strain curves. It would appear
that <c + a> glide is the dominant mechanism during high
temperature deformation, which would account for the
exceptionally low r-values. Regardless, climb and glide of
basal <a> dislocations still accommodate a significant

Bc/B = 0.5 Bc/B = 1.0 Bc/B = 2.5Fig. 4 Top: a–c Constant prism
CRSS (P/B = 1) and Bottom:
d–f Constant tension twinning
CRSS (TT/B = 1.3). (Color figure
online)

a) b) c)

TD

45

Fig. 5 High temperature-optimized simulations of a TD and 45°
orientations textures. b Experimental and simulated stress–strain curves
of TD and 45° samples. c Relative slip activity plots of simulated

tensile tests. Closed symbols and lighter lines represent TD samples and
opened symbols and darker lines represent 45° samples. (Color figure
online)
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amount of strain (*20% each), which runs counter to tra-
ditional beliefs in climb and glide models for creep which
stipulate that an overwhelming majority of strain occurs due
to dislocation glide.

Conclusions

Measurements of the flow stress, r-values, and texture
evolution during TD and 45° tension of basal textured Mg
alloy ZK10 sheets have revealed three behavioral regimes
corresponding to low (Z\22Þ, intermediate (22� Z� 35Þ,
and high (Z[ 35Þ temperature-compensated strain rates.
Simple constitutive modeling reveals the behavior within
each of these regimes to be characteristic of power-law
creep, power-law breakdown, and thermally activated
plasticity, respectively. Within the high Z, thermally acti-
vated plasticity regime, non-basal slip of <a> dislocations
is shown to prevail, since it is required to produce the
characteristic node-like textures. However, the low
r-values *1.5 appear to be due to increased <c + a> glide
activity, relative to what is observed in alloy AZ31B. The
contribution of twinning to in-plane tensile deformation
was ultimately revealed to be minimal regardless of
Z-value.

A new crystal plasticity model, which incorporates the
strain and reorientation characteristics of dislocation climb is
used to show that the transitions in both the r-value and
texture evolution can be described if one accounts for the
climb of basal <a> dislocations. These results continue to
emphasize the role which dislocation climb has in strain
accommodation and texture evolution, whereas prior work
relegated climb to a role of dislocation recovery alone.
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Interactions of a Basal Edge Dislocation
with Vacancies and Interstitials
in Magnesium

Defei Li, Jing Tang, Zikun Li, Xiaobao Tian, Yan Li, and Haidong Fan

Abstract

As the lightest structural metal, magnesium (Mg) and its
alloys have an important application on aircrafts, and
would work under an irradiation condition, i.e. in outer
space. So it is significant to study the microstructure and
mechanical property of irradiated magnesium. In this
work, we performed molecular dynamics simulations on
the interactions of basal edge <a> dislocations with
interstitials and vacancies. We found that both point
defects have a blocking effect on dislocation motion.
However, the blocking effect of interstitials is much
stronger than that of vacancies. This is due to the different
interaction types. The interstitials are absorbed by the
basal dislocation, so the stronger blocking effect is a result
of the short-range interaction, while the weaker blocking
effect of vacancies is induced by the long-range interac-
tion only since vacancies cannot be absorbed. Current
work is useful for understanding the irradiation effects in
magnesium and its alloys.

Keywords

Magnesium � Basal dislocation � Vacancies and
interstitials � Hardening effect � Molecular dynamics
simulation

Introduction

As the lightest structural metal, magnesium is attracting a lot
of attention in recent years for its potential use in the aero-
space, automotive, electronics, and defense applications [1–
3]. On aircrafts in outer space, magnesium and magnesium
alloys would work under an irradiation condition, where
dense irradiation-induced defects are introduced in the
materials, leading to the degeneration in the mechanical
property and reduction of the service life [4]. So it is sig-
nificant to study the microstructure and mechanical property
of irradiated magnesium.

In the irradiated metals, high-energy particles knock the
crystalline lattice of metallic materials, and leave dense point
defects by collision cascade, such as vacancies and inter-
stitials [5]. During plastic deformation, the point defects
interact with dislocations and have a hardening effect on the
mechanical property [6]. Clouet studied the interactions
between vacancies and edge dislocations in face-centered
cubic (FCC) metals (Al, Au, Cu, Ni) [7]. It was shown that
the vacancy is attractive by the dislocation core above the
slip plane (in the compressive region), while repulsive below
the slip plane. In body-centered cubic (BCC) iron, a vacancy
is repulsed while an interstitial is attracted by a screw dis-
location, but the repulsive effect is weaker [8]. For edge
dislocation in iron, the interaction between a vacancy and
dislocation is far weaker than that with an interstitial [9]. In
Fe–0.3Cu [10] and Fe–9Cr [11] alloys, screw dislocations
are able to reduce the dimensions and density of vacancy-
like clusters by combining interstitial- and vacancy-like
defects. In aluminum, intrinsic mechanism is preferential for
diffusion along a screw dislocation, whereas vacancy
mechanism is predominant along an edge dislocation [12].
After the absorption of point defects, the edge dislocation
climbs, while screw dislocation cross-slips, leading to a
hardening effect on the mechanical property [13].

From the discussions mentioned above, we can see that
the interactions between dislocations and irradiation-induced
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point effects were studied mostly in FCC and BCC metals,
but were rarely investigated in magnesium and magnesium
alloys. Therefore, in this work, we performed molecular
dynamics (MD) simulations to study the interactions of
interstitials and vacancies with basal dislocations, as well as
their hardening effects on the mechanical behavior of
magnesium.

Methodology

In the current work, the interactions of a basal
edge <a> dislocations with interstitials and vacancies are
studied using MD simulations. LAMMPS is used to conduct
all the MD simulations [14]. In order to model the inter-
atomic interaction, the Mg embedded atom method
(EAM) potential that was developed by Liu et al. is utilized
[15]. All atomic structure in the paper are visualized using
software OVITO [16]. A simulation cell with the sizes of
20.5 nm � 60.8 nm � 60 nm, as shown in Fig. 1, contains
initially a basal edge dislocation and interstitials/vacancies.
Periodic boundary conditions are imposed along x- and
y-directions, while free surface boundary conditions along
z-direction.

The edge dislocation is realized by deleting two
half-planes of atoms. The interstitials are introduced by
creating atoms, and the vacancies are introduced by deleting
atoms randomly. The concentration of point defects is varied
from 0 to 8‰. At the beginning of all simulations, an energy
minimization step is performed in order to obtain the stable

configurations of dislocation and point defects in a
stress-free condition. Then, a pure shear strain eyz is imposed
on the free surfaces at a shear strain rate of 1:67� 108s�1 to
move the dislocation towards the point defects [17, 18].

Results and Discussion

The shear stress–strain curves as predicted from the current
MD simulations for different concentrations of vacancies
and interstitials are shown in Fig. 2. As shown in Fig. 2a in
the case of interstitials and vacancies, as the strain increases,
the stress increases linearly in the elastic stage, and increases
nonlinearly in the plastic stage. However, as compared to the
simulations without point defects, the stress level in the
plastic stage increases with the increasing concentration of
point defects, indicating a blocking effect of the point defects
on dislocation motion. In order to see the different blocking
effects of interstitials and vacancies, additional simulations
were performed for interstitials only and vacancies only, as
shown in Fig. 2b, c. By a comparison between the two cases,
we can see that the stress levels of interstitials only in the
plastic stage are much higher than those of vacancies only,
suggesting a stronger blocking effect of interstitials than that
of vacancies.

In order to see the blocking effects of these point defects
quantitatively, we now study the glide resistance stress of the
dislocation. In the simulations, the dislocation starts gliding
at the yielding point. So the yielding shear stress can be
treated as the dislocation glide stress or critical resolved
shear stress (CRSS), here which is the shear stress at a
plastic strain of 0.5‰. Then the blocking stress of the point
defects on dislocation is calculated as the DCRSS, which is
the increment of CRSS with respect to that without point
defects. The blocking stress is plotted in Fig. 3 for the three
cases studied. We can see that the blocking stress as a
function of concentrations increases significantly for the case
of interstitials only, while weakly for vacancies only (even
though the concentration increases to 8‰), again confirming
that the blocking effect of interstitials is stronger. In addition,
the blocking effect of interstitials and vacancies is inter-
medium, which is a mixed blocking effect of interstitials and
vacancies.

In order to explain the different blocking effects of
interstitials and vacancies on dislocation motion, we plotted
the interaction detail in Fig. 4. Here the point defects of
different numbers (i.e. 1, 5, 10, 20, 50) are distributed on the
slip plane of the dislocation, then we can see the interaction
clearly. For the interstitials, i.e. in the simulation of only oneFig. 1 Simulation cell showing a basal edge dislocation and

interstitials/vacancies. (Color figure online)
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interstitial, the interstitial is observed to be absorbed by the
dislocation, forming a jog on the dislocation. The dislocation
is able to glide further while dragging the jog. As the
interstitial number increases, i.e. 5–20 interstitials, the dis-
location absorbs all the interstitials on the slip plane and a
number of jogs are formed on the dislocation line, leading to
the dislocation gliding difficulty. For the case of 50 inter-
stitials, the dislocation still absorbs interstitials, but four
interstitials are released from the jogged dislocation, which
indicates that the capacity of interstitials tends to a satura-
tion. In contrast, the dislocation is observed to absorb no
vacancies at all, as shown in Fig. 4. However, the disloca-
tion is impeded as well since the dislocation line becomes
un-straight. This is because of the long-range interactions
between the dislocation and vacancies.

Conclusions

Molecular dynamic simulations were employed to investi-
gate the interactions of a basal edge <a> dislocation with
interstitials and vacancies as well as their blocking effect on
dislocation motion in magnesium. It was shown that both
interstitials and vacancies have a blocking effect on dislo-
cation motion, while the blocking effects are different as the
point defect concentration increases. The blocking effect of
interstitials is much stronger than that of vacancies. Such
different blocking effects origin from the different interaction
types. The interstitials are absorbed by the edge dislocation
(short-range interactions), leading to a stronger blocking
effect, while vacancies are not absorbed, leading to a weaker
blocking effect by long-range interactions only.

Fig. 3 The blocking effects of interstitials and vacancies as a function
of the concentration. (Color figure online)

Fig. 2 Shear stress–strain curves at different point defect concentra-
tions. a interstitials and vacancies (i + v); b interstitials only (i);
c vacancies only (v). (Color figure online)
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Fig. 4 Interaction of dislocation
with interstitials and vacancies.
(Color figure online)
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Three-Dimensional Interaction of 10�12f g
Twin with Tilt Boundaries in Mg: Twin
and Dislocation Transmission

Khanh Dang, John Graham, Carlos N. Tomé, and Laurent Capolungo

Abstract

While both dislocations and deformation twins accom-
modate plastic shear, the former are linear and the latter
are three-dimensional domains bounded by complex
interfaces. Therefore, the transmission of twins is much
more complex than that of dislocations. In this work, we
characterize the reactions and possible scenarios of
associated interactions between twins and tilt boundaries
using both atomistic and phase-field simulations. We find
that the interaction is a competition between slip and twin
transmission, depending on the geometrical alignment of
the slip and/or twinning systems, resolved shear stress,
and short-range interactions between intrinsic defects
within the twins and grain boundaries. More importantly,
we find that lateral twin transmission is easier than the
forward twin transmission. We use a phase-field model to
systematically investigate the role played by interfacial
properties of the twin, such as facet energies and
mobilities, on lateral and forward transmission into
neighboring grains.

Keywords

Twinning � Twin GB interaction � HCP metals �
Atomistic simulations � Phase field simulations

In polycrystals, twin growth is often influenced by its
interactions with other structural defects such as dislocations
[1], other twins [2], and grain boundaries (GBs). The inter-
action between dislocation and GBs has been extensively
studied both experimental, theoretically and computation-
ally. On the other hand, twin-GB interactions are typically
analyzed by [3–11] adopting and adapting criteria for dis-
location transmission across GB interactions, which may not

be totally appropriate. While both dislocations and twins
accommodate plastic shear, they are fundamentally different.
The former are line defects while the latter are 3-dimensional
domains bounded by interfaces/facets. As a consequence,
the propagation of twins and their interactions with GBs are
much more complex than those of dislocations. Further,
insight about the structure and mobility of twin facets is
essential to understand twin morphologies, growth and
eventually transmission or lack thereof across grain
boundaries.

Therefore, the goal of this paper is to characterize the
reactions, possible transmission scenarios, and controlling
factors associated with the twin interaction with grain
boundaries. In this work, the forward and lateral interactions
between 10�12f g twin and tilt grain boundaries in Mg has
been investigated using the combined approach of molecular
dynamics (MD) and phase-field (PF) simulations. The out-
comes of the interactions are summarized in Fig. 1 where the
twin can get completely absorbed, transmit through the GB,
or dislocations/stacking faults can be emitted from the GBs.
Atomistic simulations of the interaction between the 10�12f g
twin and tilt boundaries in magnesium are performed using
the classical atomistic simulation code LAMMPS [12]. The
modified embedded atom method (MEAM) interatomic
potential developed by Wu et al. [13], which is a reparam-
eterization of a prior MEAM potential by Kim et al. [14], is
used to model Mg systems due to its accurate reproduction
of the lattice parameters, cohesive energy, and defect ener-
gies. Open Visualization Tool (OVITO) and its Dislocation
Extraction Algorithm (DXA) is used to visualize and analyze
the results from atomistic simulations [15, 16].

Figure 2 shows the configurations that are used to study
the forward and lateral interactions between 10�12f g twin
and tilt grain boundaries in Mg. Specifically, one grain is
oriented such that the X, Y, and Z axes are along η ( �1011½ �),
K( 10�12f gÞ, and k ( �12�10½ �) directions, respectively. The 2nd
grain is rotated by ho about the certain axes relative to the 1st
grain. The GB plane is always positioned normal to either η
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or k to allow perfect forward and lateral interactions,
respectively, instead of mixed interactions that commonly
used in previous MD studies with symmetric tilt grain
boundaries [17]. Depending on the axis of rotation, different
types of tilt grain boundaries can be studied. Here, two types
of tilt grain boundaries are considered. Type I tilt boundaries
are boundaries whose axes of rotation are k and η for the
forward and lateral interactions, respectively. On the other
hand, type II tilt boundaries have axes of rotation parallel to
the K direction. This allows a more direct comparison
between lateral and forward interactions of the twin with the
GBs since the geometric factor and global resolved shear
stress of both cases are identical. For each configuration, five
different h angles are investigated to understand the role of
misorientation angle to the outcome of the interactions as
shown in Fig. 2.

Results from this study show that in addition to the
geometric alignment parameters, several factors can influ-
ence the outcomes of the twin-GB interactions. First, both
global resolved shear stress on the slip system and twinning
modes of the neighboring grain plays a major role in the
outcome of the interactions. Compared to the twinning event
(transmission or nucleation), basal dislocation emission has
much lower critical shear stress for activation, which is in
qualitative agreement with experimental results on
micropillars [18]. There are differences in the outcomes of
forward and lateral interactions between twin and GBs.
Using phase-field simulations, these differences are likelyFig. 1 Possible outcomes when twin interact with a grain boundary.

(Color figure online)

Fig. 2 Atomistic simulations
performed in this work. (Color
figure online)
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due to (1) the short-range interaction between the intrinsic
defects within the twin facets and the grain boundary as well
as (2) the local resolved shear stress.
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Thermally Activated Nature of Basal
and Prismatic Slip in Mg and Its Alloys

Mohammed A. Shabana, Jishnu J. Bhattacharyya, Marek Niewczas,
and Sean R. Agnew

Abstract

Throughout the literature, a large discrepancy exists
among the activation volumes reported for Mg and its
alloys. The present work surveys the reported values for
basal and prismatic <a> slip of pure and alloyed Mg
single crystals as well as polycrystals. A focus is placed
on recent results obtained for rare earth element solutes,
Sc and Y. The measured values are discussed in light of a
recently developed predictive model for thermally acti-
vated basal-solute interaction in Mg alloys. It is found that
if the single crystal activation volumes for basal slip in
solid solution alloys are computed using the total stress
instead of a presumed “thermal component” of the stress,
i.e. admitting that thermal fluctuations can aid in over-
coming any obstacles present in those materials, then the
experimental results are in much better accordance with
the theoretical predictions. Possible implications of the
combined activities of different deformation modes on the
activation volume of pure and alloyed Mg polycrystals
are briefly introduced. Finally, using polycrystal
elasto-viscoplasticity modelling, it is shown that under
conditions relevant to tests performed on polycrystalline,
solute-containing binary Mg alloys, basal slip can be the
dominant deformation mode at 0.2% offset strain at which
the initial activation volume is often assessed.

Keywords

Strain rate sensitivity � Thermal activation � Activation
volume � Solute-strengthening � Haasen plot

Introduction

One of the established frameworks for investigating the
thermodynamics and kinetics of plasticity is to seek rela-
tionships between applied uniaxial stress (r) and the plastic
shear strain rate (_ep). We begin with the Orowan equation

_ep ¼ qmb�v
ð1Þ

which involves qm the mobile dislocation density, b the
magnitude of the Burgers vector of those dislocations, and �

v
the average dislocation velocity. For a mobile dislocation to
sweep an area, it has overcome obstacles, such as the Peierls
barrier, solute atoms, or forest dislocations. Thus, �

v is
described by an Arrhenius relationship in which the activa-
tion energy barrier DG sð Þ is taken to be a function of the
resolved shear stress (s) on the slip plane.

�
m
¼ m0ke

� DG sð Þ
kTð Þ ð2Þ

where m0 is a microscopic attempt frequency, k is an effec-
tive dislocation displacement, k is the Boltzmann’s constant,
and T is temperature. The shape of the free energy–stress
profile is often assessed in terms of the first-order Taylor
series expansion,

DG sð Þ ¼ DG0 þ s
@DG sð Þ

@s
ð3Þ

where the slope of the free energy profile can be thought of
as an activation “volume” (DV), which can be related to the
area swept by the dislocation during an activation event by
dividing the Burgers vector Da ¼ DV

b

� �
.
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DV ¼ � @DG sð Þ
@s

ð4Þ

The scale of this activation volume (or area) has come to
be associated with various obstacles that may control the
relationship between applied stress and strain rate. Experi-
mentalists assess this activation volume using either strain
rate jump or stress relaxation tests. The strain rate jump test
permits assessment of the steady state Strain Rate Sensitivity
(SRS) parameter (also denoted m) through the measured
instantaneous stress change (Dr) between two different
strain rates using the methodology described by Basinski [1]
and Wagoner [2]. This is possible due to the fact that m is
expressed in the form of

m ¼ @lnr
@ln_ep

¼ Dr
rDln_ep

ð5Þ

In the case of stress relaxation testing, the SRS can still be
determined since the plastic strain rate during stress relax-
ation is equivalent to the negative ratio between the time
derivative of the stress ( _r) and the effective elastic modulus
(Eeff ) of the sample and machine, _ep ¼ � _r=Eeff . As descri-
bed by Caillard and Martin [3], the stress rate can be
obtained by fitting the recorded stress change with time with
a logarithmic function and then taking the time derivative of
the fitted expression. In either case, differentiating Eq. (1) to
obtain the SRS and simplifying the resulting differential
leads to

@ln_ep
@lns

¼ � s
kT

@DG sð Þ
@s

¼ sDV
kT

ð6Þ

If one performs experiments on single crystals, the rela-
tionship between the applied stress state and the resolved
shear stress (s) on the active slip plane is readily obtained
through the Schmid law. For polycrystalline cubic metals, it
has frequently been adequate to assume conditions of
“polyslip” within each of the grains during macroscopic
plasticity, and hence, s is reasonably related to r by the
upper bound approximation, the Taylor factor (M) by r ¼
Ms: Under these conditions, the relationship between the
rate sensitivity and the activation volume may be simply
expressed as

DV ¼ MkT

rm
ð7Þ

and the Haasen plot representation of this relation simply
obtained by substituting Eq. (5) into the inverse of Eq. (7) as

1
DV

¼ Dr
MkTDln_ep

ð8Þ

We do not dwell on the complications associated with
parsing total and mobile dislocation densities or with the
detailed role of machine compliance, as these have been
treated extensively elsewhere, [3] and are common to all
such analyses. Rather, we discuss some of the specific
complications which arise when seeking to perform this type
of analysis for non-cubic metals, such as Mg and its alloys.
For example, it is important to note that in non-cubic
materials e.g. Mg polycrystals, a variety of slip/twin modes
may be active, and one needs to be careful when using the
Taylor factor M in the traditional sense, as introduced in
Eqs. (7) and (8). An alternative has recently been proposed
by some of the authors, in which crystal plasticity modeling
is used to obtain an effective Taylor factor [4]. We begin
with a review of relevant single crystal and polycrystal data
and theory, seeking to provide some clarity to an otherwise
confusing collection of results and theories. We then propose
paths forward for researchers to relate insights from theory to
practice.

Activation Volumes in Mg and Its Alloys

Table 1 summarizes all the values of activation volume at
yield for the different slip conditions that are discussed
throughout this section. It also contains values that were
computed using the Leyson-Curtin model [5] and the theory
from Yasi et al. [6] for non-basal (prismatic) slip. By ana-
lyzing the values of DV for the different cases presented in
Table 1, it is convenient to categorize the activation volume
values into three groups: high for basal slip and low for
prismatic slip in pure single crystals, and intermediate for
basal slip in alloys and both pure and alloyed polycrystals.

Basal Slip in Pure and Alloyed Mg Single Crystals

Throughout the literature, the activation energy is often
taken to be a function of the “thermal stress,” s� ¼ s� sG;
since some long-range barriers induce a level of back-
stress,sG, on dislocations that cannot be overcome by ther-
mal activation. Examples of obstacles which are expected to
induce such an “athermal” barrier to dislocation motion
include grain boundaries and large, unshearable particles. On
the other hand, researchers have often observed an “athermal
plateau” in the flow stress above a certain temperature,
above which the flow stress only decreases in so much as the
relevant shear moduli of the material decrease with tem-
perature. Because of this, researchers have reported activa-
tion volumes as a function of the thermal stress,s�, often
with rather complex deconvolution schemes [16, 17] used to
extract this value from the applied stress,s. Furthermore,
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researchers have rather arbitrarily assigned mechanisms
responsible for the athermal stress, such as forest disloca-
tions, [7] which are otherwise known to be obstacles
potentially overcome by thermal activation.

Leyson et al. [5] have recently proposed a theory for the
thermally activated flow of basal oriented single crystals,
which obviates the need to distinguish between the thermal
and athermal portions. The origin for the apparent athermal
plateau is explained in their paper as due to broad dislocation
core spreading that results in two different activation ener-
gies, one of which is large (of order *10 eV). This leads to
a transition in the dominant activation energy configuration
with increasing temperature; a transition that is indicated by
a “plateau” at the high temperature regime in the strength vs
temperature plot. The high energy barrier results in a very
weak dependence of strength upon temperature in the higher
temperature regime. Per Leyson’s proposal, reports of the
activation volumes, in Mg alloy single crystals oriented for
basal slip, have been re-examined without the assumption of
an “athermal” stress and these activation volumes are
reported in Table 1.

Conrad et al. [17] derived activation volumes for basal
slip (DVbasal) of pure Mg single crystals. Akhtar and
Teghtsoonian [7] performed a similar analysis and con-
cluded that pure Mg single crystals have DVbasal � 2�
104b3 after they remove an athermal stress component.

These values are similar to those observed by numerous
researchers who have examined pure FCC metal single
crystals, including a recent study by Bochniak [18]. How-
ever, the value at yield is approximately 2000 b3 if one
employs the entire stress (i.e.s, without subtracting off an
athermal component sG). A recent study by Bhattacharya
and Niewczas [8] reinvestigated the thermally activated
plasticity of single crystal pure Mg oriented for basal
single-slip, using strain rate jump tests and found the acti-
vation volume, DVbasal � 900 b3, at yield under ambient
temperature conditions. The precise reason for the discrep-
ancy between one data set and the next is not known, but
two possibilities are variations in the grown-in dislocation
density (which remained even after pre-annealing) and dif-
ferences in the impurity level within the nominally pure Mg
samples. At higher strain levels and higher associated dis-
location densities, the activation volumes are observed to
similarly decrease. Ultimately, our interest here is in alloys
in which the reported variations are not nearly large, so the
discrepancies in the activation volumes of pure single
crystals oriented for basal slip is not alarming.

Miura et al. report a value of 2000 b3 for Mg-0.5%Dy
after assuming the presence of a thermal and athermal
component to the applied stress [9]. However, accounting
for the total stress reveals DV ¼ 313 b3 at RT. This value is
in agreement with the one obtained by using the

Table 1 A summary of the
typical values of activation
volume at yield for the different
slip conditions examined in
Activation Volumes in Mg and Its
Alloys

Test Orientation Mg Species DV(b3)

78 K 298 K

Single Crystal Basal Slip Pure – 2000 [7]
400 [8]

900 [8]

Alloyed Zn (0.15–0.45 at
%)

240–430 [7]
110–230a

–

Al (0.237–1.63 at
%)

70–220a –

Y (0.5 at%) 75a 299 a

Y (1 at%) 55a 60 [9], 188 a

Dy (0.5 at%) 76a 313 [9], 303 a

Single Crystal
Prismatic <a> Slip

Pure – 5 [10] 50 [10], 30 [11]
30 b

Alloyed Zn (0.258–0.45 at
%)

15–20 [10] 15–35 [10]

Li (7.9, 12.9 at%) 25–50 [12] 100 [12]

Polycrystal Pure – 300 [13] (at
87 K)
261 [14]

200 [13] (at
197 K)
132 [14], 146
[15]

Alloyed Sc (0.2–0.4 at%) 122–193 [14] 383–531 [14]

Y (0.3–1.3 at%) 41–245 [15] 137–174 [15]

Note The values with (a) sign, were obtained using the Leyson-Curtin model [5]. The values with (b) sign,
were obtained using the theory from Yasi et al. [6]
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Leyson-Curtin model [19, 20] for Mg-0.5%Dy
(DV � 303 b3) at ambient. However, a discrepancy arises
when this concept is applied to Mg-1%Y; the reported
activation volume is about 1200b3 [9], and it becomes about
60b3 when the total stress is employed in the DV calculation.
The Leyson-Curtin model prediction is much larger. We
note that the theoretically predicted DV for Mg-0.5%Y and
Mg-0.5%Dy were found to be the same at the cryogenic and
ambient temperatures shown in Table 1. Finally, it is worth
noting that the Leyson-Curtin model was also used to predict
the behavior of single crystal Mg–Al and Mg-Zn alloys by
Tehranchi and Curtin [21], and the activation volumes
implied by their predictions are in the low hundreds of b3 for
both Mg–Al and Mg-Zn. These predictions are only a factor
of two off from the experimental observations, and such
predictions are admittedly challenging, relative to predicting
the flow stress values [7].

Thus, for basal slip, all the alloys reported in Table 1
(except for Mg-1%Y) show corrected activation volume
values consistent with the Leyson-Curtin model when the
total stress is used. The presently observed general agree-
ment between the Leyson-Curtin model and existing
experimental observations provides a new lens through
which to reconsider Basinski’s observation of
“stress-equivalency” in a wide range of FCC metal alloys
and HCP Mg alloys oriented for basal slip [22]. Note
however that previous researchers observed that the dislo-
cation density in the material increased as the solute content
was increased [7]. It is interesting that the contribution of
this increased dislocation density to the apparent “athermal”
plateau did not need to be taken into account to obtain
agreement with experiments performed on Mg-Zn, Mg–Al,
and Mg-0.5%Dy [21]. The effects of dislocation–dislocation
interactions in the presence of solute are the subject of
ongoing study, and it is speculated that they may help to
explain the observed discrepancy for the case of Mg-1%Y.

Prismatic Slip in Pure and Alloyed Mg Single
Crystals

A few studies have focused on the thermally activated nature
of prismatic slip of <a> dislocations in pure Mg. One of the
most often cited studies was performed by Ward-Flynn et al.
[11], whose data suggest an activation vol-
ume,DVprism ¼ 30b3, near ambient temperatures, as reported
by Couret and Caillard [23] and Yasi et al. [6]. Couret and
Caillard as well as Püschl [24] go on to report the possibility
of quite small activation volumes (DVprism � 10b3) for sin-
gle crystal prismatic slip in pure Mg. More importantly, they
highlight the fact that a single mechanism of prismatic
“cross” glide, which they denote as the double-jog (or

double-kink) mechanism occurs over a wide range of tem-
peratures from 50 to 650 K as opposed to transitioning to a
single bow-out mechanism at low temperatures and high
stresses. This is rationalized as due to the fact that the stable
configuration for <a> dislocations in Mg is dissociated
within the basal plane, regardless of the plane of motion
[23].

Akhtar and Teghtsoonian [10] examined the effect of
solid solution alloying on the thermally activated response of
single crystals oriented for prismatic slip and found DVprism

to be in the range of 15b3 � 35b3 at RT for Mg-Zn alloys of
different concentrations and � 50b3 for pure Mg. Below
ambient temperatures, DVprism does not seem to change
much (� 15b3 � 20b3) for the alloys while it becomes
� 5b3 for pure Mg. Ahmadieh et al. [12] investigated the
same for single crystal Mg-Li alloys and found DVprism �
100b3 around ambient which decreases to small tens at lower
temperatures. These observations make sense in light of the
fact that prismatic slip is a hard slip mode in which a large
pseudo-Peierls barrier is overcome via the aforementioned
double-kink mechanism [6, 23, 24]. Conceptually, the
addition of solutes can either increase or decrease the acti-
vation volume because the softening observed at low tem-
peratures is associated with solute-induced easing of kink
formation and solute hardening observed at higher temper-
atures is associated with an increased difficulty of kink
motion [6].

Pure and Alloyed Mg Polycrystals

For polycrystalline pure Mg, a study by Sastry et al. [13]
examined the activation volumes at 87 and 197 K. The
values were extrapolated from the reported activation vol-
ume plot and were found to lie between 200b3 and 300b3 for
fine-grained (3 lm) pure Mg polycrystals. Sastry also
examined the case of 30-lm grains, and the activation vol-
umes were much higher than in the fine-grained case. Other
studies investigated other commercial polycrystalline Mg
alloys including the ones made by Lukáč and Trojanová [25]
and Trojanová et al. [26] for AZ31 and AZ63, respectively.

There are several published works by Silva et al. [14, 27,
28] which discuss Mg-Sc polycrystals. It is helpful to refer to
the Mg-Sc phase diagram by Kang et al. [29] which
demonstrates the limited solubility of Sc solute atoms in Mg.
In fact, the phase diagram indicates that Sc is nearly insol-
uble in Mg at ambient temperatures. Silva et al. [28] reported
the presence of precipitates—scarce but present—noting that
it was difficult to produce Mg-Sc solid solutions. Silva [14]
reported activation volumes in the small hundreds of b3 for
alloys with 0.2, 0.3, and 0.4 at% Sc. In another study, Jia
[15] reports on the thermally activated plasticity of Mg-Y
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solid solution alloyed polycrystals. Here, the activation
volume data are reported to be in the order of tens to small
hundreds of b3 as shown in Table 1. Both Mg-Sc and Mg-Y
are further discussed in the terms of the so-called Haasen
plot.

Haasen Plot for Binary Mg Alloy Polycrystals

A plot of the inverse activation volume as a function of the
flow stress is called a “Haasen plot” in the literature. This
plot is developed on the premise of the Cottrell-Stokes Law,
which states that the (CS) ratio of flow stresses of a material
at two different temperatures, for a specified strain rate, does
not depend on the level of strain hardening [30]. Peter
Haasen [31] mentioned that the Cottrell-Stokes law would
still be valid with additional contribution to the flow stress
and determined that a difference between flow stresses (in-
stead of the CS ratio) would present a linear relationship
with flow stress. Since a change in temperature leads to
changes in the elastic modulus and the dislocation core
configuration, an analogous understanding of the
Cottrell-Stokes Law was developed by employing a strain
rate change at a specified temperature instead of a temper-
ature change at a specified strain rate [32]. This change in
flow stress with respect to a change in strain rate corresponds
to our definition of SRS. Thus, the stress change and the
SRS can be related to the inverse of the activation volume by
Eq. (8). The Haasen plots obtained from up-jump tests of
Mg-Sc and Mg-Y at 78 K are presented in Fig. 1. We note
here that Silva [14] and Jia [15] performed both up-jump and
down-jump tests, showing similar trends, so the up-jump
data are deemed representative.

Two things are evident from the figure. First, for pure,
polycrystalline Mg as well as for all the alloys, the data are
linear and secondly, it appears that neither Sc nor Y addi-
tions change the slope of the Haasen plot, with respect to
that of the pure Mg. A constant SRS (i.e. the Haasen plot
slope) with straining suggests that the generalized
Cottrell-Stokes law holds, and the activation volume, DV
decreases with strain hardening as 1=ðr� r0Þ. The intercept
of the Haasen plot provides valuable information regarding
the solute interaction with dislocations at yield and the slope
of the Haasen plot provides insight about the effect of solutes
on dislocation–dislocation interaction. The results are con-
sistent with a simple linear superposition law for the inverse
activation volumes of the two obstacles to dislocation
motion (solute and forest dislocations).

Figure 2a shows a plot of the intercept of the Hassen plot
(Fig. 1) as a function of solute content. Interestingly, the
intercepts for both Sc and Y solutes appear to linearly
increase with solute addition. However, it is hard to be

certain for Sc due to its limited solubility in Mg. For both Sc
and Y, the data from the alloys would extrapolate close to
the origin, indicating that the activation volume is large (as
expected) for the pure material (i.e. zero solute content). The
actual measurement from the pure polycrystalline Mg sam-
ples, on the other hand, has an intercept value of *0.008,
which may be due to impurities present in the alloys (and we
note that commercial purity 99.8% material was employed in
the study), or it could be due to the composite effect of
simultaneous activity of basal and prismatic slip within the
polycrystal, as discussed in the polycrystal plasticity mod-
elling Polycrystal Modeling below.

Figure 2b shows the SRS obtained from the Haasen plot
as a function of solute content. This plot shows that the SRS
values lie within 0.006 and 0.008, for both Sc and Y. In
other words, it appears insensitive to solute content. The
1.30 at% Y data may be an outlier, so it is difficult to con-
clude whether the SRS actually increases at higher solute
content or if this is related to some other factor such as the
fact that the grain size of this sample was much smaller for
this sample than in the other Mg-Y samples [15]. Recall that
Sastry noted a decrease in DV (increase in SRS) for finer
grain sizes in pure Mg polycrystals. The similarity in the
Haasen plot intercept and the SRS for Sc and Y solutes at
78 K, suggests that they are not that different with regards to
thermal activation despite the fact that Y is predicted to have
much stronger interaction energies than Sc [33] and again
raises questions concerning “stress equivalency” [22]. It is
important to note that the Haasen plot analysis at ambient
temperatures leads to a very different result; both Mg-Sc [14]
and Mg-Y [15] show a strong decrease in slope at RT, even
reaching negative values which is likely associated with
dynamic strain aging (DSA), and this is the focus of an
ongoing study.

Polycrystal Modeling

Crystal plasticity modeling enables parsing the contributions
from different deformation modes in non-cubic metals and
alloys like Mg, where multiple modes can potentially be
active. Out of several homogenization schemes often
employed in crystal plasticity models, an Elasto-ViscoPlastic
Self-Consistent (EVPSC) polycrystal plasticity code is used
in the present work to demonstrate the effect of having
multiple modes active in a polycrystal. The description of
the model is detailed elsewhere [34–37], hence is not repe-
ated here for brevity. A key point to keep in mind is that the
viscoplastic constitutive response is described by a power
law flow rule: _ep ¼ _c0

P
im

a ma:r
sa

� �n
where, _c0 is the reference

shear rate, ma is the Schmid tensor, r is the grain level stress,
sa is the current threshold stress of slip mode i, and n is the
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stress exponent (i.e., the inverse of Eq. (5)). For the present
work, the stress exponents reported by Wang et al. [38] for
Mg alloy AZ31B are used, i.e. the n value for basal, pris-
matic, <c + a> slip, and extension twinning are 100, 80, 33
and 120, respectively.

The stress–strain response and the corresponding relative
activities for a uniaxial test along the rolling direction

(RD) of a moderately basal-textured Mg polycrystal sheet is
shown in Fig. 3. The texture employed for this simulation
has a maximum strength of *4 m.r.d, typical of low
solute-containing Mg-Y alloys [39]. For the purpose of
demonstration, the simulations were carried out using Voce
parameters that are typical of Mg-Y alloys e.g. where the
ratios of the critical resolved shear stresses (CRSS) for basal,
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prismatic, <c + a> slip, and extension twinning are 1:5:6:4,
respectively [40]. On the stress–strain curve, the 0.2% offset
line, typically used to determine the yield stress, is shown.
The yield stress thus obtained is *150 MPa, and the strain
value corresponding to this stress is 0.0055. It is evident
from the relative activity plot that up to a strain-level
of *0.006, basal slip is the dominant deformation mode. At
a strain of 0.006, the prismatic slip is activated, which results
in a reduction in the basal slip activity. This suggests that the
activation volume at the 0.2% offset yield condition would
resemble that of the basal slip rather than the prismatic slip
for these polycrystals. This is indeed observed in Table 1
and Fig. 2, where, depending on the exact composition, the
polycrystal activation volume values for Y containing alloys
are found to be 41–245 b3. These values are consistent with
the theoretical predictions of the Leyson-Curtin model for
basal slip in Mg-Y alloys shown in Table 1.

Conclusions

1. The activation volume predictions of the Leyson-Curtin
model for basal slip in solute-containing Mg alloys are in
general agreement with that reported in the literature,
provided the total stress instead of the “thermal” stress is
used to recalculate the experimental activation volume
values.

2. The generalized Cottrell-Stokes law holds for the binary
solid solution Mg alloys with the rare earth elements, Sc
and Y, tested at 78 K and the inverse of their activation

volumes at yield show a linear relationship with
composition.

3. For both Mg-Sc and Mg-Y polycrystals, the SRS values
at 78 K lie within 0.006 and 0.008, over the range of
compositions investigated, and it appears that the SRS is
insensitive to the amount of solute present.

4. The activation volumes at yield lie between 41 and 245
b3 for Mg-Y polycrystals, with Y solute content ranging
from 0.3 to 1.3 at.%, and these values are consistent with
the theoretical predictions of the Leyson-Curtin model
for basal slip in Mg-Y alloys.

5. Polycrystal plasticity simulations reveal that basal slip is
the dominant deformation mode at the 0.2% offset strain,
in a moderately textured (*4X random) Mg- Y alloy
sheet, thereby helping to explain the similarity between
the thermal activation of single crystals oriented for basal
slip and polycrystals.
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Mechanisms and Machine Learning
for Magnesium Alloys Design

Zongrui Pei

Abstract

We will show our extensive high-throughput studies for
magnesium alloys through both the dislocation and
twinning mechanisms. Possible descriptors for the mech-
anisms are explored and a united picture is demonstrated,
which is consistent with available experiments. There are
two major contributions of this work, i.e., (i) The
relationship between two well-acknowledged deformation
mechanisms based on dislocations is clarified;
(ii) Machine-learning models show that it is possible to
design ductile magnesium alloys without the prior
knowledge of deformation mechanisms.

Keywords

Deformation mechanisms � Ductility �Machine learning� Magnesium alloys

Introduction

Traditional alloy design strategy is trial-and-error, which is
time-consuming and economically expensive. With the rise
of density functional theory and machine learning,
high-throughput materials design gradually becomes an
important alternative to the traditional strategy. High-
throughput materials design can be arguably classified into
two groups [1]: (i) descriptors-based high-throughput cal-
culations and (ii) machine-learning models. Identifying
descriptors usually requires us to firstly find the critical
mechanisms determining the physical properties, e.g., the

plasticity of magnesium (Mg). Mechanisms that play either
directly (causal relations) or indirectly (correlative relations)
roles in determining the physical properties can be good
candidates for descriptors. The effectiveness of descriptors
lies in the strong correlative relations, and both correlation
and anticorrelation are of equal effectiveness. This is an
excellent property of descriptors that makes them work
effectively. In contrast to correlations, causal relations are
usually more difficult and expensive to identify. The causal
relations between descriptors and physical properties are
more important for understanding the physics in a problem
than for materials design. Even so, identifying effective
descriptors by experiments and/or simulations can still take
unacceptable long time. There is an urgent need to find
systematic methods to construct effective and computation-
ally inexpensive descriptors without the need for under-
standing the physics. Excitingly, there are some proceedings
in this direction, e.g., the emergence of so-called SISSO
algorithms [2] and its application to find new descriptors [3].

Different from descriptor-based methods, machine learn-
ing (ML) does not require a thorough understanding of the
mechanisms at all. It connects the input information/
parameters with the mechanical properties numerically,
which can be done in minutes, given sufficient experimental/
simulation data is available. Recently, ML studies are
boosted by the emergence and growth of quantum–me-
chanical databases, e.g., Nomad [4], Aflow [5], OQMD [6],
Materials Project [7], Materials Cloud [8], just to name a
few.

The rise of ML attracts many materials scientists to
explore its potency in materials science applications. ML is
dominantly used as a mathematical tool, a black-box tool
that follows a similar mechanism as human–environment
interaction [9]. Actually, the ML methods can contribute to
understand the transparent physics in materials science as
well [10]. This exciting direction is worth more efforts to
explore.
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The above ideas will be demonstrated by examples of Mg
alloys. Mg and its alloys are among the lightest metallic
structural materials available on the earth. Given the high
specific strength and the high reserve of Mg in the earth
crust, Mg alloys are promising materials for automobile and
aerospace industries. However, Mg alloys suffer from lim-
ited ductility that hinders their wide applications in these
sectors. Designing ductile Mg alloys with affordable price is
one of the central topics of the Mg community. In this
proceeding, we will demonstrate how mechanisms and
machine learning can contribute to the design of Mg alloys
with enhanced performance.

Results and Discussion

The I1SFE and YSI Descriptors

Researchers at Max-Planck Institute for Iron Research
identified an effective connection between the enhanced
ductility of binary Mg alloys and reduced stacking fault
energies (SFEs) based on transmission electron microscopy
(TEM) analysis and density functional theory (DFT) calcu-
lation [11–15]. They used pure Mg and Mg-3wt.%-Y as
samples in the tensile tests and TEM analysis. Mg-3wt.%-Y
shows a five-time better ultimate tensile strain than pure Mg.
TEM observation and DFT calculations confirmed that a
small amount of yttrium renders basal <a> dislocations [16]
and <c + a> dislocations [12, 15] more active.

The importance of <c + a> dislocations has been exten-
sively discussed since 1981 [17–19], because they are the
only dislocations that can supply the out-of-basal-plane strain
in additional to the <c> dislocations. The out-of-basal-plane
strain is required by the von Mises’ law for arbitrarily
adjustable deformation. In Ref. [11, 15], the yttrium-
promoted activity of <c + a> was identified to be strongly
correlated with stacking faults (SF), i.e., the present of
intrinsic I1 SFs. Both the dislocations and SFs are more active
in Mg-Y alloys than pure Mg. The connection between I1 SF
and {11–22} <11–23> dislocation is that the latter can dis-
sociate to generate the former bounded by two <c + a>
partial dislocations. With this connection the authors argued
that I1 SFs may act as the nucleation source of the impor-
tant <c + a> dislocations. Not much attention was paid to
this correlation prior to the studies. Although further inves-
tigations are needed to clarify the <c + a> mobility, the I1
SFE is arguably one of the best descriptors identified so far to
screen for ductile binary/ternary Mg alloys. For example, the
I1 SFE criterion identifies only the rare-earth (RE) elements
can ductilize Mg among all hcp and double hcp (dhcp)
structure elements, and the group of non-RE ones do not have
such an effect. Experiments on several Mg-RE alloys indeed
supported the predictions [13]. Pei et al. extended the

searching of solutes to the whole Periodic Table of Elements
and confirmed that there are almost no new elements can
independently ductilize Mg in addition to the RE ones [20]. It
is worth mentioning that some alkaline earth elements are
around the boundary of the two groups according to our
criterion, so their behavior cannot be predicted. Interestingly,
lithium, one of the unpredictable elements, was experimen-
tally confirmed to improve the ductility of Mg [19].

To identify affordable Mg alloys without RE elements, Pei
et al. continued searching for two elements (i.e., solute pairs)
among the 76 promising elements after excluding rare gas,
radioactive elements, etc. This yields combinations of 76(76–
1)/2 = 2850. A searching space of this size makes DFT cal-
culations of I1 SFE unpracticable. They proposed a new
descriptor based on the correlations between SFE and ele-
mental properties, i.e., elemental volume (V), electronega-
tivity (m), and bulk modulus (B). The three properties were
identified as the strongest correlated ones with SFEs. The new
descriptor, so-called yttrium similarity index (YSI) measures
the distance/similarity between an element/element pair and
yttrium in the three-dimensional space. As an extensively
studied element in Mg, yttrium is naturally chosen as the
reference. Mathematically, YSI is expressed by [20]

YSI ¼ 1�
X

i
ci ai � aYi
� �� �1=2

ð1Þ

where ai represent the three elemental properties of V , m and
B for one element or element pair, and aYi are the same
properties of yttrium. Coefficients ci are determined by linear
regressions. According to the correlation between YSI and I1
SFE, when YSI > 0.84, the element or element pair are
promising to ductilize Mg. The higher the YSI, the more
promising the candidate. For element pairs, concentration-
averaged physical properties are used. The predictions of
YSI for ternary systems are shown in Fig. 1. Yellow regions
are the most promising element pairs. Interestingly, there are
still non-RE pairs with YSI as high as 0.95. After applying
the screening criteria of high element solubility and low cost,
we have only one pair left, i.e., Al-Ca, pointing to Mg–
Al-Ca alloys. The affordable Mg–Al-Ca alloys were exper-
imentally confirmed to be much more ductile than pure Mg
without loss of strength [21], demonstrating the effectiveness
of YSI and I1 SFE.

The Relation Between Two Ductility Mechanisms

One of the concerns on <c+a> dislocations is their mobility
reduction due to dislocation dissociation into the basal plane.
Focusing on the screw <c + a> dislocations, Wu et al. pro-
posed a different mechanism that may improve the mobility
of the <c + a> dislocations. They argued that if the <c +
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a> screw dislocation cross-slip from the pyramidal II plane
to pyramidal I plane, the high mobility may retain. RE ele-
ments like yttrium may be beneficial to this process [22].
Like the mechanism introduced in Sect. 2.1, this mechanism
needs more studies to clarify their actual role in the defor-
mation process. There are questions that cannot be answered
at the moments. For example, it is unknown whether <c +
a> screw dislocations are the deformation carrier or not.
Since the <c + a> screw dislocations can also dissociate into
the pyramidal I plane, it is not clear if this dislocation con-
figuration is indeed as beneficial to dislocation mobility as is
expected, although there are some implications.

Clarifying the controversies in the two ductility mecha-
nisms is a long way to go. But understanding the origins of
their correlated effectiveness can be answered with our
current results immediately, which is an interesting problem
in the scope of materials informatics. To this end, we firstly
present some equations of Wu et al. [22] as well as our
newly derived equations in Ref. [23].

The Wu et al. mechanism requires the cross-slip rate
of <c + a> screw dislocation from pyramidal II ({11–22})
to pyramidal I ({10–11}) plane is much faster than dislo-
cation dissociation into the basal plane, i.e.,

m0
L

lXS

� �
expð�DGxs

kBT
Þ � m0

L

lPB

� �
exp �DGPB

kBT

� �
; ð2Þ

where DGxs;DGPB are the energy barriers of the cross slip
and dissociation from the pyramidal II plane into the basal
plane. L is the total length of a screw dislocation consisting
of multiple kinks of a typical length l, and m0; kB; T are the

attempt frequency, Boltzmann’s constant and temperature.
One possible strategy to increase the cross-slip rate is to
reduce its energy barrier that is comprised of four terms

DGXS ¼ DGXS;i þDEI�IIlXS þCDs� DsbA: ð3Þ
Only DEI�II in the second term can be tuned through

alloying, while the other three terms are unchangeable upon
alloying. This quantity involves the calculations of stacking
fault energies with solutes for both pyramidal planes. Such
calculations are required for solutes at multiple sites near the
SFs and within the interaction ranges of solutes and SFs. To
efficiently evaluate the alloying effect on this mechanism, we
need to find a reliable and quick way to check how the
solutes change DEI�II. After some tedious mathematical
derivation in Ref. [23], we arrive at a rather clean and simple
equation for solute X,

DEI�II Xð Þ ¼ �3BV0 CI � CIIð ÞdX; ð4Þ
where B;V0 are the bulk modulus and atomic volume of the
matrix Mg, CI � CII is the geometric constant associated
with the two pyramidal planes, and dX is the lattice misfit
parameter of solute X in Mg. The 11 solutes considered by
Wu et al. show the constant CI � CII [ 0, so the sign of
EI�IIðXÞ is equivalent to the sign of �dX , i.e.,

sign EI�IIðXÞ� � ¼ sign �dXð Þ: ð5Þ
The lattice misfit parameter can be used as a descriptor of

the mechanism introduced byWu et al. It is worth mentioning
that the relations of Eqs. (4) and (5) are generally valid for

Fig. 1 High-throughput screening of ternary Mg alloys using the
yttrium similarity index, YSI (Eq. 1) for the 2850 solute pairs and
visualized in the form of a symmetric matrix a with yellow regions for
high similarity and blue low ones. Solute pairs that have high indices

(YSI > 0.95) are shown in the upper triangular part in (b). Applying a
cost and solubility filter only a single pair of Al-Ca remains (c). Details
are referred to Refs. [20, 21] and the figure is reproduced from Ref.
[21]. (Color figure online)
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planar defects. Similar relation is found also for the segrega-
tion energies of 23 solutes around two profuse twin bound-
aries after checking the 92 DFT calculations in Ref. [24].

With the approximations introduced above, we are now
able to compare the two mechanisms by their descriptors on
the same footing. The mechanisms I (source mechanism) is
described by SFE misfit parameter �SFE, and mechanism II
(mobility mechanism) by lattice misfit dX of the solute X in
Mg matrix. Both quantities can be calculated using DFT
methods with the same computational conditions. For con-
sistency, we adopt only the data generated by Yasi et al.
[25]. As is shown in Fig. 2, the two descriptors are strongly
correlated, with a favorable Pearson’s r = 0.86, explaining
the origin of the correlated effectiveness of the two ductility
mechanisms in high-throughput screening. Among all 63
solutes, 81% of them are located in the first and third
quadrants, having the same effects of ductilizing Mg (−,−) or
not (+, + ). The detailed tables for this figure are referred to
Ref. [23].

Machine-Learning Reliably Reproduces
the Predictions of the Two Descriptors

Identifying reliable descriptors usually takes time since we
need to understand the deformation process, while ML does
not, given sufficient data from experiment/simulations. It is
of great significance if ML can reproduce the predictions of
the two descriptors. This will demonstrate ML is not just an

efficient method but also a reliable and accurate one. We
have performed DFT screening on 21 hexagonal
close-packed elements and tensile tests on 5 Mg alloys
guided by DFT [13]. The experiments indeed confirmed the
enhanced ductility in these alloys. Using the available 21
DFT-screened elements in several Gaussian Process Classi-
fication (GPC) models, we show the ML predictions are
highly consistent with the two descriptors [10]. As is shown
in Fig. 3, the major area is in pink, implicating the consis-
tency of ML results with the two descriptors.

Reliable ML models with carefully selected ML algo-
rithms are not just mathematical black boxes but also can be
contributors to understand the physics in the materials sci-
ence problems. When the two descriptors are not consistent
in predictions, ML as a third method can help pick the more
promising descriptor whose prediction is consistent with it.
The mechanism whose descriptors are in better agreement
with ML is more likely the one active during deformation.
Also, we can use ML to discover new descriptors that are
able to reproduce the ML results, as descriptors usually do
not need computer programming and are simpler than ML in
application. We give one example in Ref. [10] and show it is
possible to rediscover the descriptor for mechanism I.

Design Maps Constructed with United
dislocation- and Twin-Based Descriptors

In the previous sections, we already gave high-throughput
screening examples of ML and mechanisms-based descrip-
tors. Both descriptors originate from the behavior of
non-basal dislocations of various characters. Here we con-
tinue to show that descriptors based on multiple defects can
be combined for screening with multiple objectives, e.g.,
high strength and high ductility. More accurately, twin-based
descriptors [24] are combined with the dislocation-based
descriptor for ductility (mechanism I).

It is well known that solutes can reduce the mobility of
twin boundaries through segregation, which strengthens the
Mg alloys [26]. The higher concentrations of the solutes, the
more significant the strengthening effect. Hence, we take the
solute coverages of the profuse twin boundaries in Mg at
room temperature as descriptors to screen for Mg alloys with
high yield stresses. The descriptors (denoted by DX) are
calculated using Langmuir-McLean model with DFT-
computed segregation energies as inputs [24]. We do not
consider the interactions between twin and dislocations and
assume both defects act independently in Mg alloys. The
complicate interactions between the defects merit further
systematic studies using atomistic simulations [27].

Two profuse twin boundaries, i.e., the {10–11} com-
pression and {10–12} tensile twins are considered. Results
are shown in Fig. 4a for compression twin and (b) for tensile

Fig. 2 The correlation between the two mechanisms. The correlation
between the two ductility descriptors has a Pearson's r = 0.86. Based on
the mathematical signs of the two descriptors, the whole space is
divided into four quadrants by the signs of the descriptors. The minus
sign indicates a solute contributes to the enhancement of ductility
through the descriptor/mechanism, while the plus sign means that there
is no such effect. For example, solutes in the third quadrant are
expected to improve the intrinsic ductility of Mg through both
mechanisms, while those in the first quadrant are expected not to have
the effect. The figure is reproduced from Ref. [23]
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twin. Green area indicates the promising solutes from the
viewpoints of both objectives. The elements simultaneously
appear in the compression twin (Fig. 4a) and tensile twin
(Fig. 4b) maps are particularly promising as candidates for
improving both ductility and strength of Mg. These

predictions are consistent with available experimental
results. For example, Tb and Ho are clearly confirmed to be
able to increase both the ductility and yield stress of Mg
[13]. It is expected new Mg alloys can be synthesized with
the guidance of the design maps.

Fig. 3 Machine-learning is able to generally reproduce the predictions
of the two mechanism-based descriptors [10]. The comparisons are
made between each two of the machine learning (ML) solution, YSI
descriptor (Mechanism I) and �dX (Mechanism II). The cyan blocks

represent where the two predictions disagree, the blue ones represent no
data is available, and the pink ones represent where the two predictions
agree. (Color figure online)

Fig. 4 The design maps constructed with descriptors based on
strengthening through twin boundaries and ductility through disloca-
tions in Mg [27, 28]. a The design map of the yttrium similarity index

(YSI) verse solute coverage-based strengthening descriptor DX (com-
pression twin) for Mg. b The design map of the YSI verse solute
coverage-based strengthening descriptor DX (tensile twin) for Mg
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Conclusions

We have demonstrated several methods and perspectives for
the high-throughput design of novel Mg alloys, where both
mechanisms and machine learning play important roles. The
relation between different mechanisms, and the relation
between mechanisms and machine learning are explored and
discussed. Machine-learning models with carefully selected
algorithms can help understand physics in materials science
problems, in addition to its usual role as a mathematical
black toolbox. Using Mg alloys as an excellent example, we
also demonstrate it is possible to perform high-throughput
screening with multiple objectives, such as high strength and
high ductility. The methods and perspectives described here
can be extended to guide the design of other novel alloys as
well.
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Three-Dimensional Atomistic Simulations
of 10�12f g Non-cozone Twin–Twin Interaction
in Mg—Role of Twin Stability and Mobility

Khanh Dang, Carlos N. Tomé, and Laurent Capolungo

Abstract

Given the ease of activation of tensile twinning on the
10�12f g planes in Mg, multiple 10�12f g twin variants can

be activated and interact with each other. The outcomes of
these interactions are twin–twin junctions (TTJs) that can
serve as initiation sites for microcracks. Here, we
investigate the 3D structural characteristic and evolution
of the non-cozone 10�12f g twin–twin junctions using
atomistic simulations. This comprehensive approach
allows us to identify additional twin–twin boundaries
(TTBs) such as the TTBBP and TTBK2. They formed due
to the interaction between the basal prismatic (BP) and
conjugate twin (K2) interfaces with the coherent twin
boundary (CTB). Moreover, the TTJs associated with the
�12�12f g TTBs are found to promote the growth of the 3-D

twin along the normal and forward direction of the twin
during the interaction and hinder the detwinning process
when loading is reversed.

Keywords

Twinning � Twin–twin interaction � HCP metals

Given the ease of activation of tensile twinning on the
10�12f g planes, multiple 10�12f g twin variants can be acti-

vated and interact with each other. The outcomes of these
interactions are twin–twin junctions (TTJs) [1–6] that can
serve as nucleation sites for dislocation and as well as ini-
tiation sites for microcracks. Crystallographically, these
interactions can be categorized into two types: cozone (type I
between T1-T4 twin variants) and non-cozone (type II

between T1 and T2 or T3 twin variants) depending on
whether the twin variants share the same zone axis or not.
Depending on the reactions of twinning disconnections
(TDs), twin–twin boundaries (TTBs) associated with these
junctions can (1) retard the growth of the two interacting
twins [7] and (2) serve as barriers for other defects, which
cause strain hardening. Due to their important role in
deformation mechanism, the structural characteristics of
these TTJs has been of great interest. However, most of the
current studies limit in 2-D settings, which prevents a
complete understanding of the interactions.

Here, we investigate the 3-D structural characteristic and
role on the twin growth of the 10�12f g non-cozone interac-
tions using the classical atomistic simulation code LAMMPS
[8]. Figure 1a, b show the simulation cell employed in this
work, with both a 3-D twin and a flat CTB. This setting
represents many interactions observed in experiments where
a small twin interact with a much larger twin [2, 9]. Here,
non-cozone interactions between variant 2 and 5 with variant
1 are used to represent Type II(a) and (b), respectively, to
simplify the analysis. The modified embedded atom method
(MEAM) interatomic potential developed by Wu et al. [10],
which is a reparameterization of a prior MEAM potential by
Kim et al. [11] is used to model Mg systems due to its
accurate reproduction of the lattice parameters, defect ener-
gies, and cohesive energy. Since the MEAM potential
accounts for angular dependence of atomic bonding, this
potential is more appropriate for HCP Mg than earlier
embedded atom method (EAM) potentials by Sun et al. [12].
Results from atomistic simulations are visualized using the
Open Visualization Tool (OVITO) [13].

In this talk, we will present new TTBs that can only be
seen in 3-D MD simulations. These newly observed TTBs
also explain the discrepancy between 2-D MD simulation
and experimental study. Moreover, the TTJ associated with
this TTB is found to promote the growth of the 3-D twin in
both normal and forward direction of the twin. It Is also
found that during cyclic loading, the �12�12f g TTB hinder the
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mobility of the twin, which causes cyclic hardening behav-
ior. These results highlight the importance of the �12�12f g
TTB to the 10�12f g twins’ morphology and mobility after
interaction with other non-cozone variants.
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Understanding Twinning-Detwinning
Behavior of Unalloyed Mg During Low-Cycle
Fatigue Using High Energy X-ray Diffraction

Aeriel D. Murphy-Leonard, Darren C. Pagan, Armand Beaudoin,
Matthew P. Miller, and John E. Allison

Abstract

It is well understood that twinning during deformation
plays an important role in deformation of Mg and its
alloys [1–8]. In hexagonal close packed (HCP) Mg alloys,
the dominant deformation mode at room temperature
is <a> slip on the basal (0001) plane Mg [9, 10]. The
other slip systems—prismatic <a> slip, pyrami-
dal <a> slip, and pyramidal <c + a> slip—require much
higher stresses to activate during deformation [11].
Mechanical twinning allows for grains to easily deform
along their c-axis [12] and has been the focus of
significant, active research [e.g., 13–23].

Keywords
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It is well understood that twinning during deformation plays
an important role in deformation of Mg and its alloys [1–8].
In hexagonal close packed (HCP) Mg alloys, the dominant
deformation mode at room temperature is <a> slip on the
basal (0001) plane Mg [9, 10]. The other slip systems—

prismatic <a> slip, pyramidal <a> slip, and pyrami-
dal <c + a> slip—require much higher stresses to activate
during deformation [11]. Mechanical twinning allows for
grains to easily deform along their c-axis [12] and has been
the focus of significant, active research [e.g., 13–23].

In unalloyed Mg and Mg alloys, with a c/a ratio less than
the ideal value of 1.633, the 10�12f gh10�11i extension twin-
ning is the dominant deformation mode, where extension
along the c-axis can be accommodated, but not contractions
along that same direction [16, 24]. As a result, during
mechanical loading the tensile yield strength is significantly
higher than the compressive yield strength resulting in a
tension–compression asymmetry [25]. Begum et al., found
that the tensile yield strength was much higher than the
compressive yield strength during low-cycle fatigue
(LCF) of an AM30 extruded Mg alloy and related this to
twinning that occurs during compression and detwinning
that occurs during tension [5]. During compression, twins
form causing an 86.3° reorientation of the basal pole [9, 11,
15, 22]. During reversed unloading or tensile loading these
twinned regions can undergo detwinning in which twins
become narrower and/or disappear [11, 25, 26]. Detwinning
causes a reorientation of the c-axis from the twin back to the
matrix or parent grain [9, 25–27]. Twins can reappear upon
reloading and thus, the twinning-detwinning behavior con-
tinues until the end of life [28].

In this study, the twinning detwinning behavior of extru-
ded, polycrystalline unalloyed Mg under cyclic loading con-
ditions was investigated at the Cornell High Energy
Synchrotron Source (CHESS) using in-situ high energy X-ray
diffraction. Measurements were conducted at three different
strain amplitudes. The initial crystallographic texture was
such that the c-axis in most grains was normal to the loading
direction and therefore, favorable for extension twinning
during compressive loading. The experimental results showed
that an increase or decrease in the {0002} basal X-ray peak
intensity was observed during low-cycle fatigue and these
changes are indicative of the occurrence of twinning and
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detwinning. During cyclic loading complete twinning-
detwinning occurred for the first few hundred cycles where
all of the twins formed in compression were removed during
tensile loading of the following cycle. Eventually, this phe-
nomenon ceases and residual twins remain in the material
throughout each cycle. At strain amplitudes below 0.5%, there
was no indication of twinning during compressive loading.
The complete article on this study can be found in the Inter-
national Journal of Fatigue [29].
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The Effects of Basal and Prismatic
Precipitates on Deformation Twinning
in AZ91 Magnesium Alloy

B. Leu, M. Arul Kumar, and Irene J. Beyerlein

Abstract

The advancement of Mg-based applications is motivated
by inherently the high specific-strength and low densities
of Mg and its alloys. The AZ91 alloy is one such
exemplary cast Mg alloy that is being considered due to its
relatively high strength, excellent corrosion resistance and
castability. However, like most Mg alloys, it is not yet
widely used due to poor formability and a complex,
anisotropic plastic response. These behaviors have been
linked to their propensity to deform by twinning, in
addition to slip. Furthermore, the grains in the AZ91 alloy
contain b-phase precipitates, which are similar in size as
the twin lamellae. In this study, we use an elasto-
viscoplastic fast-Fourier-transform (EVP-FFT) crystal plas-
ticity micromechanics model to examine the interactions
between 1012

� �
-type extension twins and two types of

precipitates—basal and prismatic precipitates. The calcu-
lations focus on conditions that determine whether the
twin is blocked by the precipitate or can cross the
precipitate by nucleating a new twin on the other side of
it. The effects of twin thickness, relative to the size of the
precipitate, and precipitate types are investigated. The
analysis shows that both precipitates are effective at
blocking the propagation of twins and limit their ability to
thicken. The basal precipitates are, however, substantially
easier to cross by the twin than prismatic precipitates.
Furthermore, the thicker the twin is when it impinges on
the precipitate, the higher the chance it can cross.

Keywords

AZ91 mg-alloy � Precipitates � Twinning

Introduction

The Mg-9wt.%Al-1wt.%Zn-0.2wt.%Mn (AZ91) alloy is one
of the most widely used Mg-alloys today in the automotive
and aerospace industries due to its relatively high strength,
good corrosion resistance, ductility, and castability [1–3].
The enhanced mechanical and chemical properties of these
alloys are attributed to the b-phase body-centered-cubic
(BCC) Mg17Al12 intermetallic phases that emerge during
heat treatment [4]. The b-phase precipitates out via both
continuous and discontinuous precipitation. Continuous
precipitation nucleates and grows within the parent grain,
while discontinuous precipitation occurs along the grain
boundaries [5]. Thin lath-shaped precipitates, whose habit
plane is parallel to basal plane of the matrix, are commonly
observed and referred to here as b-precipitates. The pre-
cipitate forms the Potter orientation relationship with the
parent matrix, which is described by 0001ð ÞMg 2° from
(011)b, 2110

� �
Mg // 111

� �
b, and 0111

� �
Mg // (110)b [4–6].

Another hexagonal prism-shaped rod precipitate is also
commonly observed and lies on the prismatic plane of the
parent matrix with its long axis of the rod parallel to the
c-axis of the matrix crystal, which we denote as
p-precipitates. These rod precipitates mostly form a Crawley
orientation relationship, described by 0001ð ÞMg // (111)b,
1120
� �

Mg // 112
� �

b, or 1100
� �

Mg // 110
� �

b [7]. These two
precipitates are among the most commonly found in AZ91
alloys and contribute greatly to their mechanical strength
[4, 7–10]. Precipitation hardening has been studied as a way
to reduce the mechanical asymmetry by differentially
strengthening slip along the basal, prismatic, and pyramidal
slip systems [8, 10]. Precipitates can block dislocation
motion in the matrix and, therefore, strengthen the alloy to
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varying degrees depending on their size, distribution, shape,
orientation, and habit plane. Robson et al. described the
strengthening effects through an Orowan based equation that
calculates the stress required to bow dislocations around the
unshearable precipitates [10].

A major limitation of AZ91 alloy stems from its
low-symmetry hexagonal close-packed (HCP) crystal struc-
ture and thus the limited number of easily activatable slip
systems. In AZ91 alloy, the critical resolved shear stress
(CRSS) for the activation of basal slip along the hai-direc-
tion is typically low, while the CRSS for hcþ ai slip is
typically higher (by 2–5 times or more), making accom-
modation of strain along the hci-direction difficult [11].
Thus, deformation twinning, when easier than hcþ ai slip,
can be a prevalent inelastic deformation mode for accom-
modating strain along the c-axis in AZ91 and other
Mg-alloys. A commonly seen twin type is the 1012

� �
ten-

sile twin, which can be activated when the c-axis of the
crystal is subjected to tension.

Twinning deformation involves a lattice reorientation and
localized shear in a subdomain of a grain, which results in
the creation of new interfaces and heterogenous distributions
of internal stress [12–16]. The formation and growth of
twins influence the strength, ductility, and stability of AZ91
alloy, and thus, it is important to understand the influence
that precipitates have on twinning [17–22]. It has been
shown that precipitates can be effective in blocking slip;
however, only a few studies have considered precipitate
interactions with deformation twins. These studies mainly
focused on the additional strengthening effects precipitates
provide by the pinning twin boundaries [8, 10, 23]. While
important, there are still many aspects of twin propagation,
growth, and multiple twin formation that precipitates can
affect.

In this study, we investigate the effects that two com-
monly occurring types of precipitates (b- and p-precipitates)
have on twinning. We employ a crystal plasticity fast Fourier
transform (CP-FFT) model that is capable of treating mul-
tiple phases and discrete twins within crystals. The calcu-
lations consider a single twin of varying thicknesses that has
arrested on one side of either the b- or p-precipitate in the
center of the grain. The model is used to calculate the local
internal stresses that develop around twin/precipitate junc-
tion to evaluate where in the microstructure further twinning
is favorable. We find that when the twin impinges on the
b-precipitate, there is a forward stress concentration on the
opposite side of the precipitate that is favorable for the
nucleation of another twin of the same variant or covariant.
Furthermore, the larger/thicker the twin is, the larger the
forward stress concentration becomes. However, this is not
the case for p-precipitates. P-precipitates are found to be
much better at shielding the stress fields at the twin front.

Instead, if the twin is near the edge of the p-precipitate, then
a strong forward stress concentration appears on the adjacent
side of the precipitate that favors the nucleation of a new
twin of the same variant or covariant. Similarly, the stress
concentration on the adjacent side scales similarly to the
stress concentration on the opposite side of the twin in the
b-precipitate case.

EVPFFT Model

In order to calculate the local stress fields around twins, we
employ a crystal-plasticity fast-Fourier-transform
(EVP-FFT) model [24]. In prior work, this model has been
used to study the development of local stresses and effective
mechanical response of heterogenous polycrystalline mate-
rials with spatial variations in crystal orientation, and elastic
and plastic properties [25–27]. More recently, this model has
been adapted to study deformation twinning in single- and
polycrystals of various sizes [27, 28].

The model builds upon continuum mechanics principles
of equilibrium, kinematic relationships, and constitutive
laws under an infinitesimal strain approximation. The model
uses explicit twinning, which is briefly described here. The
stress field at every material point x, or voxel, is solved for
by using an implicit time discretization of the form:

rtþDt xð Þ ¼ C xð Þ : etþDt xð Þ � ep;t xð Þ�_ep;tþDt xð ÞDt� etw;t xð Þ � Detw;tþDt xð Þ� �
ð1Þ

In the above equation, rðxÞ is the Cauchy stress, C xð Þ is
the elastic stiffness tensor. The term inside the bracket is the
elastic strain tensor, which is given by the total strain minus
the plastic strain, ep, and the twinning transformation strain,
etw. The plastic strain evolves due to dislocation slip on
crystallographic slip systems:

_ep ¼
XN

s¼1
ms xð Þ _cs xð Þ

¼ _co xð Þ
XN

s¼1
ms xð Þ ms xð Þ : r xð Þj j

ssc xð Þ
� 	n

sgn ms xð Þ : r xð Þð Þ

ð2Þ

ms ¼ 1
2

bs � ns þ ns � bsð Þ ð3Þ

ssc xð Þ is the critical resolved shear stress (CRSS) associated
with the slip system s, and n is the stress exponent (inverse
of the rate-sensitivity exponent). The tensor ms is the sym-
metric part of the Schmid tensor, and bs and ns are the unit
vectors along the slip direction and normal to the glide plane
of slip system s, respectively. Twinning in the model is
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simulated explicitly by reorienting by following the crys-
tallographic twinning relationship and imposing character-
istic twining shear, gtw, as an eigenstrain in a predetermined
twin region. The twinning transformation strain is incre-
mented over Ntw steps on a particular twinning plane in the
twinning shear direction.

Detw ¼ mtw gtw

Ntw ð4Þ

In simulation, Dt ¼ 10�4s and Ntw = 1000 is kept suffi-
ciently large to ensure convergence. Note that etw every-
where outside of the twin domain is zero.

Results and Discussion

Figure 1 presents the model set up, on which the calculations
are based. It consists of a 1012

� �
tensile twin (orange)

inside a single grain of AZ91 (light blue). The twin is
arrested on one side by a thin lath-shaped b-precipitate
(red) in Fig. 1a and prism rod-shaped p-precipitate (red) in
the Fig. 1b. In both cases, the precipitates are b-phase
body-centered-cubic (BCC) Mg17Al12 intermetallic. Sur-
rounding the parent matrix is a polycrystalline layer (dark
blue) with uniformly distributed crystal orientations that
approximate the bulk response of the AZ91 alloy. Periodic
boundary conditions are imposed that allows the polycrys-
talline layer to fully encompass the parent matrix. The
simulation cell size is 3 (x) � 400 (y) � 400 (z) voxels. The
elastic constants of parent matrix used in the calculation for
C11, C12, C13, C33, and C44 are 59.75, 23.24, 21.70, 61.70,
and 16.39 GPa, respectively [29]. In the Mg matrix, pris-
matic hai, basal hai and pyramidal type-I hcþ ai slip was
allowed with CRSS values of 100, 35, 160 MPa, respec-
tively [11]. The elastic constants of the BCC Mg17Al12
precipitate phase used for C11, C12, and C44 are 86.8, 29.0,
and 20.0 GPa, respectively [30]. The precipitates are
assumed to deform elastically, consistent with reports in the
literature [5, 10, 30].

The crystallography of the model is made to mirror the
common scenario seen experimentally. The orientation of
the parent grain is (0°, 90°, 0°), the b-precipitate is (39°,
114°, 63°) and the p-precipitate is (−35°, 134°, 0°),
according to the Bunge convention. The b-precipitate and
p-precipitate follow the Potter and Crawley orientation
relationships, respectively, as described in Sec. 1. The twin
variant 0112

� �
0111
� �

is chosen such that the twin plane
normal and twin shear direction are kept in-plane (y–z
plane). For simplicity, the precipitate dimensions are held
constant. For the b-precipitate, the short edge is 7 voxels and
the long edge is 35 voxels. For the p-precipitate, the short
edge is 21 voxels and the long edge is 35 voxels. The

dimensions of the precipitates are representative of what is
commonly observed in the literature [4, 7, 8, 10, 31]. Since
there are no intrinsic length scales in the model formulation,
the length scales in the model are normalized. Accordingly,
the twin thickness, t, is varied such that the ratio between t
and Lopp ranges from 0.5 to 3 representing the broad range of
twin thicknesses that may encounter the precipitates. Here
Lopp is the short edge length of the precipitates, see Fig. 1,
and it remains constant for all the simulations. On the other
hand, Ladj varies depending on the twin thickness, as it is
defined as the distance from the twin boundary to the short
edge of the precipitate, see Fig. 1.

The model outputs are the stress fields induced in the
parent crystal due to the twin/precipitate interaction. To
determine driving forces for the further propagation/growth
of the twin, the model calculated full stress tensor projected
onto the twinning plane and twinning shear direction of the
1012

� �
twin variant studied, denoted as the TRSS. Twin-

ning is a unidirectional mechanism; so, in addition to
intensity, the sign of the TRSS is also important. Negative
values of TRSS signify a driving stress that opposes
twinning.

Figure 2 shows the calculated TRSS fields that develop
when twins of varying thickness are arrested at either a b- or
p-precipitates. The calculations indicate that heterogenous
stress fields develop in the matrix, which are the result of
heterogeneities of the twin and precipitate, which differ by:
lattice orientation, plasticity in the twin, purely elastic
response in the precipitate, and local shearing of the twin
domain according to its characteristic twin shear [32].
The TRSS fields are colored such that positive values of
TRSS are red and negative values are blue. It is seen in
Fig. 2 that intense positive TRSS are generated on the other
side of the precipitate, while on the boundaries of the twin,
the TRSS is negative. This indicates that the driving force
for twinning ahead of the twin is favorable for nucleation
while twin growth in the lateral direction is unfavorable in
comparison. This result agrees well with experimental
observations that precipitate-twin interactions can cause the
total number of twins to increase while maintaining the same
twin volume fraction [33]. These observations imply that
precipitates promote the nucleation of new twins while
suppressing their growth, consistent with our model
predictions.

The TRSS fields generated by forming a twin inside a
single crystal without explicit representation of precipitates
were calculated as well; the results are not shown here in the
interest of space. When the fields with a precipitate are
compared to the TRSS field generated ahead of the twin in a
single crystal without a precipitate, the TRSS values at the
precipitate/matrix interface opposite of the twin tip are 60%
lower, indicating, as expected, that the precipitate acts as an
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impenetrable hard obstacle and blocks the twin from prop-
agating forward. Without the precipitates, an intense forward
stress at the twin tip in the parent Mg crystal develops. This
value is sufficiently intense to drive the twin forward,

explaining why twins are generally driven to propagate
rapidly across its parent crystal [14, 25]. The negative TRSS
(blue region) that develops along the twin boundary is a
backstress. It has been shown that for a twin terminating in
the interior of the grain, a similar backstress is generated due
to the reaction of the surrounding Mg crystal to the twin
shear [26, 27, 34]. In the case of a twin impinging on the
hard-elastic precipitate, the backstresses can be up to 20%
more intense.

The stress concentration at the front of the twin tip is
shielded by the precipitate and the size of the precipitates
influences the amount of shielding. It can be seen from
Fig. 2 that for thicker twins, the stress concentrations at the
twin tip become stronger and are able to overcome the
shielding effects of the precipitates. In some cases, a stress
concentration can appear along the opposite edge of the
precipitate across from where the twin is incident. In these
regions, xopp, the stress concentrations are high and can
favor the nucleation of a new twin. The TRSS for this twin
variant is similar to its cozone variant, and both are much
higher than those of the other four variants. Thus, the more
likely variants to nucleate on the other side of the precipitate
on further loading are of the same or cozone variant of the
impinging twin.

To assess the propensity for continued twin propagation
across the precipitates via nucleation of new twins on the
opposite side of precipitates, Fig. 3 shows the average TRSS
in the regions, xopp, plotted with respect to the ratio of the
twin thickness, t, to the short edge length of the precipitate,
Lopp. For b-precipitates (black solid line), it can be seen that
with increasing twin thickness, the stress concentration on

Fig. 1 Schematic representation of EVPFFT unit-cell to simulate
1012

� �
tensile twin of varying thicknesses in a single grain of AZ91

alloy with a thin lath-shaped b-precipitate and b prism rod-shaped
p-precipitate. The hexagonal insets represent the orientation of the

parent matrix. The dimensions of the precipitates, L, remain constant
while the twin thickness, t, is varied. A subsection is outlined for further
investigation of the twin-plane resolved shear stresses (TRSS) that
develop after forming the twins. (Color figure online)

Fig. 2 EVPFFT model predicted Twin-plane Resolved Shear Stress
(TRSS) fields (in MPa) that developed from forming the twin. The
precipitate and twin regions have been omitted for clarity. The top row
shows the TRSS fields that develop after forming the thinnest twin
arrested by the (a) b-precipitate (t/Lopp = 0.5) and (b) p-precipitate
(t/Lopp = 0.35), respectively. The bottom row shows the TRSS fields
that develop after forming the thickest twin arrested by the
(c) b-precipitate (t/Lopp = 3) and (d) p-precipitate (t/Lopp = 1), respec-
tively. The model predicts local regions with stress concentrations that
are favorable for the nucleation of a new twin. Averages are taken in the
outlined regions, x, that lie on the opposite side of the precipitate where
the twin is incident. (Color figure online)
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the opposite side increases and favors the nucleation of
additional twins in the xopp region. This indicates that
b-precipitates can be effective at stopping the propagation of
thin twins. However, if a thicker twin were to impinge on the
same precipitate, another twin of the same (or cozone)
variant on the opposite side may nucleate. The twins would
appear to cross the precipitate, a scenario that is consistent
with experimental observations of twin interactions and
basal precipitates [31]. In contrast, for p-precipitates (red
solid line), it can be seen that increasing twin thickness has
little effect on the stress within the region xopp and the stress
is nearly zero. Due to their shape, size, and crystallography,
p-precipitates act as more effective shields against twin
crossing, which is also consistent with experimental obser-
vations that prismatic precipitates are effective at blocking
twins and often lead to lower twin volume fractions than
basal precipitates [8, 31, 35].

In the cases studied thus far, the twin impinges on the
precipitates at the center of the precipitates and Ladj is large
compared to t and Lopp. Another situation worth considering
concerns the case in which the twin thickness is comparable
or larger than Ladj. Figure 4 shows the TRSS field for this
case in which the twin thickness is broad. With increasing
twin thickness, the calculations show the highest TRSS
region, and thus, the most likely nucleation site for a new
twin, is not on the opposite side of the precipitate, but rather

on the side of the precipitate, in the region xadj, marked in
Fig. 4c. The change in the TRSS stress concentration on the
adjacent xadj region is plotted in Fig. 3 with respect to the
ratio of the twin thickness, t, over the adjacent length, Ladj. It
suggests that when the twin is wide enough such that its
boundary impinges near the edge of p-precipitates, nucle-
ation of new twin is more likely to occur on the side of the
precipitate. If such a propagation path were to happen, it
could appear as if the twin grows around or engulfs the
precipitate, unlike the basal precipitates.

These predictions can help to explain some reported
observations in which twins may partially engulf some
precipitates [10, 35]. In AZ91, 1012

� �
tensile twins partially

engulfing both basal and prismatic precipitates have been
reported [10]. In other studies on AZ91 and Mg-9wt.%Al
binary alloys, twin crossing of only the basal precipitates is
mainly observed in [8, 31]. In general, prismatic precipitates
have been found superior in blocking twin propagation
against crossing, via nucleation on the other side of the
precipitate. However, if the precipitate length is too small or
if the twin impinges near the edge of the precipitate, then
nucleation of new twins on the adjacent side becomes
favorable. This may lead to partial engulfment of the pre-
cipitate by the twin. Basal precipitates, on the other hand, are
less effective at blocking twin crossing, which may result in
a network structure of twins connected by precipitates.

Summary

In this work, we present a multi-phase crystal plasticity
elastic-viscoplastic fast Fourier transform method to study
the interaction between a discrete twin lamella and precipi-
tates within an AZ91 crystal. The analysis focuses on the
localization of stress around the precipitate when a twin has
impinged on one of its boundaries. The intensity of the stress
concentration and its suitability for forming a new twin on
the other side of the precipitate are assessed to determine if
the precipitate blocks or permits continued twin propagation.
We show that the thicker the twin is, relative to the pre-
cipitate, when it meets the precipitate, the more likely it will
nucleate a new twin on the other side, thereby appearing to
cross the precipitate. For the same geometry, we find that
prismatic precipitates are more effective at blocking propa-
gation of twins than basal precipitates. To overcome pris-
matic precipitates, the twin is more likely to grow
contiguously around them, as if to engulf them. For sim-
plicity, we studied the interaction of a single twin with one
precipitate, in which the twin is finer than the half length of
the precipitate and intersects it in the precipitate center.
Worthy of further study are much thicker twins or twins that
impinge on one end of the precipitate.

Fig. 3 The effect twin thickness on the forward stress for the
nucleation of new twins on the other side of the precipitate. TRSS
averaged in the region x for various twin thicknesses. Solid lines
indicate values on the side opposite the twin tip while dashed lines
indicate values on the side adjacent to the twin tip. The black line
represents the basal precipitate case while the red lines represent values
from the prismatic precipitate case. For basal precipitates, increases in
twin thickness increases the forward stress. For prismatic precipitates,
increases in twin thickness does not increase forward stress on the
opposite side. However, if the twin is near the edge of the prismatic
precipitate, increases in twin thickness can increase the forward stress
on the adjacent side. (Color figure online)
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On the Role of Crystallographic Anisotropy
and Texture in Damage Tolerance
of Magnesium and Its Alloys

Shahmeer Baweja, Padmeya P. Indurkar, and Shailendra P. Joshi

Abstract

The remarkable crystallographic plastic anisotropy of
magnesium and its alloys reflects in its polycrystal
response via texture. While texture-strength linkages
have been studied, the role of textural variability on
damage remains elusive. The challenge is to obtain
relevant metrics that relate the net plastic anisotropy to
macroscopic modes of damage. A possible approach is to
adopt mechanistic descriptions of the damage. Motivated
by the recent experimental and theoretical works in this
direction, here we appeal to the Hill yield function to
characterize the net plastic anisotropy of polycrystalline
magnesium via the Hill plastic anisotropy tensor h.
Metrics based on the components of h offer a way to
predict damage as a possible damage predictor. Using the
results from our recent extensive three-dimensional
crystal plasticity simulations for a wide range of textures,
we map the net plastic anisotropy on to the coefficients of
h, separately for the tensile and compressive responses.
Metrics based on these coefficients serve as indicators for
the propensity of textured polycrystals to damage by:
(i) porosity evolution, or (ii) shear instability. An attempt
is made to understand the potential roles textural
variability and crystallographic plastic anisotropy play
in damage under different loading conditions.

Keywords

HCP materials � Damage tolerance � Textural
variability � Plastic anisotropy � Crystal plasticity

Introduction

It is recognized that ductile failure is a multi-scale phe-
nomenon [1, 2]. Crystallography defines deformation
mechanisms at the atomic scale, which interact with
microstructural length-scales defined by the size and distri-
bution of microscopic defects (e.g. second-phase particles)
to trigger damage through void nucleation and growth.
Coarser length-scales appear with inter-flaw interactions that
ultimately coalesce to form mesoscopic damage zones.
Interaction of meso-scale structures with specimen/
component scale forms the final feature of macroscopic
failure. Coupling between these length-scales is often com-
plicated by the anisotropic nature of plasticity but is of
particular significance in hexagonal close-packed
(HCP) materials that deform by protean slip and twinning
mechanisms.

The remarkable crystallographic plastic anisotropy,
tension-compression asymmetry, and strong texture effects
exhibited by many HCP materials are often referred to as
origins of damage intolerance. Their plastic anisotropy and
strength asymmetry are a result of intricate slip and twinning
mechanisms [3–5]. Such materials also tend to exhibit more
complex damage evolution [6–8]. Huez et al. [9] reported
void evolution at twins, twin-twin intersections, and
twin-particle intersections in an a-Ti alloy under different
triaxiality levels with unexpectedly rapid growth rates.
Crépin [6] and Caré [10] observed hexagonal shaped tubular
dimples in Zr alloys, attributed to the prismatic slip. More
recent investigations on single [7] and alloyed polycrystals
[11, 12] of Mg, as well as on Ti alloys [13] serve as potent
markers for the need to assess the role of slip and twinning
on anisotropic ductile damage.

Recent experiments on two dilute solute-strengthened Mg
alloys (AZ31B and WE43) with different levels of plastic
anisotropy reveal the following salient characteristics [14,
15]: (i) a non-monotonic dependence of fracture strain on the
stress state, (ii) a strong effect of the stress triaxiality on the
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forensics of fracture ranging from quasi-brittle (cleavage-
like) to ductile (dimpled) features on fracture surfaces, and
(iii) a dramatic dependence of the tensile ductility on the
level of plastic anisotropy. Quasi-brittle fracture with the
linkage of twin induced microcracks in WE43 versus more
ductile fracture AZ31B via void linkage alludes to the role of
alloying and texture-induced plastic anisotropies on ultimate
fracture [12]. Even for the same material (AZ31B), subjected
to similar loading conditions, contrasting observations on the
nature of damage mechanisms viz. micro-void sheeting [16]
versus micro-void growth and coalescence [11], present an
intriguing dichotomy. This is apparent even in single crystals
where synergistic correlation between f1012g extension
twinning and toughness [7] conflicts with the low toughness
and ductility associated with twinning [4, 5].

Another critical aspect that remains unresolved in our
understanding of damage in HCP materials is the role of
plastically soft slip and twinning mechanisms in shear fail-
ure. This is important for several reasons: first, shear failure
may set limits to ductility that are more severe than by mere
damage accumulation (void growth to coalescence) [17].
Second, experiments indicate that damage in the form of
flattened micro-voids (at twins or second-phase particles)
remains relatively flat as damage evolves, in contrast with
continuum porous metal plasticity models, which predict
significant blunting of such initial penny-shaped voids [18].
Uniaxial tensile experiments using flat tapered tensile spec-
imens of an Mg rare-earth alloy (ZEK100) with AZ31B
alloy [12] reveal that while the ZEK100 exhibits a
quasi-brittle (flat fracture surface) failure compared to the
more ductile (dimpled) characteristics in AZ31B, the final
failure occurs via macroscopic shear localization in both
alloys.

These experimental observations hint at more complex
interactions between plastic anisotropy and failure mecha-
nisms than currently appreciated. On the sole basis of
experiments, it is unclear how, and to what extent, matrix
plastic anisotropy affects the rates and states of damage
accumulation in structural components. Computational
investigations of boundary value problems based on
damage-free polycrystal plasticity modeling [19] as well as
those based on homogenization-based porous plasticity [17]
shed some light in this regard. For failure induced by internal
damage accumulation via porosity evolution of Hill-type
anisotropic materials, a so-called AED (anisotropy effect on
ductility) index has been proposed [20, 21]. On the other
hand, Benzerga et al. [17] indicate that shear failure is
plausible even in geometries and under tensile boundary
conditions that are stiff against the formation of shear bands,
and that the net plastic anisotropy may be the main driving
factor for shear fracture. In particular, the role of shear
anisotropy ratios may be important, although a robust index

(akin to the AED index) characterizing their role in shear
fracture remains elusive.

The foregoing concepts of the AED index and, to some
extent, the shear anisotropy ratios, have been shown to
corroborate well with broader experimental observations on
materials exhibiting Hill-type plastic anisotropy [17, 20]. On
that backdrop, Mg and its alloys cannot be well described by
a Hill-type yield function owing to the tension-compression
asymmetry as a result of the polar nature of twinning.
Nevertheless, the recent analysis of Mg alloys based on these
ideas [21] suggests it may still provide a useful basis for a
theory-based design paradigm of damage-tolerant HCP
materials. Hence, it serves as a motivation for the present
analysis.

In this work, we view the role of net plastic anisotropy
that embeds the intrinsic (crystallographic) and textural
effects on the potential macroscopic damage modes in HCP
materials with a focus on Mg alloys. In particular, we
attempt to address the following questions in the context of
Mg and its alloys:

1. How do crystallographic and textural effects influence the
AED index and shear anisotropy ratios under tensile and
compressive loading? An allied question is: to what
extent do the differences in these metrics computed from
tensile versus compressive loading qualitatively affect the
broader conclusions?

2. Are there combinations of crystallographic and texture-
induced plastic anisotropy (hereafter referred to as the net
plastic anisotropy) that satisfy minimum requirements for
a material to be potentially damage-tolerant?

To address these questions, we rely on the dataset from
our recent three-dimensional crystal plasticity investigation
on polycrystal statistical volume elements (SVEs) performed
for a range of synthetic textures that mimic experimental
rolling textures at two different levels of crystallographic
plastic anisotropies [22]. The explicit resolution of the SVE
combined with crystallographic kinetics of plasticity pro-
vides detailed insight into the evolution of microstructure-
property linkages including plastic anisotropy and tension-
compression asymmetry [22].

Computational Setup

A detailed account of the three-dimensional crystal plasticity
modeling and simulation of the polycrystalline SVE is pro-
vided in Ref. [22]. It considers eleven textures and two
crystallographic plastic anisotropies (one representing an Mg
alloy and the other representing pure Mg). For each texture,
we perform simulations under uniaxial stress condition along
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six directions: (i) three along material principal axes (L, T,
S), and (ii) three off-axes (LT, LS, TS), characterizing the
full macroscopic plastic anisotropy for each microstructure.
Moreover, to characterize the tension-compression asym-
metry, monotonic uniaxial compressive and tensile loading
states are applied. Thus, for each crystallographic plastic
anisotropy, we perform 132 simulations.

The present work builds upon those detailed calculations
with a focus on characterizing the role of net plastic aniso-
tropy in the potential damage response of Mg and its alloys.
In what follows, we provide a brief background of the key
microstructural descriptors that are adopted in the discussion
of the results.

Texture Descriptor

In the polycrystal plasticity simulations, we create
three-dimensional Voronoi tessellations of a cubic domain in
NEPER [10], giving in an SVE with 300 grains
(Ngrains ¼ 300Þ that are discretized into a fine finite element
mesh. The discretized SVE is imported into ABAQUS/
STANDARD® for subsequent mechanical analysis. To
describe a texture of an SVE, individual grains are charac-
terized by distinct Euler angle sets in the Bunge represen-
tation: ½E� ¼ u1 � ur

1 ;U� Ur;u2 � ur
2

� �
where ½u1;U;u2�

denote the mean values and ur
1 ;U

r;ur
2 their respective

standard deviations. Using a normal distribution with u1 =
U = u2 ¼ 0, each texture is then described by the maximum
standard deviation Er½ � ¼ ½ur

1 ;U
r;ur

2 �.
Under a uniaxial loading controlled via applied nominal

strain rate _eapp
� �

; the macroscopic stress state in the SVE is

R ¼ Ryy ey � ey
� �

, where ey is the unit vector in the
y-direction (loading axis). The corresponding macroscopic
logarithmic strain state is: E ¼ Exx ex � exð Þþ
Eyy ey � ey

� �
þEzz ez � ezð Þwhere Exx ¼ ln Lx=L0ð Þ,

Eyy ¼ ln Ly=L0
� �

, and Ezz ¼ ln Lz=L0ð Þ. The von-Mises

equivalent stress is: Req ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3=2ð ÞR0

: R
0

q
¼ jRyyj and the

corresponding effective strain is: Eeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3ð ÞE0

: E
0

q
where R

0
are the deviatoric stresses and E

0
are the corre-

sponding deviatoric strains. Finally, the macroscopic
strain ratios (also known as the Lankford ratios) are given
by: RL ¼ ETT=ESS;RT ¼ ELL=ESS;RLT ¼ ELT?=ESS;RLS ¼
ELS?=ETT ;RTS ¼ ELL=ETS? [see [22] for further details].

HCP Crystal Plasticity

The finite strain crystal plasticity model comprises of eigh-
teen slip systems (3 basal, 3 prismatic, 6 pyramidal hai, and

6 pyramidal hcþ ai) and twelve twin systems (6 extension
twinning and 6 contraction twinning) with rate-dependent
viscoplastic flow rules that embed the physics of plasticity
kinetics and incorporate twinning-induced lattice reorienta-
tion [23]. Two sets of material parameters are considered
(Table 2); one set of parameters is representative of an Mg
alloy (AZ31B) and those in the brackets are for 99.97% pure
Mg [22].

Micromechanical Theory of Anisotropic Damage

As noted earlier, the hypothesis underlying this work is that
both, intrinsic plastic anisotropy and texture-induced effect
play a role in the damage tolerance of Mg alloys. For a
pristine (damage-free) material, these contributions emerge
in the form of the net plastic anisotropy at the macroscopic
scale, which may be characterized by one of the several
anisotropic yield functions [24]. In this work, we choose a
Hill-type representation of the net plastic anisotropy.
Admittedly, such a representation may be deemed too sim-
plistic for materials such as Mg that exhibit a complex
plastic anisotropy and perhaps even inadequate as it does not
cater for the tension-compression asymmetry [13].
Notwithstanding this caveat, the choice of this yield model is
driven by two considerations. First, it is a simple represen-
tation of the plastic anisotropy that offers a physical basis to
the anisotropy coefficients in the yield function. Second, the
yield function has been extended to incorporate damage by
porosity evolution [25]. These features make the theory
attractive in gaining insights by correlating the coefficients
of Hill anisotropy tensor to the two primary mechanisms of
macroscopic ductile fracture: (i) internal damage accumula-
tion by void growth, and (ii) mechanical instability driven by
shear bands. Indeed, the trends based on this model have
been shown to broadly corroborate with the experimentally
observed ductility trends in some Mg alloys [21, 26]. Below,
we briefly elucidate the main ingredients of the Hill plastic
anisotropy and its relation to damage. For a Hill-type
material, the yield condition is:

r2eq ¼
3
2
s : h : s ¼ ~r2

where req is the equivalent stress of the Hill yield criterion,s
the stress deviator, h the fourth-order Hill anisotropy tensor,
and ~r the flow stress. The flow stress is arbitrarily chosen
along a direction, which serves as the reference direction.
Referring to Fig. 1, with loading axes aligned with the
principal directions of plastic orthotropy, the above equation
reduces to:
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r2eq ¼
3
2

hLs
2
11 þ hTs

2
22 þ hSs

2
33 þ 2hLTs

2
12 þ 2hLSs

2
13 þ 2hTSs

2
23

� �
¼ ~r2

ð1Þ

the anisotropy coefficients hi are related to those used by Hill
[27]. In the present work, a strain-based approach is used in
the calculation of these coefficients. Given the principal
directions of plastic orthotropy L-T-S, the strain relation-
ships between hi and the strain ratios are as follows:

hT
hL

¼ 1� 3 RLRT � 1ð Þ
RLRT � 2RL � 2

;
hs
hL

¼ 1� 3RL RT � 1ð Þ
RLRT � 2RL � 2

;
hLT
hL

¼ � 1
2
ð2RLT þ 1Þ RLRT þ 1ð Þ

RLRT � 2RL � 2

hLS
hL

¼ � 1
2

2RLS þ 1ð Þ RL þ 1ð Þ
RLRT � 2RL � 2

;
hTS
hL

¼ � 1
2
ð2RTS þ 1Þ RL þ 1ð Þ
RLRT � 2RL � 2

These anisotropy coefficients enter in the micromechanics
of damage via porosity evolution as follows [20]:

_f
_eeqf

� 3
h
sinh

3
h
T

� �
ð2Þ

where f is the current void volume fraction, _eeq is the
effective plastic strain rate, T is the stress triaxiality ratio,
and h is a scalar invariant of h, given by:

h ¼ 2
2
5

hL þ hT þ hS
hLhT þ hThS þ hLhS

þ 1
5

1
hLT

þ 1
hLS

þ 1
hTS

� �	 
1
2

ð3Þ

Equation (2) shows that the rate of growth of porosity _f
in a plastically anisotropic material is a function of the de-
gree of plastic anisotropy, characterized by h. As such, it is
referred to as the Anisotropy Effect on Ductility (AED) in-
dex [21]. In the limiting case of plastic isotropy, all hi ¼ 1,
which gives h ¼ 2.

Another canonical mode of failure is the propensity to
failure by mechanical instability via shear bands, referred to
as shear failure. As expounded in Ref. [28], shear failure is
distinct from failure in shear; while the former may occur
under remote loading states devoid of a shear component,
the latter occurs under dominant shear loading conditions.
While there is no robust index (even for a Hill-type plastic
anisotropy) yet that describes the propensity of a plastically
anisotropic material to macroscopic shear failure, the role of
plastic anisotropy in shear failure may to zeroth order, be
viewed from the vantage point of the ratios of shear aniso-
tropy coefficients [17]. In orthotropic plasticity, the coeffi-
cients of interest are hLS and hTS. We discuss this further in
the next section.

Results and Discussion

In the following, we present the evolution and textural
dependencies of three quantities computed from the
expressions in the preceding section using the data from
crystal plasticity simulations [22]. These quantities are: the
AED index h (Eq. 3), and two shear anisotropy ratiosbhLST ¼ hLS=hT and bhTSL ¼ hTS=hL (cf. Eq. 1). In what fol-
lows, we focus on the results for an Mg alloy (Table 2), and
later comment on the role of crystallographic anisotropy by
examining the trends for pure Mg (Section “Role of Crys-
tallographic Anisotropy”).

AED Index

Figure 2 shows the evolution of the AED index with
equivalent strain Eeq calculated from tensile loading along
the L, T, S, LT, LS, and TS directions as detailed in Ref.
[22]. The different curves are for different textures ranging
from A through K (cf. Table 1).

Beyond the initial transient, all curves show a systematic
increase with a tendency toward steady-state values at large
strains (Eeq � 0:2Þ. The dashed line demarcates an isotropic
plastic response. There is a dependence of h on texture. This
is clearer from Fig. 3, which captures steady-state values of
the AED index for each texture. For tensile loading, the
steady-state values of the AED index are in the range
1:9.h. 2:5. Recall that for a plastically isotropic material

Fig. 1 Polycrystal SVE. The material directions are denoted by L, T,
and S. Uniaxial loading is applied along the global y-axis. The
particular case shown here is L-tension. (Color figure online)
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h ¼ 2. The AED index exhibits a non-monotonic correlation
with the peak intensity of the (0001) pole figure. With ref-
erence to Table 1, textures with the highest and the lowest
(0001) peak intensities show h[ 2 with stronger textures
showing higher values. In comparison, textures with inter-
mediate (0001) peak intensities exhibit tempered values of
h.2. While the corresponding correlation with 1010

� �
peak

intensities is not as clean, the trends are roughly similar.
Broadly, it appears then that that stronger textures are likely

to be more resistant to void growth than their weaker
counterparts and isotropic materials.

A similar analysis using compression datasets along the
same six directions allows computing AED indices, whose
steady-state values are also shown in Fig. 3. For a Hill-type
material (no tension-compression asymmetry), the AED
index calculated from the compression data should be
identical to its tensile counterpart. In such a scenario, the
choice of compressive tests is driven by practical consider-
ations; they are more cost-effective and consume less
material per test. For most Mg alloys, the tension-
compression asymmetry precludes the use of the AED
index computed from the compression dataset. As seen from
Fig. 3, the compressive AED indices lie below the isotropic
limit whereas the tensile AED indices indicate a more sen-
sitivity to textural variations. For instance, given a fixed
intrinsic plastic anisotropy, textures E, F, and G exhibit a
higher propensity to void growth ðhtensile\2Þ compared to a
plastically isotropic material. On the other hand, textures A
and D indicate a higher resistance to damage by porosity
evolution than the other textures. Such an assessment would
not be possible from the compressive AED data if they were
to be used as indicators, as they would suggest that all
textures being highly susceptible to porosity growth. Hence,
one conclusion we make is that for materials such as Mg
alloys, it is not advisable to use compression data to char-
acterize this particular mode of damage.

Fig. 2 Evolution of AED index with strain for different textures under
tensile loading (Mg alloy). The dashed line indicates the limiting case
of isotropic plasticity. (Color figure online)

Table 1 Texture cases
considered in this work [22]

Angles#/Cases! A B C D E F G H I J K

ur
1 20	 10	 20	 30	 30	 30	 30	 30	 30	 45	 45	

Ur 10	 15	 20	 10	 20	 20	 20	 30	 45	 60	 75	

ur
2 0	 0	 0	 0	 0	 10	 20	 30	 30	 45	 45	

Peak intensity
[0001]

31 24 19 30 18 20 18 13 8 6 4

Peak intensity
½1010�

6 10 6 5 5 5 4 4 3 3 2

Table 2 Material properties for
alloyed Mg (AZ31B) alloy and
pure Mg (in brackets)

Mechanisms s0(MPa) h0(MPa) ss(MPa) si0=s
pris:haisl:
0

Basal hai slip 10 (0.5) 50 (20) – 0.18 (0.02)

Prismatic hai slip 55 (25) 1500 110 (85) 1

Pyramidal hai slip 55 (25) 1500 110 (85) 1

Pyramidal hcþ ai slip 60 (40) 3000 170 (150) 1.09 (1.6)

Extension twinning s0(MPa) het(MPa) ss et(MPa) het sl(MPa) 0.27 (0.14)

15 (3.5) 120 (100) 30 (20) 100

Contraction twinning s0(MPa) Hct(MPa) Hct sl(MPa) b 1.55(2.2)

85 (55) 6000 15 0.05
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Figure 4 compares the trends of the tensile and com-
pressive AED indices for three textures whose textural
intensities are comparable with the experiments of Kondori
and Benzerga [14]. As seen, the computed trends are con-
sistent with the particular experimental data.

Shear Anisotropy Ratios

While the compressive AED index is not of much conse-
quence in the context of damage prediction by porosity

evolution, the shear anisotropy ratios ðbhÞ do have relevance

in both tension and compression. As noted before, bh
 1

denotes a shear resistant material while bh[ 1 indicates a
material that is weak against shear failure. On that backdrop,
Fig. 5 reveals some interesting features. Note that the ver-
tical axis is plotted on the logarithmic scale because of the

large range of bh values particularly in compression. For the
given level of crystallographic anisotropy, the propensity of
the material to shear instability seems to depend on both, the
texture and loading. For a given texture, susceptibility to
instability in compression is generally higher than in tension.

Under tensile loading, stronger textures appear to be more
susceptible to shear bands compared to the weaker ones. In

general, the bhLST correlates with ð1010Þ peak intensity

whereas bhTSL correlates with (0001) peak intensity in that the
higher the peak intensities the higher the corresponding bh
(i.e. less shear resistant). There appear to be three broad
families: (i) weak in shear along both planes comprising
textures A and B, (ii) weak in shear along one plane (TS) but
shear resistant in the other (LS), comprising textures C, D,
and F, and (iii) shear resistant along both planes, comprising
textures E, and G-K.

In compression, the situation is more straightforward in
that all textures exhibit the propensity to shear bands,
although the weaker the texture the lesser its susceptibility to
instability compared to the stronger counterparts. Here, bothbhLST and bhTSL appear to correlate better with the between
(0001) peak intensity compared to the ð1010Þ peak intensity.

Failure Map

With the foregoing results, we propose a failure map in thebh � h space, Fig. 6. The limiting cases for an isotropic

material ðbh ¼ 1; h ¼ 2Þ split the bh � h space into four
quadrants. Figure 6a, collates the shear anisotropy data from
both tension and compression along both planes and plots it
against the tensile AED indices for the same set of textures.
The green region is the goldilocks zone; textures whose all
four datapoints lie in this zone should be ideal choices in
terms of their crystallographic plastic anisotropy and texture.
It turns out that for the level of crystallographic anisotropy
representative of AZ31B, none of the eleven textures con-
sidered here come across as ideal candidates. Several can-
didates exhibit desirable characteristics insofar as the
resistant to porosity evolution is considered but they are
expected to generally exhibit poor characteristics against
shear failure particularly in compression (northeast). These
include: A, B, C, D, H, and I. A few candidates, which
occupy the northwest region are altogether undesirable.
These comprise: textures E, F, and G. A limited set of tex-
tures seem to be somewhat desirable as they occupy the
space in the vicinity of the goldilocks zone, e.g. textures J
and K.

Notably, the role of compressive loading in shear insta-
bility appears crucial. This suggests that the performance of
these materials against shear instability in compression is a

Fig. 3 Steady-state values of the AED index computed for tensile and
compressive loading (Mg alloy). The dashed line indicates the limiting
case of isotropic plasticity. (Color figure online)

Fig. 4 Comparison of the computed AED index with experimental
results [14] for an Mg alloy. The dashed line indicates the limiting case
of isotropic plasticity. (Color figure online)
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factor that may need a deeper investigation. If one ignores

the compressive values of bh, the situation is more forgiving
as several textures serve as potential candidates as seen from
Fig. 6b.

Role of Crystallographic Anisotropy

We briefly comment on the role of crystallographic plastic
anisotropy in the failure landscape. Figure 7 shows the
failure map for pure Mg, whose intrinsic crystallographic
plastic anisotropy is significantly larger compared to the Mg
alloy considered here (cf. Table 2). The figure includes a

limited dataset in that only the tensile values of bh are plotted
and with fewer texture cases (due to much higher compu-
tational costs). As seen from the figure, at this level of
crystallographic plastic anisotropy there seem to be more
possibilities of a damage-tolerant material design.

Textures D, E, K exhibit the characteristics of a material that
is both, shear resistant and tolerant to internal damage by
porosity growth. Even the remaining textures (A, C, H, I,
and J) show resistance to porosity growth that is better than
an isotropic material and their propensity to shear instability
is relatively tempered.

Summary

A predictive understanding of the interacting effects of
crystallographic and textural-induced plastic anisotropy in
the ductile response of Mg and its alloys is an outstanding
challenge. In this work, we present an elementary explo-
ration towards mapping the net plastic anisotropy (derived
from crystallographic and texture effects) to the macroscopic
damage tolerance against two main agents of ductile failure,
porosity growth and shear bands. Motivated by recent proofs
of concept, we adopt a simple, yet elegant micromechanical

Fig. 5 Texture-dependent steady-state values of shear anisotropy
ratios under tensile and compressive loading (Mg alloy). (Color figure
online)

(a)        (b) 

Fig. 6 Proposed failure map
characterized by metrics
describing propensity to shear

instability bh� �
and damage by

porosity evolution hð Þ: Panel
(a) includes shear anisotropy
ratios for both, tension and
compression. Panel (b) shows the
shear anisotropy ratios computed
from the tensile dataset only.
(Color figure online)

Fig. 7 Failure map for pure Mg. (Color figure online)
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model of anisotropic plasticity based on the Hill yield cri-
terion, which delivers the AED index that indicates the effect
of plastic anisotropy to porosity growth, and offers insights
into potency of shear instability by way of shear anisotropy
ratios. Using detailed analysis of the AED indices and shear
anisotropy ratios in both tension and compression, we pre-
sent preliminary failure maps for two levels of crystallo-
graphic plastic anisotropies over a wide range of textures.
With regard to the questions posed in Introduction, the main
observations are as follows:

1. For a material resembling AZ31B Mg, the AED index
shows a non-monotonic correlation with textural
strengths. The trend suggests that the strongest and the
weakest textures may provide a better resistance to
porosity driven ductile damage than intermediate
textures.

2. On the other hand, for the same material the trends of
shear anisotropy ratios suggest that, for tensile loading
states, weaker textures may be somewhat more shear
resistant compared to stronger and intermediate textures.
For compressive loading states, the situation is rather
challenging in that most textures may show propensity to
shear failure, with the situation being much worse for the
strongest textures.

3. For a material with a high crystallographic plastic ani-
sotropy (e.g. pure Mg), the scenario is more forgiving
with a wider range of textures showing resistance to both
modes of failure.

The analysis presented here needs to be served with
caution. While the model has been shown to corroborate
with some experimental observations on the anisotropy-
ductility linkages in some Mg alloys, it discounts intricacies
associated with the crystallographic aspects of deformation
mechanisms in Mg that can play a role in the fundamental
micromechanics of ductile damage [29]. As such, while the
qualitative trends may provide some guidance, a rigorous
quantitative assessment may be an overreach. Notwith-
standing these caveats, the present work perhaps serves as a
preliminary concept towards in silico design of damage-
tolerant Mg microstructures guided by the micromechanics
of HCP crystal plasticity and coupled into sophisticated
homogenization-based mechanics of anisotropic ductile
failure.
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Eliminating Yield Asymmetry and Enhancing
Ductility in Mg Alloys by Shear Assisted
Processing and Extrusion

Dalong Zhang, Jens Darsell, Nicole Overman, Darrell R. Herling,
and Vineet V. Joshi

Abstract

Solid phase processing techniques such as friction stir
welding, Shear assisted processing and extrusion
(ShAPE)/friction extrusion and cold spray have been
successfully demonstrated as promising thermomechani-
cal methods to produce metallic materials with enhanced
performance. In this study, AZ series with and without
silicon, ZK60 Mg alloys in as-received forms (as-cast or
as-extruded) were processed using Shear Assisted Pro-
cessing and Extrusion (ShAPE). Microstructural charac-
terization was performed using EBSD and TEM and
revealed that as compared to the feedstock
materials/billets, friction extruded Mg alloys had more
uniform microstructure, equiaxed grains, finer and homo-
geneously distributed precipitates and chemical homo-
geneity. It was also observed that basal planes were not
oriented parallel to extrusion axis. As a result, rod
products exhibited significantly reduced (in some cases
eliminated) yield asymmetry and achieved enhanced
ductility, which were uncommon or difficult to attain
using conventional processing techniques. In addition,
modified texture likely suppressed deformation twinning
under compressive deformation.

Keywords

Shear assisted processing and extrusion � ShAPE �
Magnesium alloys � Yield asymmetry

Introduction

Due to the common basal texture and easily activated basal
slip and twinning [1–4], wrought Mg alloys produced by
extrusion or rolling often suffer from tension-compression
yield asymmetry (YA) [5–7] and strength differential
(SD) [8]. YA is quantified as the ratio between compressive
yield strength (CYS) and tensile yield strength (TYS),
whereas SD is the qualitative difference between the tensile
flow curve and the compressive one. The presence of YA
and SD significantly limits the application of Mg alloys
because useful parts or products often need to withstand both
tensile and compressive loads [9, 10].

In the past two decades, various approaches have been
proposed to alleviate YA in wrought Mg alloys. One
effective approach is adding rare earth (RE) alloying ele-
ments such as Ce, La, Y to weaken the basal texture [5, 11,
12], leading to similar yield behavior in both tension and
compression. However, RE element addition inevitably
makes the Mg alloys expensive. Another approach is
microstructural refinement by severe plastic deformation
(SPD) based techniques, including ball milling [13], friction
stir processing (FSP) [14], and equal-channel angular
extrusion (ECAP) [15]. The resultant small grain size often
impedes twinning activity under compression load [13],
making the CYS comparable to TYS. SPD techniques,
especially ECAP, can also have effect of texture modifica-
tion which may contribute to reducing YA [15]. However,
the major challenge with SPD based techniques is they can
only produce lab-scale research samples, with no
cost-effective pathway towards scale-up manufacturing.

Moreover, most of above-mentioned approaches could at
best reduce YA, whereas SD remains pronounced. Rare
exceptions exist when using microstructural refinement in
conjunction with adding RE elements, as the case for an
ultrafine grained Mg-Y alloy [2]. However, the scale-up
manufacturing of such RE-containing alloys is rather
cost-prohibitive. In recent years, a cost-effective advanced
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manufacturing method, namely shear assisted processing
and extrusion (i.e. ShAPE), has been developed at Pacific
Northwest National Laboratory (PNNL). With ShAPE, tubes
of 50.8 mm diameter were successfully extruded for ZK60
Mg alloy, with refined grain size (4–5 µm) and modified
texture [16]. It was hypothesized that the modified texture,
namely a basal texture that was tilted *20° away from the
extrusion axis, would lead to reduced YA and SD, as well as
improved corrosion resistance.

In this work several different non-rare earth containing
alloys of magnesium were extruded using the ShAPE pro-
cess. The primary goal was to attain uniform microstructure,
equiaxed grains, finer and homogeneously distributed pre-
cipitates and chemical homogeneity along with desired
texture to eliminate yield asymmetry and strength differential
in these alloys. It is to be noted that the work presented here
is comprehensive and additional mechanical and
microstructural characterization has been performed and will
be available in subsequent publications.

Methods

Commercially extruded AZ31B, as-cast AZ31, and cast ZK60
alloys were purchased from MetalMart International. Inc
(Commerce, CA,USA). Canmet (Hamilton, ON,Canada) cast
AZ31-2Si. Mg-3Si alloy was cast at Brunel University (Lon-
don, UK). Sourcedmagnesium alloyswere first machined into
billetsmeasuring approximately 31.7 mmdiameter by 18 mm
thick. The magnesium alloy extruded billets were extruded
into 5 mm diameter rods using ShAPE process; a diagram of
the apparatus is shown in Fig. 1. The billet was loaded into a
cylindrical container measuring 31.8 mm inside diameter and
20 mm tall that is held stationary.A rotating die is brought into
contact with the material and an axial force is applied. The
combination of rotation and applied force causes heating due
to friction between the tool and material interface, and from
plastic deformation of the material. An extrusion is formed as
the softened material is pushed out the die orifice due to the
axial pressure and motion of material flow from scrolls.
A 4-scroll die was used for this work as shown in Fig. 1. The
samples discussed in this paper were all extruded at the same
process parameters of 7.62 mm/min and 150 RPM and an
extrusion ratio of 40.

ShAPE processing was performed with a custom-designed
die and material container assembly that was loaded into and
actuated using a Friction Stir Welding (FSW) machine
designed and built by Bond Technologies (previously named
Transformation Technologies Incorporated). This FSW
machine is unique in that it is one of the stiffest gantry
machines in North America. It is a servo-operated machine

capable of an axial force up to 130 kN and uses a nominally
rated 30 kW spindle that can operate up to 2000 RPM. In
addition, it is fully instrumented to record forces in the x, y,
and z directions as well as torque, power, and temperature. In
this work, the force in the z-direction corresponds to the axial
forge force and will be the only force discussed further. Die
face temperature was recorded by inserting a type-K ther-
mocouple approximately 1–2 mm from the working face of
the die. Torque is calculated from direct measurements of
current drawn by the spindle motor at a given operating
voltage and calibrated with an external dynamometer. Power
is then calculated based on the torque and rotational velocity.

After processing, the microstructures of both the extruded
rod and the billet (puck) were analyzed. Portions of the
extrudate (middle of rod for this work) and puck were
mounted in epoxy, cross-sectioned using a diamond saw,
and polished in steps to a final polish using 0.05 µm col-
loidal silica. Care was taken in timely coating and trans-
porting polished samples to microscope chambers to avoid
surface oxidation. For optical microscopy (OM), specimens
were briefly etched with dilute acid solution to reveal grain
boundaries and slip lines. A JEOL 7600F Field Emission
Scanning Electron Microscope (FE-SEM) was used to per-
form microstructural evaluations. Electron backscatter
diffraction (EBSD) mapping was performed using an
accelerating voltage of 20 keV and working distance of
approximately 22 mm. Indexing was accomplished using a
magnesium hexagonal crystal structure, Laue group 9, space
group 194, and unit cell parameters a = 3.209 Å,
b = 3.209 Å, c = 5.211 Å, a = 90°, b = 90°, c = 120°.
Low magnification maps were generated using a 1 µm step
size while high magnification mapping was performed using
more refined step sizes of 150–300 nm. Scanning trans-
mission electron microscopy (STEM) observations were
conducted on a cold field-emission JEOL ARM200CF
microscope operated at 200 kV, equipped with a hexapole
type Cs-corrector (CESCOR, CEOS). The instrument is
configured with a JEOL Centurio energy-dispersive X-ray
spectroscopy (EDS) detector. TEM specimens were prepared
using a FEI (now Thermo Fisher Scientific) Quanta 3D focus
ion beam (FIB)/scanning electron microscope (SEM). FIB
lamellae were extracted using a 30 keV Ga beam for the
initial lift-out and thinning, then thinned to approximately
100 * 200 nm using a 5 keV beam followed by a 2 keV
step.

The mechanical testing and samples were prepared as per
ASTM E8 standard with a 3 mm gauge diameter. Tensile
and compression specimens were machined with the gauge
length along the extrusion direction for extruded rods.
Tension and compression tests were carried out at room
temperature with quasi-static strain rate of 10−3/s.
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Results and Discussion

Figure 2 shows the approximately 300 mm long 5 mm
diameter rods extruded from a cast Mg-3Si (AS31), AZ31,
AZ31-2Si (AZ312), and ZK60 at the conditions previously
mentioned. A portion of the remaining cast billet can be seen
below the rod in each case. Process data corresponding to
ShAPE extrusion of previously extruded AZ31, and cast
alloys AZ31, Mg-3Si, AZ312, and ZK60 are shown in
Fig. 3. There are slightly different behaviors for extrusion
force, die temperature, and power that will not be fully
elaborated in this paper. In general, the extrusion force
(Fig. 3a) exhibits two behaviors. There is an initial break-
through force that ranges from 56 kN for Mg-3Si up to 84
kN for a previously extruded AZ31. We postulate that this is
related to the pressure and temperature needed to cause each
material to flow. The force is then reduced to a steady state
that comes on earlier and is lower in value (*20 kN) for cast
AZ31 and ZK60 while AZ31-2Si is slow to reduce and is
still 33 kN at the end of the extrusion. We would expect that
the high temperature strength of each material will affect this
but also note that each material may also have differences in
ability to flow in the die that may not always be strength
related. The die temperature for this set of samples is shown
in Fig. 3b. The range of die temperatures used to extrude the
different alloys occurs in two groups. The extruded AZ31,
Mg-3Si, and ZK60 alloys reach approximately 400 °C,
while AZ31 and AZ31-2Si reach 475 and 500 °C, respec-
tively. Spindle power used to turn the die during extrusion is
shown in Fig. 3c. There is an initially increase in power up
to 4–5 kW of power during the high rate of temperature
increase and high force. Then the power decreases closer to a
steady state between 2 and 3 kW. Mg-3Si appears to expe-
rience the least amount of power application while AZ31-2Si

experiences higher power levels. A spike in power near the
64 s mark is due to a change in spindle rotational speed that
occurs at the end of the extrusion and start of die extraction.

The ability of ShAPE process to modify microstructures
are illustrated in the following micrographs. Here we show
preliminary microstructural data for some of the samples but
not all the extruded samples. ShAPE’s ability to alter grain
size can be seen by comparing Figs. 4 and 5. Figure 4 shows
a large-area EBSD map of the as-extruded AZ31B, together
with the {0001} pole figure. The extrusion direction
(ED) was vertical as represented by the blue arrow. This is a
typical bimodal grain structure with large grains on the order
of 1 mm surrounded by smaller grains on the scale of
20 µm. The extruded sample has typical fiber basal texture
with most of the grains’ {0001} poles approximately normal

Fig. 1 A diagram of the ShAPE process and 4-scroll die. (Color figure online)

Fig. 2 Images of rods produced by ShAPE from cast Mg-3Si (AS31),
AZ31, AZ31-2Si (AZ312), and ZK60. (Color figure online)
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to the ED. After ShAPE extrusion, the AZ31B alloy (ShAPE
AZ31B hereafter) had equiaxed grains with an average size
of 27.9 µm, as revealed by OM (Fig. 5a) and EBSD map
(Fig. 5b). The ShAPE extrusion direction (SED for short)
was also vertical as represented by the blue arrow. Since the
IPF color code was based on SED, it is obvious in Fig. 5b
that the grains in ShAPE AZ31B were oriented more ran-
domly as opposed to the preferably oriented blue/green
grains in as-extruded AZ31B (Fig. 4). The corresponding
{0001} pole figure in Fig. 5c agrees with such assessment,
in that only a weak texture was present, with most of grains
having {0001} pole tilted away from SED by 30–60°, hence
a “tilted” basal texture.

In addition to modifications in texture and grain size in
ShAPE AZ31B, the size and distribution second phase
particles, mostly Al8Mn5 [17, 18], also changed, as exem-
plified by the back scattered electron (BSE) micrographs of
as-extruded AZ31B (Fig. 6a) and ShAPE AZ31B (Fig. 6b),
respectively. The former had typical “stringers” of particles
along the ED with sizes ranging between 0.5 µm and

3.5 µm; whereas the latter had uniformly distributed parti-
cles with sizes mostly less than 2 µm. The refining and
uniform distribution of precipitates and/or particles by
ShAPE have also been demonstrated in ZK60 [16] and
AZ91 [19] Mg alloys, as well as an Al alloy with very high
alloying contents [20]. Note that ShAPE has been able to
retain Al8Mn5 precipitates in the 10–20 nm range as
observed in the transmission electron micrographs and EDS
plots of Fig. 8. Another example of ShAPE’s ability to refine
and distribute second phases is shown in Fig. 7, where
coarse Mg2Si phase in as-cast Mg-3Si was refined after
ShAPE.

The mechanical behavior was investigated and compared
for both conventionally extruded AZ31B, ShAPE processed
extruded AZ31B, cast AZ31B, and ShAPE processed cast
AZ31B. True stress-strain curves for both tension and
compression were plotted in Fig. 9. For as-extruded AZ31B,
the commonly observed YA and SD were present, with CYS
being much lower than TYS; whereas the compressive flow
stress rapidly increased after yielding, with ultimate

Fig. 3 Process data with corrected time during ShAPE extrusion of extruded AZ31 and cast alloys AZ31, Mg-3Si, AZ312, and ZK60 into rods at
150RPM and 7.62 mm/min. Time was corrected to show the first buildup of force due to die contacting material as t = 0 s. (Color figure online)
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compressive strength (UCS) significantly higher than ulti-
mate tensile strength (UTS). In contrast, for ShAPE AZ31B,
the tensile curve was well aligned with the compressive
curve, until the compressive strain level extended far beyond
that of tensile strain.

The quantitative comparisons on yield strength, ultimate
strength, strain at failure, and uniform elongation (for tensile
tests only) were summarized in Table 1 for the extruded,
cast, and ShAPE AZ31B samples. One can notice CYS/TYS
for ShAPE extruded AZ31B was 1.05, whereas that for
as-extruded AZ31B was 0.66. Similarly, UCS/TYS (not
shown on table) was 0.99 for the former, and 1.13 for the

latter. The table shows that the ShAPE process improved
CYS/TYS to closer to 1 for the cast case as well. The
decrease in the compressive and tensile yield strength is
associated with basal plane orientation [7], which in the case
of ShAPE extruded sample was approximately 45° to the
extrusion axis. It must be noted that the ShAPE process
significantly improved the ductility, with uniform elongation
almost doubled, from 7.2 to 13.9% and the strength differ-
ential typically observed in the magnesium alloys was
completely eliminated. A similar analysis was performed for
ShAPE processed Mg-3Si and ZK60 and the results can be
found in the lower half of Table 1. Here it is found that
CYS/TYS values for ShAPE extruded ZK60 ranged from
1.03 to 1.30, suggesting possible benefit to this alloy. The
values for ShAPE processed Mg-3Si ranged from 1.35 to 1.9
indicating that ShAPE processing may not be as beneficial to
reducing anisotropy for this alloy. Further investigations will
be performed to elucidate this.

The improved ductility in ShAPE AZ31B was also sup-
ported by macroscopic OM observations on fractured spec-
imens in Fig. 10. For tensile specimens, as-extruded AZ31B
exhibited highly localized necking (Fig. 10a), whereas
ShAPE AZ31B had more gradual, “spread-out” necking
(Fig. 10e), indicating more uniform elongation prior to
fracturing. As for compression specimens, it was obvious

Fig. 4 EBSD map and {0001} pole figure of as-extruded AZ31B shows a bimodal grain size with large grains in the range of 1–2 mm. The
extrusion direction (ED) was vertical, as represented by the blue arrow. The IPF color code was based on ED. (Color figure online)

Fig. 5 a Optical micrograph of ShAPE AZ31B near center of rod, with vertical ShAPE extrusion direction (SED). b EBSD map and shows most
grains are grouped near 28 µm and c corresponding {0001} pole figure. (Color figure online)

Fig. 6 Backscatter scanning electron microscopy of conventionally
extruded and ShAPE extruded AZ31
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(a) (b)

Fig. 7 Backscatter scanning electron microscopy of (a) as-cast AZ31-2Si shows a 100 µm “Chinese script” Mg2Si precipitates that are refined to
equiaxed smaller particles with ShAPE extrusion (b)

Fig. 8 Transmission electron microscopy of conventionally extruded AZ31B and ShAPE extruded AZ31B. Scale bars are all 100 nm.
(Color figure online)

Fig. 9 Tensile and compressive
true stress-strain curves for
a as-extruded AZ31B versus
ShAPE and b as-cast versus
ShAPE. (Color figure online)
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that ShAPE AZ31B (Fig. 10f) went through more shape
change than as-extruded AZ31B (Fig. 10b).

OM observation at higher magnification, shown in
Fig. 11, for fractured specimens of ShAPE-Tensile
(Fig. 11a) and ShAPE-Comp (Fig. 11b) revealed the pres-
ence of parallel slip lines within the boundaries of many
grains. These parallel slip lines were particularly common in
the ShAPE-Comp specimen (Fig. 11b) as the strain at failure
was 27.2%, almost twice as much as that for ShAPE-Tensile
specimen (Fig. 11a). However, in some selected areas near
the fracture surface, as outlined by the yellow dashed box in
Fig. 11a, such parallel slip lines can also be seen in ShAPE-
Tensile. Considering the titled basal texture in ShAPE
AZ31B and the fact that basal slip only occurs on parallel
basal planes, these parallel slip lines were most likely the
result of dominant basal slip [21, 22] under compressive and
tensile deformation, respectively. Dominant basal slip would
be a likely reason for low CYS and TYS in ShAPE AZ31B
as compared with as-extruded AZ31B. Further study by
high-resolution EBSD is ongoing in order to confirm the

Table 1 Comparisons of
mechanical properties of
as-extruded AZ31B versus
ShAPE of extruded AZ31, and
as-cast AZ31 versus ShAPE of
cast AZ31. ShAPE drives the
CYS/TYS ratio to close to 1 in
both cases. Also included are
preliminary results of only
ShAPE of cast ZK60 and ShAPE
of cast Mg-3Si. Preliminary data
suggests ShAPE of cast ZK60
results in CYS/TYS ratio of 1.03
to 1.30. ShAPE of cast Mg-3Si
results in CYS/TYS ratios of 1.35
and 1.90, suggesting that ShAPE
is less successful in driving the
ratio to 1 in this alloy

Material Sample ID Yield strength
(Mpa)

Ultimate strength
(Mpa)

Ductility
(%)

CYS/TYS

Extruded
AZ31

Extrude-Tensile 216.3 309.6 10.40 0.66

Extrude-Comp 142.2 349.5 10.70

Ext-ShAPE-Tensile 82.8 289.3 14.80 1.05

Ext-ShAPE-Comp 87.1 286.7 27.20

Cast AZ31 Cast-Tensile 33 235.3 10.10 1.94

Cast-Comp 64 246.1 26.70

Cast-ShAPE-Tensile 71.7 308.7 16.40 1.03

Cast-ShAPE-Comp 73.7 257.9 15.60

ZK 60 Cast-ShAPE Tensile
#1

169 364 23 1.07

Cast-ShAPE Comp
#2

181 NA NA

Cast-ShAPE Tensile
#6

149 340 18 1.30

Cast-ShAPE Comp
#7

194 NA NA

Cast-ShAPE Tensile
#11

158 347 21 1.03

Cast-ShAPE Comp
#12

162 NA NA

Mg-3Si Cast-ShAPE Tensile
#6

52 174 13 1.35

Cast-ShAPE Comp
#7

70 NA NA

Cast-ShAPE Tensile
#11

52 182 13 1.90

Cast-ShAPE Comp
#12

99 NA NA

(a) (b)

(c) (d)

(e) (f)

Fig. 10 Macroscopic OM images of fractured specimens of AZ31B
a Extrude-Tensile, b Extrude-Comp, c Cast-Tensile, d Cast-Comp,
e ShAPE-Tensile, f ShAPE-Comp
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dominant basal slip activity, as well as the possibility of
coordinated basal slip across neighboring grains that might
have largely contributed to the enhanced ductility in ShAPE
AZ31B.

Conclusions

This work has shown that by using optimized ShAPE pro-
cess AZ series with and without silicon, ZK60 Mg alloys in
as-received forms (as-cast or as-extruded) generated more
uniform microstructure, equiaxed grains, finer and homo-
geneously distributed precipitates and chemical homogene-
ity. The critical factors necessary to remove the yield
anisotropy and minimizing the strength differential in mag-
nesium alloys was achieved using the ShAPE process. The
ShAPE processes were responsible for tailoring the
microstructure and are readily scalable to produce large parts
relevant to automotive applications.

Acknowledgements The authors would like to thank the U.
S. Department of Energy, Vehicle Technologies Office for the financial
support provided for this project. Pacific Northwest National Labora-
tory is operated by Battelle Memorial Institute for the United States
Department of Energy under Contract DE-AC06-76RLO1830.

References

1. M.R. Barnett, Twinning and the ductility of magnesium alloys:
Part I: “Tension” twins, Materials Science and Engineering: A 464
(1–2) (2007) 1–7.

2. D. Zhang, H. Wen, M.A. Kumar, F. Chen, L. Zhang, I.J. Beyerlein,
J.M. Schoenung, S. Mahajan, E.J. Lavernia, Yield symmetry and
reduced strength differential in Mg-2.5Y alloy, Acta Mater.
120 (2016) 75–85.

3. D. Zhang, L. Jiang, B. Zheng, J.M. Schoenung, S. Mahajan, E.
J. Lavernia, I.J. Beyerlein, J.M. Schoenung, E.J. Lavernia, Defor-
mation Twinning (Update), Reference Module in Materials
Science and Materials Engineering, Elsevier 2016.

4. M.H. Yoo, Slip, Twinning, and Fracture in Hexagonal
Close-Packed Metals, Metall. Mater. Trans. A-Phys. Metall.
Mater. Sci. 12(3) (1981) 409–418.

5. J. Bohlen, S. Yi, D. Letzig, K.U. Kainer, Effect of rare earth
elements on the microstructure and texture development in
magnesium–manganese alloys during extrusion, Materials Science
and Engineering: A 527(26) (2010) 7092–7098.

6. D.L. Yin, J.T. Wang, J.Q. Liu, X. Zhao, On tension–compression
yield asymmetry in an extruded Mg–3Al–1Zn alloy, J. Alloy.
Compd. 478(1–2) (2009) 789–795.

7. Li D., V.V. Joshi, C.A. Lavender, M.A. Khaleel, and S. Ahzi.
2013. “Yield asymmetry design of magnesium alloys by integrated
computational materials engineering.” Computational Materials
Science 79.

8. Joshi V.V., S. Jana, D. Li, H. Garmestani, E.A. Nyberg, and C.A.
Lavender. 2014. “High Shear Deformation to Produce High
Strength and Energy Absorption in Mg Alloys.” In Magnesium
Technology 2014, edited by M Alderman, et al, 83–88. Hoboken,
New Jersey: John Wiley & Sons, Inc.

9. J. Hirsch, T. Al-Samman, Superior light metals by texture
engineering: Optimized aluminum and magnesium alloys for
automotive applications, Acta Materialia 61(3) (2013) 818–843.

10. Y. Chino, M. Kado, M. Mabuchi, Enhancement of tensile ductility
and stretch formability of magnesium by addition of 0.2 wt%
(0.035 at%)Ce, Mater. Sci. Eng. A-Struct. Mater.
Prop. Microstruct. Process. 494(1–2) (2008) 343–349.

11. J. Bohlen, M.R. Nürnberg, J.W. Senn, D. Letzig, S.R. Agnew, The
texture and anisotropy of magnesium–zinc–rare earth alloy sheets,
Acta Mater. 55(6) (2007) 2101–2112.

12. T. Al-Samman, X. Li, Sheet texture modification in
magnesium-based alloys by selective rare earth alloying, Materials
Science and Engineering: A 528(10–11) (2011) 3809–3822.

13. H.J. Choi, Y. Kim, J.H. Shin, D.H. Bae, Deformation behavior of
magnesium in the grain size spectrum from nano- to micrometer,
Materials Science and Engineering: A 527(6) (2010) 1565–1570.

14. S.K. Panigrahi, K. Kumar, N. Kumar, W. Yuan, R.S. Mishra, R.
DeLorme, B. Davis, R.A. Howell, K. Cho, Transition of defor-
mation behavior in an ultrafine grained magnesium alloy, Mate-
rials Science and Engineering: A 549 (2012) 123–127.

15. I.J. Beyerlein, L.S. Toth, Texture evolution in equal-channel
angular extrusion, Prog. Mater. Sci. 54(4) (2009) 427–510.

16. S. Whalen, N. Overman, V. Joshi, T. Varga, D. Graff, C.
Lavender, Magnesium alloy ZK60 tubing made by Shear Assisted
Processing and Extrusion (ShAPE), Materials Science and Engi-
neering: A 755 (2019) 278–288.

(a) (b)

Fig. 11 Deformation microstructure near fracture surface of a ShAPE-Tensile, b ShAPE-Comp

98 D. Zhang et al.



17. T. Voisin, N.M. Krywopusk, F. Mompiou, T.P. Weihs, Precipi-
tation strengthening in nanostructured AZ31B magnesium thin
films characterized by nano-indentation, STEM/EDS, HRTEM,
and in situ TEM tensile testing, Acta Materialia 138 (2017) 174–
184.

18. N. Stanford, D. Atwell, The Effect of Mn-rich Precipitates on the
Strength of AZ31 Extrudates, Metallurgical and Materials Trans-
actions A 44(10) (2013) 4830–4843.

19. N.R. Overman, S.A. Whalen, M.E. Bowden, M.J. Olszta, K.
Kruska, T. Clark, E.L. Stevens, J.T. Darsell, V.V. Joshi, X. Jiang,
K.F. Mattlin, S.N. Mathaudhu, Homogenization and texture
development in rapidly solidified AZ91E consolidated by Shear

Assisted Processing and Extrusion (ShAPE), Materials Science
and Engineering: A 701 (2017) 56–68.

20. S. Whalen, M. Olszta, C. Roach, J. Darsell, D. Graff, M.
Reza-E-Rabby, T. Roosendaal, W. Daye, T. Pelletiers, S.
Mathaudhu, N. Overman, High ductility aluminum alloy made
from powder by friction extrusion, Materialia 6 (2019) 100260.

21. C.M. Cepeda-Jiménez, J.M. Molina-Aldareguia, M.T. Pérez--
Prado, Effect of grain size on slip activity in pure magnesium
polycrystals, Acta Mater. 84(0) (2015) 443–456.

22. C.M. Cepeda-Jiménez, J.M. Molina-Aldareguia, F. Carreño, M.T.
Pérez-Prado, Prominent role of basal slip during high-temperature
deformation of pureMg polycrystals, ActaMater. 85(0) (2015) 1–13.

Eliminating Yield Asymmetry and Enhancing Ductility in Mg Alloys … 99



Numerical Study of Multiaxial Loading
Behavior of Mg Alloy AZ31 Extruded Bar

Xiaodan Zhang, Qin Yu, Huamiao Wang, and Peidong Wu

Abstract

During plastic forming of magnesium alloy parts, mul-
tiaxial deformation state with shear and normal strain
components is frequently observed. Therefore, torsional,
torsion-tension coupling, and torsion-compression cou-
pling behaviors of AZ31 magnesium alloy extruded bars
are numerically investigated. The elastic visco-plastic
self-consistent model with the twinning and detwinning
scheme, in conjunction with a torsion specific finite
element method, is employed. Stress-strain response, twin
volume fraction, relative activities of deformation mech-
anisms, and deformation textures are obtained and used to
interpret the multiaxial deformation behaviors of Mg
alloys.

Keywords

Torsion-tension � Torsion-compression � Magnesium
alloy � Twinning � Crystal plasticity

Introduction

Magnesium (Mg) alloys gained significant attention as light
structural materials for automotive and aerospace applica-
tions [1, 2]. However, Mg alloys have exhibited strongly
anisotropic behaviors and poor formability to limit the
application at ambient temperature, which are ascribed to
their hexagonal close-packed (HCP) crystallographic struc-
ture, and limited operative deformation modes [3]. To
enhance the mechanical properties and widen the applica-
tions, understanding the essential deformation mechanism of
Mg alloy is worth endless effort. Tremendous investigations
under various deformation states have been conducted, e.g.,
uniaxial/cyclic tension and compression, loading path
change, simple shear [3–6].

In contrast to the plenty of tension/compression studies,
limited works have been devoted to study the torsional
behaviors of Mg alloys, which are attributed to the inhomo-
geneity of the stress and strain on the cross-sectional plane of
the torsional specimens. Similarly, torsion-tension/compres-
sion coupled deformations are heterogeneous along the radial
direction. But this inhomogeneity is easier to be tracked than
an arbitrary deformation state. Taking this feature into con-
sideration, it is possible to apply the efficient SC crystal
plasticity model to analyze the torsion-tension/compression
coupling behaviors. In this paper, we studied the deformation
behaviors of the Mg alloy AZ31 bar under fixed-end torsion,
free-end torsion, and coupled torsion-tension/compression by
combining the torsion specific finite element method [7] and
the EVPSC-TDT model [5, 6].

Numerical Procedure

The EVPSC-TDT model with the Affine self-consistent
scheme, which gave the best performance in series of
assessments [4–11], was employed in conjunction with the
torsion specific finite element approach (denoted as the
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TFE-EVPSC-TDT model, see Fig. 1) to study the torsion
related behaviors of Mg alloys. A uniform cylindrical solid
rod with initial radius R0 and initial length L0, subject to a
twist u due to an applied torque T and an axial strain e due
to axial force F, is considered (Fig. 1) in TFE. The numer-
ical results of the solid rods based on the TFE-EVPSC-TDT
model are sufficiently accurate by using 5 elements [12]. The
torsion related results of a solid cylindrical rod are presented
in terms of the following quantities:

C ¼ R0
L0
u; s ¼ 3T

2pR3
0
; e ¼ ln L

L0

� �
; r ¼ F

pR2
0

where C represents the shear strain at the outer surface of the
cylindrical rod. s, e, and r are the average shear stress, axial
strain, and axial stress, respectively.

Results and Discussion

The behavior of an AZ31B extruded rod loaded under var-
ious loading paths, including fixed-end torsion, free-end
torsion, coupled torsion-tension, and coupled torsion-

compression, are simulated by the TFE-EVPSC-TDT. The
plastic deformation of Mg alloy AZ31B at room temperature
is assumed to be composed of basal hai slip, prismatic hai
slip, pyramidal hcþ ai slip, and extension twinning [13].
In the simulation, the reference shear strain rate and rate
sensitivity of all slip and twin systems are the same,
_c0 ¼ 10�3s�1, m ¼ 0:05. At room temperature, the elastic
constants of magnesium single crystal are C11 ¼ 58,
C12 ¼ 25, C13 ¼ 20:8, C33 ¼ 61:2, C44 ¼ 16:6 GPa [14].
The extruded AZ31 rod texture (Fig. 2) and the hardening
parameters (Table 1) are chosen as the same as those used
previously [15].

The free-/fixed-end torsion are simulated with a twist rate
of _u ¼ 1:36� 10�3s�1, whereas torsion-tension/compres-
sion are simulated with a twist rate of _u ¼ 1:36� 10�3s�1

and axial strain rate _e ¼ �1� 10�4s�1. The simulated
response of the stress and strain under the four loading paths
are summarized in Fig. 3, where the stress-strain responses
all depend strongly on the coupling loading paths. The
curves of shear stress-shear strain under free-end and
fixed-end torsion are similar because the active deformation
modes are almost equivalent under these two loading paths
(Fig. 3a, b). The axial strain is contractive and decreases
almost linearly with twisting under free-end torsion, while
the axial stress increases under fixed-end torsion (Fig. 3b),
which is the so-called Swift effect [13]. As shown in Fig. 3c,
the curves of shear stress-shear strain and axial stress-axial
strain under coupled torsion-tension are similar to fixed-end
torsion, while under coupled torsion-compression have the
characteristic “S” shapes due to the dominated twinning
(Fig. 4d). Relatively, prismatic slip is as active as the basal
slip under coupled torsion-tension, while it is relatively less
active under free-/fixed-end torsion and coupled torsion-
compression.

Figure 5 presents the predicted deformation textures in
terms of {0001} and {1010} pole figures under four loading
paths at shear strain C ¼ 0:3. All textures are evolving
towards the typical shear texture, which is consistent with
both available experiments and simulations [16–18]. Close
observation reveals that the developed textures under cou-
pled torsion-compression are quite different from those
under free-/fixed-end torsion and torsion-tension. This is due
to the high activity of extension twin under coupled
torsion-compression.

Fig. 1 Schematic of finite element for torsion

Fig. 2 The initial texture of extruded AZ31 Mg alloy solid rods in term
of {0001} and {1010} pole figures. (Color figure online)

Table 1 Values of the hardening
parameters associated with the
EVPSC-TDT model

Mode s0ðMPaÞ s1ðMPaÞ h0ðMPaÞ h1ðMPaÞ hab A1 A2

Basal 23 1 0 0 1

Prismatic 88 55 400 0 1

Pyramidal 100 90 2800 0 1

Extension twin 30 0 0 0 1 0.70 0.75
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The distributions of the twin volume fraction (TVF) un-
der different loadings are presented in Fig. 6. The TVFs
increase along the radius from the center to the outer surface
under fixed-end torsion at difference shear strain. Similarly,
under free-end torsion, TVFs increase along the radius at
The TVFs increase along the radius from the center to the
outer surface under fixed-end torsion at difference shear
strain. Similarly, under free-end torsion, TVFs increase
along the radius at, but distribute almost uniformly at
C ¼ 0:1; 0:2, but distribute almost uniformly at C ¼ 0:3.
The TVF remains low under coupled torsion-tension be-
cause twinning is very active (Fig. 4c). Interestingly, under
coupled torsion-compression, the TVF increases with the
radius at C ¼ 0:1, remains nearly constant at C ¼ 0:2, and
decreases at C ¼ 0:3. This exceptional distribution of the
TVF within the rod under coupled torsion-compression is
ascribed to the difference in deformation mechanisms
(Fig. 7). It is demonstrated that tuning a variety of gradient
twin structures is feasible through torsion. It is particularly
significant as it provides an effective and low-cost process-
ing method to adjust the mechanical properties of Mg alloys.

Fig. 3 (a) The shear stress-shear strain curves of the rod under free-/fixed-end torsion and coupled torsion-tension/compression; (b) the axial
strain/stress-shear strain curves under free-/fixed-end torsion; and (c) the axial stress-strain curves of the rod under coupled
torsion-tension/compression. (Color figure online)

Fig. 4 The relative activities of various deformation mechanisms
and the twin volume fraction (TVF) under (a) free-end torsion, (b)
fixed-end torsion, (c) coupled torsion-tension, and (d) coupled torsion-
compression at the outer surface of the rod. (Color figure online)

Fig. 5 The developed textures
under (a) free-end torsion, (b)
fixed-end torsion, (c) coupled
torsion-tension, and (d) coupled
torsion-tension at C = 0.3 in
terms of {0001} and {1010} pole
figures in the h� z shear plane.
(Color figure online)
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Conclusions

The torsional, torsion-tension, and torsion-compression
coupling behaviors of extruded AZ31 Mg alloy rod are
investigated numerically based on the TFE-EVPSC-TDT
model. First of all, the stress-strain responses are very sen-
sitive to the loading paths because of the high anisotropy of
Mg alloys and the different activity of the extension twin.
Also due to its strong anisotropy, Mg alloy has a significant
Swift effect. Due to twinning, the axial stress-strain curve
exhibits an “S” shape under coupled torsion-compression.
Under four loading paths, all develop textures exhibit the
characteristic features of a developed shear texture.
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Absorbable Wire Radiopacity: Influence
of Composition and Size on X-ray Visibility

Adam J. Griebel, Aubrey L. Ehle, and Jeremy E. Schaffer

Abstract

Imaging systems employing X-rays (such a 2D projec-
tional radiography, computed tomography, and fluoro-
scopy) are widely used in medicine to aid in surgical
planning, intervention, and follow up. Visualization of
medical devices using these techniques relies on differ-
ences in x-ray absorption between the medical device and
the surrounding tissue. The amount of absorption of a
given device is largely a function of its cross-sectional
dimensions, density, and atomic properties. Conse-
quently, imaging of relatively small devices, like stents,
made of a low-density material, like magnesium, can be
very challenging. The aim of this study is to quantify the
relative radiopacities of key absorbable metal alloy
systems, determine the influence of magnesium alloy
composition on radiopacity, and estimate the diameters at
which wires are no longer visible under typical clinical
conditions. This is accomplished by producing wires from
five different magnesium alloys, a zinc alloy, and an iron
alloy, in sizes ranging from 0.2 to 1.0 mm diameter, and
imaging on a clinical x-ray system.

Keywords

Absorbable�Magnesium�Mg� Iron�Fe�Zinc�Zn�
Wire � Radiopacity � Imaging � X-ray � Fluoroscopy

Introduction

The field of radiology has become an indispensable com-
ponent of modern medical care, allowing for safe and
effective diagnosis, surgical planning, intervention, and fol-
low up. There are a wide variety of available imaging
modalities (e.g. x-ray, magnetic resonance, ultrasound,
positron emission tomography), and each have their own
advantages and disadvantages. The field of interventional
radiology relies heavily on an x-ray-based modality,
fluoroscopy, which allows for real-time imaging during a
surgical procedure and is especially useful for intraluminal
implant placement [1]. Often contrast agents are used to
increase the visibility of the system in question [2], and
device visibility requires sufficient x-ray absorbance and
scattering (radiopacity) compared to the surrounding tissues.

Radiopacity of a given device will depend on a host of
factors, including thickness and density of the surrounding
tissue, the imaging parameters, the geometrical thickness of
the device, and the composition of the material used to
fabricate the device. Absorption of a material relates to the
material density, the atomic number, and the atomic mass,
and can vary with the x-ray energy employed [3].

Medical devices which benefit from radiopaque materials
are generally those with a relatively small cross-section and
which rely on live fluoroscopic x-ray imaging for accurate
placement. Intraarterial stents, for example, require fluoro-
scopic guidance to locate the target vessel lesion and ensure
the stent has been fully deployed. Stent struts can be as large
as 0.2 or 0.25 mm for peripheral devices [4], around 0.1 mm
for coronary devices [5, 6], and as small as 0.025 mm for
neurovascular devices [7]. Radiopacity is also an important
feature for accurate placement of gastrointestinal stents.
Larger devices like ligation clips and k-wires have larger
wire cross-section (0.8–2.0 mm) and generally do not
require fluoroscopy to guide placement, so radiopacity is less
critical though it can still aid in post-surgery follow up
examination.
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Production and evaluation of wires of absorbable mag-
nesium, zinc, and iron alloys is well documented, with
magnesium receiving the most attention. Many promising
magnesium alloys contain rare earth elements which gener-
ally serve to increase strength, reduce texture, and reduce
corrosion rate. Examples of Mg-rare earth alloys include
WE43 and Resoloy® [8–10]. Rare earth elements in other
metal systems are known to increase radiopacity [3]. Other
Mg alloys contain no rare earth elements, and instead rely on
small amounts of alloying elements like Al, Zn, Mn, Ca, and
Li for strengthening and corrosion control [11]. Examples of
these Mg alloys include ZX10, LZ21, and AZ31. Many zinc-
based alloys are being investigated for suitability as an ab-
sorbable metal. Zinc alloyed with 7 weight percent silver is
one such alloy that has shown encouraging results [12].
Much work has been done in the iron-manganese system, as
manganese is an essential micronutrient and its presence in
iron can help stabilize the austenite phase and produce
anti-ferromagnetic behavior [13]. The high strength and
stiffness of iron-based materials makes them attractive for
stents, though the corrosion rate still needs to be addressed.

While significant effort has gone into characterizing the
microstructural, mechanical, and degradation properties of
these materials, there is comparatively little data in the lit-
erature on their radiopacity, an important material property
when designing an implantable device. Some articles report
the X-ray and MRI imaging characteristic of magnesium
alloy screws, often comparing to conventional titanium ones
[14, 15], but nothing is reported for fine wires.

The aim of this study is to fill this hole in the literature by
quantifying the relative radiopacities of key absorbable metal
alloy wire systems, determine the influence of magnesium alloy
composition on radiopacity, and estimate the diameters at which
wires are no longer visible under typical clinical conditions.

Materials and Methods

Alloys investigated in this study include rare earth-free
magnesium alloys LZ21, ZX10, and AZ31, rare
earth-containing magnesium alloys WE43 and Resoloy®,

Zn7Ag, and Fe35Mn. Nominal compositions of the alloys
and their measured densities are shown in Table 1.

Wires of eachalloywere producedvia standard cold-drawing
practices to diameters of 1.0, 0.75, 0.5, 0.3, and 0.2 mm and cut
into samples of approximately 50 mm in length.

To assess relative radiopacity of the wires, the samples of
each diameter were aligned on aluminum plates of 12.5- and
25-mm thicknesses as a body mimic and imaged on a clin-
ical GE Precision 600FP system with a Canon DREX-KL80
X-ray generator (Fig. 1). Each set of wire diameters was
imaged at 50 cm SID with parameters of 60 kVp/5 mAs and
100 kVp/0.7 mAs on the 12.5 mm plates, and
60kVp/20mAs, and 100 kVp/2.5 mAs on the 25 mm plates.

To quantify radiopacity of each sample, the pixel inten-
sity difference was calculated per ASTM F-640 [16]. In
short, the signal intensity of each wire was measured, and
the difference relative to its immediate surrounding back-
ground was calculated in ImageJ and Excel.

Results

Typical images generated through this method are shown in
Fig. 2. The method proved vary capable of distinguishing
between alloys. Complete results of the analysis are shown
in Fig. 3, where average pixel difference of both 100 kVp
tests and both 60 kVp are shown in the top and bottom plots,
respectively. In general, the pixel difference decreased with
decreasing wire diameter, as expected. In all cases, the
Zn7Ag had the highest pixel difference, followed by
Fe35Mn. All magnesium alloys had substantially lower pixel
differences than the Zn or Fe alloys. Figure 4 shows only the
magnesium alloys to reduce the y-axis scale and facilitate
comparison. Here, Resoloy generally had the highest ra-
diopacity, followed by WE43. The LZ21, ZX10, and AZ31
radiopacities were largely equivalent.

Zn7Ag and Fe35Mn were clearly distinguishable at all
sizes and imaging conditions. Resoloy and WE43 were very
faint at 0.3 and 0.2 mm (pixel differences of 1.0–7.5). LZ21,
ZX10, and AZ31 were not distinguishable at 0.2 mm (pixel
differences of 0.0).

Table 1 Alloy major
composition and density

Alloy Nominal composition (wt%) Density
(g/cc)

LZ21 Mg-2Li-1Zn 1.68

ZX10 Mg-1Zn-0.3Ca 1.74

AZ31 Mg-3Al-1Zn-0.2Mn 1.77

WE43 Mg-4Y-3Nd-0.4Zr 1.81

Resoloy Mg-10Dy-1Nd-1Zn-0.2Zr 1.91

Zn7Ag Zn-7Ag 7.29

Fe35Mn Fe-35Mn 7.69
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Fig. 1 1 mm wire samples with 25 mm Al plate body mimic on the
imaging system. (Color figure online)

Fig. 2 1 mm (top) and 0.2 mm (bottom) wire samples on 12.5 mm of
Al plate imaged at 60 kVp and 5 mAs

Fig. 3 Pixel intensity differences
for each alloy and diameter at 100
kVp (top) and 60 kVp (bottom).
(Color figure online)
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Discussion

This work is perhaps the first to quantify the relative ra-
diopacities of absorbable metals. It confirms that which was
already known to the field: magnesium alloy radiopacity is
low relative to other metals. Interestingly, this study has
demonstrated two previously unreported relationships as
well: radiopacity variance within magnesium alloys, and
relative radiopacities between zinc- and iron-based alloys.

The marked increase in the radiopacity of magnesium
alloys which have a significant rare earth metal alloying
content (WE43, Resoloy) as shown in Fig. 4 is striking.
Resoloy, for example, has between 3 and 10 times the

radiopacity over baseline of the LZ21 alloy, depending on
the imaging conditions. While this indicates magnesium-rare
earth alloys will likely be more visible than magnesium
alloys without rare earths, in a practical sense it may have
limited utility as most thin magnesium devices like stents
which require radiologic guidance during surgery will likely
still need radiopaque additions (e.g. tantalum or platinum
markers), as even the Resoloy and WE43 were very poorly
visible at 0.2 mm while many stents could have struts as thin
as 0.1 or 0.125 mm.

Also interesting is the higher radiopacity of the Zn7Ag
alloy over the Fe35Mn alloy despite the higher density of the
Fe35Mn, pointing to the importance of atomic number and
atomic weight in addition to density.

Fig. 4 Pixel intensity differences
for each magnesium alloy and
diameter at 100 kVp (top) and 60
kVp (bottom). (Color figure
online)
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Conclusion

This study provides a quantitative analysis of relative ra-
diopacities of relevant absorbable metals across the three
metal classes of interest. It confirms the low radiopacity of
magnesium in relation to zinc and iron and shows the
influence of magnesium alloying elements on radiopacity.
Data generated here will aid in material selection and ab-
sorbable device design.
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Magnesium and Magnesium Alloy Powder
Processing Towards the Development
of Near Shape Structural Materials

Steven C. Johnson and Dylan G. Goncalves

Abstract

Near shape forming of magnesium (Mg) alloys offers a
significant opportunity for structural material lightweight.
In this work, conventional press and sinter near shape
processing has been applied to commercial AZ91D and
pure Mg powders. Results indicate these powders are
reasonably compressible achieving green densities of 88
to 98% qTh with limited cracking. Sintering of these
compacted powders is challenging and requires both solid
state and transient liquid phase mass transport apparently
due to the inherent powder particle surface oxide layer.
Resultant press and sintered materials are characterized
for density, porosity distribution, hardness, microstruc-
ture, and phase development. Throughout this effort,
specific attention is paid to the affect oxygen, as an
adsorbed contaminant and a surface thin film, presents as
an impediment to solid and transient liquid state densi-
fication. Results of this work are intended to advance near
shape processing of Mg alloy and Mg powders for
potential structural applications.
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Introduction and Technical Motivation

Fabrication of light alloy materials using near or net shape
processes offers a significant opportunity for greater appli-
cation, more efficient fabrication, and specifically the struc-
tural lightweighting of components made from these light
alloy materials. In example, Aluminum (Al) alloys with a
density of approximately 2.8 gm/cm3 are commercially rel-
atively abundant, can be fabricated to a desired shape using a
variety of methods, and are presently commercially available
in powder form for near shape processing by powder con-
solidation. [1, 2] Alternatively Magnesium (Mg) alloys with
a density of approximately 1.8 gm/cm3 are commercially
available but not abundant, are usually processed to shape by
casting or wrought processes, and are not commercially
available in powders for near shape processing by powder
consolidation. As two viable alloy systems applicable for
structural lightweighting, the fact that Mg alloys exhibit
approximately 36% lower density than Al alloys makes Mg
alloys highly desirable for near shape processing
investigations.

As stated, there are presently no commercially available
powdered Mg alloys intended for near shape powder con-
solidation. Some work has been performed investigating the
viability of Mg and Mg alloys near shape processed by
powder consolidation. As example, Liu et al. has consoli-
dated pure Mg powder using spark plasma sintering (SPS).
In this work pure Mg powder was consolidated up to
99.67% theoretical density when sintered at 570 °C. It was
found that during SPS, by using a pulsed electric current the
Mg powder particle surface MgO layer could be melted or
even vaporized thus facilitating interparticle diffusion and
sintering [3]. Salehi et al. used a binderless three-
dimensional printing technique to consolidate powder of a
Mg-5.9Zn-0.13Zr alloy. In this work, the green printed
shapes were sintered above the alloy solidus temperature to
facilitate both solid and liquid state sintering. Results indi-
cate an increase in density from approximately 56%
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theoretical density in the green condition to a maximum of
71% after sintering primarily due to supersolidus liquid
phase sintering [4]. Additionally, Burke and colleagues have
performed near shape powder consolidation of pure Mg and
Mg elemental powder blends. Results of this work shows the
effect of the powder particle surface MgO layer in impeding
solid state diffusion, the significance of increased sintering
temperatures to facilitate liquid phase sintering in over-
coming this surface MgO layer, and the potential of using
non-inert sintering atmospheres (i.e.; N2 (g)) to reduce the
surface MgO layer for improved sintering [5–7].

Based on this technical background and the large poten-
tial application of near shape processed, light weight Mg
alloy components, this technical investigation applied the
following approach;

• Only commercially available Mg and Mg alloy powders
were used,

• The mature near shape fabrication method of press and
sinter processing (P + S) was used to consolidate pow-
ders, and

• Both solid and liquid phase sintering were used to densify
powder compacts.

In this work, commercially available pure Mg and the Mg
alloy AZ91D powders both synthesized by inert gas
atomization were used. These powders were initially char-
acterized and then consolidated into near shape, cylindrical
discs using P + S methods. Sintering was performed in an
inert atmosphere at temperatures below and above the
melting and solidus temperatures. Green and sintered
materials were characterized for density and microstructure.
From this investigation, it is intended that the technical
understanding of press + sinter processing of Mg and Mg
alloy powders will be progressed.

Materials and Experimental Methods

Materials

The Mg materials used in this work are powders of pure Mg
and the Mg alloy AZ91D both synthesized by gas
atomization and provided by ESM Group, Inc. of Amherst,
NY. The Mg powder contains only trace amounts of impu-
rities and has an intended size distribution of –100/+325
mesh but contains approximately 33% −325 mesh powder.
AZ91D is a commercially available Mg alloy usually formed
by casting processes containing Al, Zn, and Mn as alloying
additions and the pre-alloyed powder used in this work has a
size distribution of −90/+270 mesh [1]. Compositions of the
pure Mg and pre-alloyed AZ91D powders are presented in
Table 1. For compaction processing, both Mg and

pre-alloyed AZ91D powders were compacted containing 1
wt% ACRAWAX C admixed lubricant and no admixed
lubricant with Zn Stearate used as a die wall lubricant.

Experimental Methods

The Mg and pre-alloyed AZ91D powders used in this work
were characterized for powder particle morphology, hard-
ness, flow, apparent density, melting temperature, and phase
composition. Powder particle morphology determination
was performed using a field emission scanning electron
microscope (FE-SEM) operated at various accelerating
voltages with images acquired using the secondary electron
(SE) signal. Hardness of powder particles was determined
using Vickers microhardness. Powder samples were moun-
ted at room temperature in 2-part resin plus hardener epoxy
and then ground and polished with various grinding and
polishing discs and various abrasive polishing suspensions
using an automated grinder/polisher. Hardness of the powder
particles observed in cross section were then measured using
a Wilson VH1202 Vickers/Knoop microhardness tester with
a load of 10 gm. and a dwell time of 5 s. Flow and apparent
densities of powders were determined generally following
MPIF Standards 03 and 04 [8, 9].

Thermal analysis of powders was performed using a TA
Instruments SDT Q-600 simultaneous thermal analyzer
(STA) collecting both differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) signals
simultaneously. Powder samples for thermal analysis were
placed in covered, high purity Al2O3 crucibles, heated to and
cooled from 700 °C at a rate of 5 °C/min with 100 ml/min.
mass flow rate of high purity Ar (99.999%) as a cover gas.
Thermal analysis data was analyzed using the TA Universal
Analysis software. Phase composition of powders was
determined using a Rigaku MiniFlex II x-ray diffractometer.
Powder samples were placed in a zero background holder
and scanned from approximately 20 to 100° 2H at a rate of
1°/min. using Cu Ka radiation with a wavelength of
1.540562 Å. X-ray diffraction data was analyzed using
Materials Data Inc. JADE analysis software and the Inter-
national Centre for Diffraction Data PDF-4 + x-ray diffrac-
tion database.

Consolidation of Mg and pre-alloyed AZ91D powders
into near shape samples was performed using press and
sinter processing. Powder compaction was performed using
a 100 ton capacity mechanical compaction press. Generally,
a specific mass of powder (ex. 13 gm) was hand fed into a
1.186 in. diameter cylindrical die and compacted to target
compaction stress of 300, 400, 500, or 600 MPa. The den-
sity of green compacted samples was determined by dividing
the green sample mass by the measured dimensions of the
green compact. Thermal delubing and sintering of green
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compacts was performed in a 2.75 in. diameter laboratory
tube furnace in a high purity Ar (99.999%) atmosphere. All
samples here heated at a rate of 10 °C/min., delubed at 400 °
C for 20 min., and then sintered at various temperatures for
60 min. Specifically, Mg powder compacts were sintered at
635, 655, and 670 °C for 60 min. and AZ91D powder
compacts were sintered at 535, 570, and 585 °C for 60 min.

The density of sintered samples was determined generally
following ASTM standards B962-17 or B311-17 depending
on the level of porosity in the sintered sample [10, 11].
Hardness of sintered samples was performed using Rockwell
hardness testing in the E scale on sections of cylindrical
discs. Sintered samples were sectioned for metallographic
mounting and grinding/polishing using a slow speed dia-
mond saw in orientations parallel (transverse section) and
perpendicular (longitudinal section) to the compaction
direction. Sectioned sintered samples were mounted at room
temperature in 2-part resin plus hardener epoxy and then
ground and polished with various grinding and polishing
discs and various abrasive suspensions using an automated
grinder/polisher. Imaging and analysis of mounted and

polished sintered samples was also performed using a
FE-SEM operated at various accelerating voltages and
imaged using the backscattered electron (BSE) signal.

Results and Discussion

Powder Characterization Results

Powder particle morphology of pure Mg and pre-alloyed
AZ91D powders are presented in Fig. 1. Both Mg and
AZ91D powders are spherical in shape as would expected
from a gas atomization powder fabrication process.

Powder particle Vickers microhardness, powder flow rate,
and powder apparent density of the Mg and AZ91D powders
are presented in Table 2. Both powders are relatively soft
with the Mg powder slightly softer than the AZ91D. The Mg
and AZ91D powders are both free flowing and exhibit
similar apparent densities.

Thermal analysis plots of DSC data for pure Mg and
pre-alloyed AZ91D powders are presented in Fig. 2 and the

Table 1 Compositions of the
Mg and pre-alloyed AZ91D
powders used in this work

Element Mg AZ91D

Weight %

A1 – 9.20

Zn – 0.65

Mn 0.10 0.26

Cu 0.02 –

Sn 0.01 0.01

Other 0.05 0.01

Mg balance 99.8 balance 89.9

Fig. 1 a SE SEM image of pure Mg powder used in this work. b SE SEM image of pre-alloyed AZ91D powder used in this work
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analytically determined onset melting point (Tm), peak
reaction temperature (peak T), and heat of fusion for these
powders are presented in Table 3. As shown in Fig. 2a and
Table 3, the DSC scan of Mg powder exhibits a single
endothermic melting reaction at approximately 645 °C and a
heat of fusion of approximately −302 J/gm. The DSC scan
and values of Tm, peak T, and heat of fusion for pre-alloyed
AZ91D powder are shown in Fig. 2b and Table 3 with this
powder also exhibiting a single endothermic melting reac-
tion at approximately 561 °C and a heat of fusion of
approximately −190 J/gm.

X-ray diffraction patterns for pure Mg and pre-alloyed
AZ91D powders are presented in Fig. 3a and 3b. Both
patterns exhibit similar diffraction peaks for the hexagonal
close-packed (HCP) a-Mg phase. However, the AZ91D
diffraction pattern additionally exhibits peaks associated
with the Mg17Al12 b-phase as shown in Fig. 3b.

Compaction and Sintering Results

Compaction processing data for pure Mg powder using
admixed ACRAWAX C and Zn Stearate die wall lubricants
is shown in Fig. 4.a. Similar compaction data for pre-alloyed
AZ91D powder also using admixed ACRAWAX C and Zn
Stearate die wall lubricants is shown in Fig. 4b. Both figures
show an increase in compact green density with increasing
compaction stress and generally a nonlinear relationship
between green density and compaction stress. The density of
fully dense Mg is 1.738 gm/cm3 and that of wrought AZ91D
is 1.82 gm/cm3 [12].

The density of green and sintered pure Mg and AZ91D
powder compacts are presented in Table 4. Generally, sin-
tered density noticeably increased for pure Mg material and
little or no density increase occurred for AZ91D material.

Table 2 Vickers microhardness, flow rate, and apparent density of the pure Mg and pre-alloyed AZ91D powders used in this work

Powder material Hardness (HVN) Flow rate (s/gm) Apparent density (gm/cm5)

Mg 39.3 ± 7.1 38.7/50 0.886

AZ91D 58.5 ± 2.9 92/50 0.908

Fig. 2 a DSC scan of pure Mg powder during heating to 700 °C. b DSC scan of pre-alloyed AZ91D powder. (Color figure online)

Table 3 Experimentally determined onset melting temperature (Tm), peak reaction temperature (peak T), and heat of fusion values for pure Mg
and AZ91D powders used in this work

Powder material T (°C) Peak T (°C) Heat of fusion
(J/gm)

Mg 644.76 ± 0.37 648.65 ± 0.05 −302.20 ± 40.04

AZ91D 560.50 ± 3.40 594.23 ± 0.22 −189.84 ± 40.64
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Fig. 3 a X-ray diffraction pattern of Mg powder used in this work. b X-ray diffraction pattern of AZ91D powder used in this work. (Color figure
online)

Fig. 4 a Compressibility plot of Mg powder with admixed ACRAWAX C and die wall Zn Stearate lubricants compacted at TR. b Compressibility
plot of pre-alloyed AZ91D powder with admixed ACRAWAX C and die wall Zn Stearate lubricants compacted at TR. (Color figure online)

Table 4 Measured values of green and sintered density for pure Mg and AZ91D used in this work

powder material lubricant compaction stress (MPa) green density
(% qTh)

sinter density
(% qTh)

Mg 1 % ACRAWAX C admixed 309.97 ± 8.3 94.54 ± 0.1 95.13 ± 1.3

Zn Stearate DW 319.13 ± 5.1 94.89 ± 0.3 96.5 ± 1.0

AZ91D 1 % ACRAWAX C admixed 349.50 ± 3.3 89.07 ± 1.3 −

Zn Stearate DW 352.62 ± 12.3 87.93 ± 0.2 88.10 ± 0.3

Last, representative BSE SEM micrographs of sintered
Mg and sintered pre-alloyed AZ91D materials are presented
in Fig. 5a and 5b.

Discussion of Results

Compositions of both powders used in this study are pre-
sented in Table 1. The Mg powder is shown to have a purity
of greater than 99.8% Mg. The pre-alloyed AZ91D powder

composition is very close to the accepted nominal compo-
sition of Mg-9.5Al-0.6Zn-0.3Mn for the AZ91D casting
alloy [1]. Both powders used in this work have particle size
distributions that are acceptable for P + S processing with
the Mg powder having a smaller size distribution specifically
below −325 mesh. As shown in Fig. 1a and 1b, both pow-
ders have a spherical morphology as would be expected from
rapid solidification of a liquid by gas atomization. Qualita-
tively the morphology of the AZ91D powder appears
slightly less spherical than the pure Mg powder. Both
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powders are free flowing and have similar apparent densities
as presented in Table 2. Additionally, the pure Mg and
pre-alloyed AZ91D powders are both relatively soft with
hardness of approximately 39 and 59 HVN respectively as
also presented in Table 2. While the AZ91D powder is
significantly harder than the Mg powder, hardness values
below 100 HVN should be considered very soft. Based on
this characterization, these two commercially available
Mg/Mg alloy powders appear well suited for consolidation
by mechanical compaction and inert atmosphere sintering.
Even though these powders have not been engineered
specifically for P + S processing, characterization results
indicate these powders should have adequate flowability for
die filling and exhibit sufficiently compressible for
mechanical compaction.

Melting reactions of the pure Mg and pre-alloyed AZ91D
powders used in this study are presented as the DSC plots of
Fig. 2a and 2b. For Mg powder a single, narrow endother-
mic melting reaction shown in Fig. 2a results in a Tm of 645
°C with a heat of fusion of −302 J/gm as presented in
Table 3. For AZ91D powder, Fig. 2.b presents the single,
relatively broad endothermic melting reaction resulting in a
Tm of 561 °C with a heat of fusion of −190 J/gm also pre-
sented in Table 3. Since the Mg powder of this study is
considered a pure metal, the determined value of 645 °C is
the single temperature at which melting will occur. However
for the pre-alloyed AZ91D powder, the thermal analysis
determined value of 561 °C should be taken as the solidus
temperature with melting of this alloy occurring over a range
of temperature starting at 561 °C. It should be additionally
noted that the DSC plots of Fig. 2a and 2b showed no
additional reactions during heating to 700 °C other than the
melting endotherms. Previous results by Burke and

colleagues have shown reactions associated with the
decomposition of hydroxide and carbonate compounds
during heating of powdered Mg in DSC analyses [13, 14].
For this work, these potential interactions of hydrocarbon
compounds with Mg and AZ91D powders is not believed to
influence the sintering process. Based on the thermal anal-
ysis results, sintering temperatures below and above the Mg
and AZ91D melting and solidus temperatures are selected to
facilitate solid and liquid phase sintering.

Figure 3a and 3b present the x-ray diffraction patterns of
pure Mg and pre-alloyed AZ91D powders respectively. Both
diffraction patterns index as Mg as shown in PDF
00-035-0821 [15]. Additionally, in the AZ91D diffraction
pattern 4 relatively low-intensity peaks are present around
the Mg (101) peak identified with the symbol •. These peaks
index as the intermetallic compound Mg17Al12 as shown in
PDF 04-014-7592 [16]. Mg17Al12 has been identified pre-
viously in AZ91D and other Mg alloys containing Al [17,
18]. For the work reported here, it will be assumed that the
presence of Mg17Al12 is in a relatively very small volume
fraction and has no influence on the P + S processing of
pre-alloyed AZ91D powder.

The room temperature compressibility of pure Mg and
pre-alloyed AZ91D powders using 1 wt% admixed
ACRAWAX C and Zn Stearate die wall compaction lubri-
cants are presented in Fig. 4a and 4b. Both powders exhibit
increased green density with increased compaction stress
and a generally nonlinear relationship between green density
and compaction stress. For pure Mg, green densities ranging
from 94.5 to 98.3% theoretical density (qTh) were achieved
with circumferential cracking observed in 50% of the sam-
ples compacted using ARAWAX C. No circumferential
cracking was observed in green compacts fabricated using

Fig. 5 a BSE SEM micrograph of Mg powder compacted with Zn Stearate die wall lubricant sintered at 630 °C. b BSE SEM micrograph of
sintered AZ91 powder compacted with Zn Stearate die wall lubricant sintered at 545 °C
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Zn Stearate die wall lubrication. For pre-alloyed AZ91D,
green densities ranging from 87.6 to 93.5% qTh were
achieved with some degree of circumferential cracking
observed in all samples compacted regardless of compaction
lubricant used. From this data, it can be concluded that
commercially available pure Mg and pre-alloyed AZ91D
powders can be consolidated using closed die compaction.
The data presented in Fig. 4a and 4b imply that for the same
compaction stress, the pure Mg powder is more compress-
ible than the AZ91D powder. However, the presence of
circumferential green cracking is undesirable particularly for
potential structural application of P + S Mg materials.
Future research efforts should be made to eliminate green
cracking in Mg and AZ91D compacts.

Based on results of the thermal analysis of pure Mg and
pre-alloyed AZ91D powders, compacted samples of both
powders were sintered at temperatures below and above the
determined Tm values. In this approach, both solid phase and
liquid phase sintering were performed as an attempt to
overcome the MgO surface layer on powder particles and
maximize sintered densities. For the pure Mg powder com-
pacts, sintering was performed at 635, 655, and 670 °C with
sintering above Tm termed liquid phase sintering. For
pre-alloyed AZ91D powder compacts, sintering was per-
formed at 545, 570, and 585 °C and sintering above Tm is
termed supersolidus liquid phase sintering. Sintering results
for both pure Mg and pre-alloyed AZ91D green compacts
are presented in Table 4 and typical sintered microstructures
in Fig. 5a and 5b. These results indicate that some increase
in density due to sintering was achieved for pure Mg using
both ACRAWAX C and Zn Stearate compaction lubricants
with a maximum of 3% density increase for samples com-
pacted using Zn Stearate. However, little or no increase in
density due to sintering was achieved for AZ91D regardless

of compaction lubricant used. Some insight into the different
sintering response can be obtained by analyzing the
microstructures of these two materials as presented in the
higher magnification BSE SEM images of Fig. 6a and 6b.
The Mg material of Fig. 6.a was sintered at 670 °C, 25 °C
above the Mg Tm and a temperature where liquid phase
sintering should occur. As shown in Fig. 6.a, a light contrast
phase decorates the large majority of interparticle boundaries
and appears to bond the powder particles in the image. It can
be proposed that the interparticle light contrast phase is a
transient liquid that has formed, migrated between powder
particles, and solidified providing an interparticle bond. The
AZ91D material of Fig. 6b was sintered at 570 °C, 10 °C
above the AZ91D Tm and a temperature where supersolidus
liquid phase sintering should occur. Similarly, a light con-
trast phase decorates AZ91D interparticle boundaries shown
in Fig. 6b, however here the interparticle phase exists at a
small fraction of the interparticle boundaries. While liquid
phase/supersolidus liquid phase sintering has occurred for
both materials, the effect of liquid phase sintering in
increasing the materials density appears greater for Mg than
for AZ91D. A chemical identification of this interparticle
phase has not been performed and is planned for future
work.

While experimental evidence shows sintering using a
liquid phase has occurred in Mg and AZ91D powder com-
pacts, the efficacy with which liquid phase sintering has
resulted in increased density of powder compacts is not
clear. For all materials sintered in this work, a delubing
treatment of 20 min. at 400 °C prior to sintering was per-
formed to assure removal of all hydrocarbon lubricants and
to give all materials the same thermal history prior to actual
sintering [19]. Based on the current work, it is possible that
modification of the sintering temperature and/or sintering

Fig. 6 a BSE SEM micrograph of Mg sintered at 670 °C exhibiting liquid phase at particle interfaces. b BSE SEM micrograph of AZ91D sintered
at 570 °C exhibiting minimal liquid phase at particle interfaces
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time will be required to greater increase the densities
achieved through liquid phase sintering of Mg base
materials.

Summary and Proposed Future Work

Commercially available pure Mg and pre-alloyed AZ91D
powders were characterized and subsequently processed
using press + sinter methods towards fabricating near qTh
Mg structural materials. The Mg powder used was 99.8%
pure and the AZ91D powder had a composition similar to
the standard cast form of this alloy. Both powders are rela-
tively soft, free flowing, have similar apparent densities, and
are spherical in particle morphology. Additionally, x-ray
diffraction showed both powders to be phase pure as a-Mg
with the AZ91D containing a small volume fraction of
Mg17Al12 phase. Thermal analysis was used to determine
melting temperatures of both powders as 645 °C for Mg and
561 °C for AZ91D, and these values were used to guide
solid and liquid phase sintering. Mechanical compaction in a
closed die showed both powders to be reasonably com-
pressible using both admixed and die wall lubricants. Mg
powder attained up to 98.6% qTh when compacted to
560 MPa and AZ91D up to 93.5% qTh when compacted up
to 569 MPa, however both powder compacts exhibited some
amount of circumferential green cracking. Sintering of these
two materials using solid phase and liquid phase mecha-
nisms achieved some increase in density but did not
approach qTh. Mg powder compacts had up 3% increase in
density while AZ91D showed very little to no increase in
density both after sintering with formation of some volume
of liquid phase. The efficacy of liquid phase sintering of Mg
and AZ91D powders is not clear and further investigation is
needed to progress towards near qTh sintered materials.

Future work on press + sinter processing of Mg and Mg
alloy powders for structural applications should focus on
attempting to further progress the sintered density towards
qTh. Specifically work performed determining sintering
temperature and time parameters to more efficiently use the
liquid phase formed in progressing toward qTh. Additionally
the interparticle phase observed in BSE SEM images of this
study should be compositionally quantified and powder
compaction efforts should be made to compact powders
without formation of circumferential green compact crack-
ing. Last efforts to reduce or minimize the MgO powder
particle surface layer should be made to facilitate greater
sinter densification and possible compressibility of Mg base
materials.
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Effect of Sintering Temperature
on the Properties of AZ91 Foamed
Magnesium Alloy

Hanghang Zhou, Guibao Qiu, Zhenyun Tian, and Qingjuan Li

Abstract

Foamed magnesium alloy has similar porosity and
mechanical properties to biological bone, and is often
used as a substitute material for biological bone. AZ91
magnesium alloy has high corrosion resistance and is
suitable as a substitute material for biological bone. In this
paper, AZ91 magnesium alloy powder is used as the raw
material and urea is used as the pore-forming agent. The
powder is compressed into a cylindrical sample under a
pressure of 11 MPa, and sintered at different tempera-
tures. Conduct metallographic observation and mechan-
ical performance test on the sample. The results show that
the sintering temperature is between 520 and 550 °C is
the most suitable, the compressive strength of the sample
is up to 9.14 MPa, the porosity is large and the pore size
is uniform, which meets the performance requirements of
bone substitute materials.

Keywords

AZ91 magnesium alloy � Sintering temperature �
Mechanical properties � Porosity

Introduction

In recent years, magnesium and its alloys have been widely
used in aerospace, automotive, biomedicine and other fields
due to their strength-to-weight ratio, good mechanical
properties and good biocompatibility [1, 2]. Foamed mag-
nesium is an emerging material with excellent performance.
It has a special structure and a large number of connected or
unconnected pores in the matrix. It not only has good

mechanical properties, but also can be used as a functional
material [3–5]. As a kind of foam metal, compared with
physical metal magnesium, foam magnesium has low den-
sity, good energy absorption rate, sound absorption and
sound insulation performance [6]. Foamed magnesium has
good biomimetic properties and can be used as a biomedical
material [7, 8]. Magnesium alloy is a material with very
good biodegradability. It has good biocompatibility and
bioabsorption. The pore structure of foamed magnesium is
similar to that of human bone. The pore structure of foamed
magnesium can be controlled to match the human bone
tissue, Implanted into the human body instead of human
bone [9].

Magnesium is one of the lightest materials in industrial
metals, with a density of 1.74 g/cm3. This value is about 2/3
that of aluminum, 2/5 of titanium, 1/4.5 of steel, and 1/4 of
iron. The damping performance is far incomparable to other
metals [10]. In addition, the foam material itself has the
characteristics of many pores, so that it has a smaller density,
greater specific strength, specific stiffness, and good sound
absorption performance. In the same pore condition, the
foamed magnesium alloy has the same or even better me-
chanical properties than the widely used aluminum foam by
virtue of its lighter weight [11]. At the same time, the
foamed magnesium alloy material has very high recyclabil-
ity and reusability. Because of this, it is also called
“twenty-first-century Green Engineering Material.”

Although the unique properties of foamed magnesium
alloy make it have a very wide development space in many
fields, but it has certain defects, such as easy to be oxidized,
high activity, poor corrosion resistance, and other defects
which severely limit it. The large-scale preparation and
commercial use [12, 13]. In addition, people’s research on
foam metal is relatively late and the research is not sufficient.
Therefore, there is still no complete and mature system for
preparing foamed magnesium alloy. It is currently almost in
the laboratory stage, and magnesium has a porous structure.
After that, its easy to be oxidized and easy to corrode defects
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will be further expanded, which makes its application greatly
restricted. It is because of the emergence of these problems
that it is more urgent and important to develop a simple and
safe product technology method with good corrosion resis-
tance, lower oxidation rate, high production efficiency, and
excellent product performance.

Experimental

In order to obtain a foamed magnesium alloy with better
corrosion resistance, AZ91 magnesium alloy powder is
selected as the research object in this paper. AZ91 magne-
sium alloy is a relatively mature magnesium alloy powder
with relatively good corrosion resistance. Its main compo-
nents and properties are as follows shown in Tables 1 and 2.

In this paper, urea is selected as the pore former. Com-
pared with other pore formers, urea has a controllable shape
and is more regular. After thermal analysis, it is known that
urea starts to melt at 120 °C and can be completely
decomposed before 460 °C, so as to avoid the decomposition
or reaction of magnesium and its alloys at higher tempera-
tures. The urea used in the experiment was white
needle-shaped, with a particle size of 100–500 lm, and a
purity of over 99.99%.

The preparation process is as follows: mixing magnesium
alloy and urea with a good ratio in a ball mill at a speed of
300 r/min for pretreatment for 1 h to make the raw materials
uniformly mixed. Load the mixed powder into a mold, and
hold it under a pressure of 11 Mpa for 1 min to obtain a
cylindrical sample with a diameter of 16 mm and a height of
10 mm. In order to ensure the repeatability of the experi-
ment, this paper sets 5 sets of variables for the sintering
temperature, and each set of experiments is repeated 3 times.
The experimental design is shown in Table 3, and the
heating curve is shown in Fig. 1. At the first endothermic
peak of urea, the heating rate is set to 2 C/min; at the second
endothermic peak, the heating rate is set to 4 °C/min; the
heating rate set at the third endothermic peak is 6 °C/min.
The sintering temperature was set to 490 °C, 520 °C, 550 °C,

580 °C, and 610 °C, respectively. After holding for 1.5 h, it
is cooled with the furnace.

Results and Discussion

Figure 1 shows samples at different sintering temperatures.
It can be clearly seen that the samples have been burned at
610 °C.

Influence of Sintering Temperature on Porosity

The sintered sample was observed by metallographic
microscope and Image J analysis. Three samples in each
experiment were observed and calculated, and then the
average value was taken to ensure the accuracy of the data.
The pore size distribution and porosity of the sample were
obtained as shown in the Fig. 3 and Table 4. Figure 2 is the
morphology observed after 25 times magnification in the
electron microscope As shown in the figure, it cannot be
observed due to overburning at 610 °C. It can be found from
Fig. 2 that as the sintering temperature increases, the parti-
cles inside the green compact adhere to each other. With the
movement of atoms and the exchange of substances, the
particles change from initial point contact to line contact and
surface contact. contact. In this process, the two particles are
connected to form a sintered neck, which continuously
grows, and finally causes a series of changes in the shape,
size and number of pores in the foamed magnesium alloy.

It can be seen from Fig. 3 that as the sintering temperature
increases, the proportion of micropores below 0.2 mm in the
sample begins to decrease and gradually aggregates into
larger pores. When the temperature increases above 550 °C,
the pore diameter begins to aggregate to a large pore diameter
of 0.6 mm or more. For biological bone materials, it is more
desirable for the pore size to be concentrated between 0.2 and
0.6 mm, so the sintering temperature is more appropriate
between 520 and 550 °C.

Enter the data in Table 4 into the Origin chart to get the
porosity curve of the foamed magnesium alloy with the

Table 1 The main components
of AZ91D (%)

Mg Al Zn Mn Sn Fe Ni Cu

margin 8.5–9.5 0.45–0.90 0.17–0.4 <=0.05 <=0.004 <=0.001 <=0.025

Table 2 The main performance
of AZ91D

Melting
point (°C)

Density
(g/cm3)

Tensile
strength
(MPa)

Yield
point
(MPa)

Specific
strength

Elongation
(%)

Young’s
modulus
(GPa)

596 1.82 250 160 7 154 44.8
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sintering temperature at different sintering temperatures, as
shown in Fig. 4. After data simulation, it is found that there
is roughly a linear function relationship of y = 60.894–
0.022 � between sintering temperature and porosity. We
can see from the figure that as the sintering temperature
increases, the porosity shows a downward trend. The anal-
ysis in this paper believes that it is caused by the closing of
microscopic pores and the further shrinkage of macroscopic
pores during the sintering process.

The Influence of Sintering Temperature
on Mechanical Properties

Perform compression analysis on 3 samples of each group of
experiments and take the average value to reduce the error
of the experiment and ensure the repeatability of the
experiment. The stress-strain curve of the sample is shown
in Fig. 5. After calculation, the mechanical properties of the
sample are shown in Table 5. It can be seen that the com-
pressive strength, yield strength, and elastic modulus are

Table 3 Pressing pressure,
sintering parameters and green
components

Sample number Pressure (MPa) Sintering temperature (°C) Sintering
time (h)

Urea content
(vol.%)

1# 11 490 1.5 60

2# 520

3# 550

4# 580

5# 610

Fig. 1 The heat treatment for samples. (Color figure online)

Table 4 The porosity of materials at different sintering temperatures

Sintering temperature
(°C)

490 520 550 580 610

Porosity(%) 49.98 49.21 48.36 48.02 –

Fig. 2 Samples at different
sintering temperatures (1#–5#
from left to right). (Color figure
online)
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between 0.74 MPa and 9.14. MPa, 0.59 MPa–7.31 MPa,
0.07 MPa–0.21 MPa. Both the compressive strength and the
yield strength showed a trend of increasing first and then
decreasing. At 520 °C, the maximum values are 9.14 MPa
and 7.31 MPa, respectively.

The main reason may be that as the sintering temperature
increases, the diffusion capacity of atoms becomes stronger,
and at the same time, the rate of formation and growth of the
sintering neck increases. There will be more metallurgical
joints between particles. At the same time, the shape of the

hole is also changing, gradually becoming spherical. The
mechanical properties of the sintered body are guaranteed by
the bonding surface between the particles. The increase in
temperature can increase the alloying strength of the sintered
body. In a suitable temperature range, increasing the sin-
tering temperature as much as possible can improve the
mechanical properties of the material. However, if the tem-
perature is too high, overburning will occur, so it is neces-
sary to comprehensively consider the appropriate sintering
temperature (Fig. 6).

Fig. 3 The metallographic diagram of foamed magnesium alloy at different sintering temperatures. (Color figure online)
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Conclusions

(1) With the increase of the sintering temperature, the
contact between the particles and the material exchange
become stronger, resulting in a decrease in the porosity
of the material and a larger pore diameter.

(2) As the sintering temperature increases, the compressive
strength, and yield strength both show a trend of
increasing first and then decreasing. At 520 °C, the
maximum values are 9.14 MPa and 7.31 MPa,
respectively.

(3) Considering porosity and pore size, the sintering tem-
perature in this experiment is the most suitable between
520 and 550 °C, which can ensure larger porosity and
suitable pore size, and at the same time optimize the
mechanical properties of the material.

Fig. 4 The pore size distribution

Fig. 5 The porosity of foam magnesium alloy under different sintering
temperature. (Color figure online)
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porosity and mechanical
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Effects of Hot Isostatic Pressing
on the Microstructure and Properties
of Mg-Gd-Y-Zn Alloys

Janet M. Meier, Josh Caris, and Alan A. Luo

Abstract

Hot isostatic pressing (HIP) treatment after solution
treatment has been investigated on its effects on the
mechanical and corrosion properties of Mg-Gd-Y-Zn
alloys with high long-period stacking order (LPSO) 14H
phase fractions. Plate and cylinder samples of three
different compositions were cut from permanent mold
castings. The alloy samples were solution treated for 25 h
at 500 °C and processed with the followingHIP conditions:
485–490 °C, 100–200 MPa, for 2 h. The mechanical
properties generally increased with HIP. Under accelerated
corrosion conditions (submersion in 3% KCl at a temper-
ature of 90 °C), the corrosion rate was observed to increase
after HIP. HIP was found not to change the density of the
samples, indicating micro-porosity was not an issue. The
change in corrosion rate and mechanical properties were a
result of microstructural changes due to the HIP thermal
cycle. CALPHAD (CALculation of PHAse Diagrams)
modeling of the three compositions as well as scanning
electron microscopy (SEM) microstructural observations
of the alloys are provided.

Keywords

Magnesium alloys � CALPHAD modeling � Alloy
development �Hot isostatic pressing (HIP)� Long period
stacking order (LPSO)

Introduction

The effects of rare earth (RE) elements on the properties of
Mg alloys have been an exciting source of advancement in
the study of magnesium alloys in recent years [1]. Among
the unique phases formed in these RE-containing systems
are long period stacking order (LPSO) phases in
Mg-RE-transition metal (TM) alloys [2, 3]. The stacking of
several hexagonal Mg layers between face centered cubic
RE and TM enriched layers produces this LPSO structure
[4–6]. The resulting stacking faults play an important role in
kink banding and the suppression of twinning [5–9].

In our previous work, we explored the ability of two
existing CALPHAD software packages to accurately predict
the phases present in Mg-Gd-Y-Zn alloys [10]. It was found
that the major phases were predicted, but the accuracy of the
volume fraction predictions of the LPSO and other sec-
ondary phases varied, primarily in the Scheil condition (as-
sumption that diffusion is infinite in the liquid and there is no
diffusion in the solid). Overall, the equilibrium predictions
could be used to maximize the LPSO phase fraction in the
alloys. This work explores the effect of high LPSO phase
fraction on mechanical and corrosion properties. A hot iso-
static pressing (HIP) treatment was also evaluated for
improved mechanical properties, since HIP has been repor-
ted to simultaneously reduce porosity and increase
mechanical properties in many alloy castings [11].

Experimental Methods

Based on the previous CALPHAD analysis, three alloy
compositions were down-selected and cast by Terves, LLC
(Euclid, OH). Commercially pure Mg, Zn, Gd, and Y were
melted in a 74 lb gas-fired furnace, with a pneumatic shear
mixer, under a CO2-SF6 cover gas. The cover gas was also
applied to the mold riser of a 7” � 7” � 4” steel permanent
mold into which the samples were cast. Inductively coupled
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plasma mass spectroscopy (ICP) and spark optical emission
spectroscopy (OES) were used to determine alloys chemistry
(Table 1). Tensile bars were machined from the castings and
were solutionized for 25 h at 500 °C and air cooled. Tensile
tests all followed the ASTM E8 standard.

A plate (0.5” � 4” � 7”) and three cylinders (16 mm
diameter � 25 mm length) were cut from each of the three
castings. The plates and cylinders were solutionized for 25 h
at 500 °C and the water weight density was determined for
the cylinders. A HIP treatment was performed on the
cylinders and plates at 485–490 °C with a pressure of 100–
200 MPa for 2 h by American Isostatic Presses, Inc.
(Columbus, OH). HIP parameters were selected based on the
calculated solidus temperature determined by the CAL-
PHAD method. Thus, the HIP temperature is approximately
50 °C below the solidus of the alloys. Water-weight density
measurements were taken on the HIP samples to determine if
a density change had occurred. Tensile bars were machined
from the plates and tested by the ASTM E8 standard.
Accelerated corrosion tests were performed on the as cast,
solutionized, and HIP samples. Samples were submerged in
3wt% KCl brine solution at 90 °C for 24 h.

Scanning electron microscopy (SEM) was done on the as
cast, solutionized, HIP samples using a FEI Apreo FEG
microscope with EDAX Octane Elect energy dispersive
spectroscopy (EDS) capabilities. Samples were ground and
polished up to 0.05 lm colloidal silica polish. Phase fraction
measurement was carried out using the thresholding method
in ImageJ and were averaged over 10 images from each
sample.

Results and Discussion

Microstructure

Macroscopic porosity was observed in the casting, primarily
along the edges of the casting, but was not obvious in the
microscopy samples. Microstructural examination revealed
that the as cast alloys consisted of the a-Mg matrix and the
LPSO 14H phase with a blocky morphology (Fig. 1a, d, and
g). As the Y and Zn content increase, as in MC21, the
W-phase (Mg3Y2Zn3) with eutectic-like morphology
becomes more prominent. In the MC14 sample (Fig. 1d) the
W-phase has a more block-like morphology while in the

MC21 samples (Fig. 1g) it has a eutectic-like morphology
due to the larger volume fraction and higher Y content. In
both cases, the W-phase is in contact with the blocky LPSO
14H phase and the a-Mg matrix. Phase fraction analysis
indicated that the LPSO 14H phase fraction was about the
same in the MC07 and MC14 samples. The phase fraction
increases significantly in the MC21 sample.

After solution treatment, more of the lamellar LPSO 14H
phase morphology is observed in all the alloys (Fig. 1b, e,
and h). The W-phase observed in solution treated MC14
(Fig. 1e) samples is mostly surrounded by LPSO 14H. In the
MC21 sample (Fig. 1h), the W-phase is disconnected and is
mainly either surrounded by blocky LPSO 14H or has the
lamellar LPSO 14H extending from it. This change in
morphology indicates that the W-phase is dissolving into the
matrix at the solution temperature. The increase in lamellar
LPSO 14H and the decrease in W-phase fraction is sup-
ported by the previous CALPHAD results. The lamellar
LPSO phase forms due to the diffusion of the RE and Zn into
the matrix [6], [9], [12]–[15]. The W-phase is predicted to be
less stable at 500 °C and is currently predicted to dissolve
completely. As addressed in our previous work, there are
some issues with the current prediction of the W-phase [10].
This is supported by DICTRA simulations, which indicate
that equilibrium is reached within 5 to 15 h depending on
composition (Fig. 2).

After HIP, the lamellar LPSO 14H is thicker and more
prevalent in the interior of the grains (Fig. 1c, f, and i). The
W-phase in the MC14 (Fig. 1f) and MC21 (Fig. 1i) sam-
ples is smaller than in the solution treated samples and is
primarily surrounded by LPSO 14H. This suggests there is
a continued dissolution or transformation of the W-phase.
Of the three compositions, the MC14 sample showed the
least change between the three conditions. In all three
conditions, there is a small quantity of a bright, cuboidal
phase that is stable at high temperatures and has been
identified as yttria.

Density

The average density was taken for each alloy composition in
the as cast and HIP conditions. Due to the presence of
macro-porosity observed near the edges of the castings, there
was some concern that there was a large amount of

Table 1 Composition of the
three samples used in this study
(determined using ICP and OES)

Sample Mg (wt%) Gd (wt%) Y (wt%) Zn (wt%)

MC07 82.98 10.4 3.62 3.00

MC14 81.73 10.57 5.25 2.45

MC21 79.95 10.2 4.74 5.1
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micro-porosity in the samples (Fig. 3). Figure 4 shows the
theoretical (circle), solution treated at 500 °C for 25 h (tri-
angle, before HIP), and HIP (square, after HIP) sample
densities. After HIP the density was shown to change within
one standard deviation of the solution treated sample value.
This indicates that the difference in density observed
between the two conditions may be a result of measurement
error. The decrease in density for the MC07 sample after
HIP is likely the result of measurement error. As a result, it

was concluded that the HIP process did not have much effect
on the sample density and that micro-porosity was not an
issue in the bulk of the material. It should be noted that the
theoretical densities of the MC14 and MC21 samples, cal-
culated based on elemental compositions, are lower than the
measured densities. This difference in density may be
attributed to the differences in the microstructure. Further
work is needed to determine a more accurate theoretical
density based on alloy phase constituents.

Table 2 Tensile properties collected using the ASTM 8E standard

Fig. 1 SEM images of the MC07 (a, b, c), MC14 (d, e, f), and MC21
(g, h, i) compositions in the as cast (a, d, g), solution treated at 500 °C
(b, e, h), and HIP conditions (c, f, i). Examples of the following phases
are indicated by an arrow: a white arrow indicating bulking LPSO 14H,

c white arrow indicating lamellar LPSO 14H, d black arrow indicating
bulky W-phase, e white arrow indicating cuboidal yttria, g black arrow
indicating eutectic like W-phase, and i black arrow indicating partially
dissolved eutectic-like W-phase
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Tensile Properties

Tensile results (Table 2) were averaged over two samples
for the as cast condition and three samples for the solu-
tionized and HIP conditions. For the MC07 sample, we see
the expected drop in yield and tensile strength commonly
associated with solution treatment. After HIP the yield
strength remains lower, but there is a 13 MPa increase over
the as cast properties. Most notable however is the
improvement in ductility from 1.5% in the as cast to 5.0%
after HIP. Based on the microstructural analysis, these
improvements in properties are attributed to the increase and
thickening of the lamellar LPSO phase.

This trend is not observed in the MC14 samples. Both
yield stress and ultimate tensile stress were consistent across
the three conditions. Elongation improved slightly, but not to
the extent seen in the MC07 composition. One possible

explanation for the lack of improvement is the presence of
the W-phase. The W-phase is a brittle phase that can con-
centrate stress and lead to failure [16]. Although there was
some change in the morphology of the W-phase, it was not
significant and the stress concentration could not be com-
pensated for by the increase in the lamellar LPSO 14H phase
fraction.

In the MC21 sample there is little change in mechanical
properties between the as cast and solution treated condi-
tions. In the HIP conditions, there is improvement in the
strength but the elongation remains similar to the other
conditions. Based on the microstructural changes, these
improvements are attributed to the dissolution of the
W-phase and the increase and thickening of the lamellar
LPSO 14H. The lack of improvement in elongation in the
MC21 sample when compared to the MC07 is likely due to
the incomplete dissolution of the W-phase.

Fig. 2 DICTRA simulation results for the diffusion of Gd in a MC07,
b MC14, and c MC21 compositions from the Scheil model segregation
to 25 h. Equilibrium is reached when there is no longer a difference in

the curve. Each plot represents half of a 20 lm wide dendrite, with the
centerline of the dendrite at 0 m and the center of the interdendritic
region at 1E-5 m. (Color figure online)
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Fig. 3 Examples of porosity in
the as cast MC07 sample. Optical
micrographs show the porosity
form regions A (white) and B
(black) of the casting.
Macro-porosity is indicated by
the white arrow in the picture of
the casting. (Color figure online)

Fig. 4 Water-weight density measurements before HIP (solution
treated 500 °C 25 h) and after HIP compared to the calculated
theoretical density. Error bars correspond to one standard deviation.
(Color figure online)

Fig. 5 Accelerated corrosion (3wt% KCl, 90 °C, 24 h) results for each
alloy composition before and after HIP. Error bars correspond to one
standard deviation. (Color figure online)
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Corrosion Properties

Accelerated corrosion tests on these alloys showed that
corrosion increased with increasing Zn content in the alloys
and with HIP (Fig. 5). Previous work has indicated that the
LPSO phases can act as a cathodic phase in the
microstructure and thus increased corrosion if it forms a
connected network that breaks up the Mg matrix [17].
Solution treatment and HIP resulted in an increase in the
lamellar LPSO 14H, which may explain the increase cor-
rosion rate as it continued to break up the Mg matrix and any
protective films. Interestingly, the MC14 sample showed the
largest increase in corrosion rate despite having the least
obvious microstructural change. This indicates there are
other factors that are increasing the corrosion rate other than
the increase in cathodic reaction sites.

Conclusions

HIP processing results in an increase of lamellar LPSO 14H
phase fraction and the dissolution of the W-phase in the as
cast and heat treated Mg-Gd-Y-Zn alloys. Although porosity
was a concern in these casting due macro-porosity along the
casting edges, density measurements indicated that the HIP
did not result in a density change since micro-porosity was
not an issue in these castings. The microstructural change
due to HIP generally lead to the improvement of both
strength and elongation in the studied alloys. The exception
to this was the MC14 sample, which showed little change in
mechanical properties with solution treatment or HIP. It is
speculated that this was due to the lack of change in the
morphology and phase fraction of the W-phase in this
composition. Accelerated corrosion testing showed that HIP
increases the corrosion rate of these alloys. This is likely due
to the increase in the lamellar LPSO phase which serves as a
cathodic reaction site. HIP does offer some mechanical
property improvement, but this is at the expense of increased
corrosion.
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Low-Cost Magnesium Primary Production
Using Gravity-Driven Multiple Effect Thermal
System (G-METS) Distillation

Madison Rutherford, Armaghan Ehsani Telgerafchi, Gabriel Espinosa,
Adam Powell, and David Dussault

Abstract

Vapor compression distillation (VCD) in a gravity-driven
multiple-effect thermal system (G-METS) distiller can
reduce the energy use and cost of magnesium distillation
refining by up to 90% versus today’s batch distillation
processes. This could potentially provide a key unit
operation for efficient primary production of magnesium
from MgO, by molten salt electrolysis using a reactive
cathode, e.g., liquid tin followed by VCD separation. This
work presents a techno-economic model of cost, energy
consumption, and emissions associated with magnesium
primary production by this reactive cathode molten salt
electrolysis process with a G-METS distiller. The model
includes a mass balance with 17 elements, electrolysis
process energy balance with carbon or solid oxide
membrane anodes, and detailed operating and capital
cost estimates. Based on the properties of magnesium and
expected operating conditions, the cost of magnesium
production using this process could be comparable to or
lower than that of aluminum production.

Keywords

Magnesium � Electrometallurgy � Extraction and
processing � Technical cost modeling

Introduction

The Hall–Héroult cell turned aluminum from a precious
metal into a low-cost commodity. Since its introduction in
the late nineteenth century, its principles have improved the
cost and quality of other metals, such as rare earths. An
equivalent electrolysis cell using magnesium oxide instead
of anhydrous chloride would eliminate chloride drying under
HCl or carbochlorination, and chlorine gas handling at high
temperature, though it would increase carbon anode con-
sumption and energy use. Unfortunately, magnesium metal
density is below that of all molten salts such that it floats and
shorts the cell, and it dissolves into some salts leading to
electronic current and lower efficiency.

Yerkes proposed an MgO electrolysis cell with a reactive
cathode in the 1940s to solve both of these problems [1] and
recently Kang et al. developed the concept further [2]. The
cell uses a dense liquid metal such as lead, tin, or antimony
as the cathode, which absorbs reduced magnesium metal and
creates an alloy with high density and low magnesium metal
activity. But the process requires distillation to separate the
magnesium product from the cathode metal, and distillation
has been a slow batch process with high energy consumption
of 5–7 kWh/kg Mg product [3].

A new magnesium distillation technology called
Gravity-Assisted Multiple Effect Thermal System
(G-METS) could dramatically reduce the cost and energy
use of magnesium distillation [4], as another paper in this
Proceedings describes in detail. This work presents a
techno-economic analysis of that new distillation technology
in the context of a primary production plant, using capital
and operating cost estimate methodologies similar to those
of Moudgal et al. [5].

M. Rutherford (&)
Environmental Engineering Program, Worcester Polytechnic
Institute, Worcester, MA, USA
e-mail: marutherford@wpi.edu

A. E. Telgerafchi � G. Espinosa
Department of Mechanical Engineering, Worcester Polytechnic
Institute, Worcester, MA, USA

A. Powell
Materials Science and Engineering Program, Worcester
Polytechnic Institute, Worcester, MA, USA

D. Dussault
Elemental Beverage Company, Watertown, MA, USA

© The Minerals, Metals & Materials Society 2021
V. M. Miller et al. (eds.), Magnesium Technology 2021, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-030-65528-0_21

139

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65528-0_21&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65528-0_21&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-65528-0_21&amp;domain=pdf
mailto:marutherford@wpi.edu
https://doi.org/10.1007/978-3-030-65528-0_21


Techno-Economic Analysis Methods

The operational expenditure and capital investment models
were developed using a combination of the U.S. Department
of Energy ARPA-E METALS Tool techno-economic anal-
ysis spreadsheet v1.0 [6] and a novel capital cost model for
electrowinning processes developed by Stinn and Allanore
[7], respectively. The capital investment cost model corre-
lates the direct capital cost required for the electrolysis plant
with production capacity, process temperature, electrode
surface area, and power requirements, in the following
equations:

C ¼ FþEþR ð1Þ

F ¼ 51010

1þ e� 3:823�10�3� T�631ð Þð Þ P
0:8 ð2Þ

E ¼ 5634000

1þ e �7:813�10�3� T�349ð Þð Þ � ð
pzF

jAeM
Þ0:9 ð3Þ

R ¼ 750; 000QV0:5N0:5 ð4Þ
where C is the total capital investment for the process, F is the
front-end processing cost, E is the electrolytic and metal
recovery process costs, and R is the cost of the rectifiers. The
front-end processing cost is broken down in Eq. 2, where P is
the production capacity in metric tons per year and T is the
process temperature in Celsius. E is broken down in Eq. 3,
where T is the temperature again in Celsius, p is the production
rate in kilograms per second, z is the moles of electrons
reacting per mole of product, F is Faraday’s constant, j is the
current density in amps/m2, A is the cathode surface area in m2,
e is the current efficiency, and M is the product molar mass.
The rectifier cost is broken down in Eq. 4, where Q is the
total installed power capacity in megawatts, V is the voltage
required, and N is the number of rectifier lines.

Within the ARPA-E METALS tool, variable costs included
raw materials, utilities, and miscellaneous materials, determined
by information pulled from a full material and energy balance
developed and added onto the ARPA-E METALS Tool.

The mass balance includes 16 elements total, including
those found in common impurities in caustic calcined
magnesium oxide, various fluoride salts for the molten salt
bath, and tin as the reactive cathode. All streams, including
recycle streams, are calculated based on their relationships to
each other with the major overall inputs and outputs being
determined by a linear equation system. Other parameters,
such as product recovered per distillation pass, concentra-
tions of impurities in the magnesium oxide feed, target
electrolyte bath composition, and impurities recovered from
recycled tin, are adjustable parameters. A switch facilitates
quick comparison between carbon and solid oxide mem-
brane (SOM) anodes. This material balance feeds into the

main ARPA-E METALS Tool stream composition balances,
which verifies perfect closure (within the spreadsheet accu-
racy) of the mass balance for all 16 elements, and calculates
the value flow of each input or output stream based on its
compounds. Values for each compound were found from
various online vendors and used as possible best and
worst-case scenarios.

Voltage and heat requirements were calculated using the
added energy balance. The total voltage required was cal-
culated based on the free energy from the dissociation of
MgO, the free energy from the formation of CO2 if a carbon
anode is being used, the ohmic resistance of the molten salt
bath, the ohmic resistance of a zirconia membrane if a car-
bon anode is not being used, and electrical energy loss in the
electrodes, as follows:

V ¼
XDG

nF
þ

X JiLi
ri

þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LelTDT

p
ð5Þ

where DG is free energy of given reaction i (MgO dissoci-
ation and CO2 formation), n the number of electrons trans-
ferred in reaction i, F Faraday’s constant, Jj, Lj, and rj are
current density, resistivity, and thickness of component
j (YSZ SOM and molten salt), Lel the Wiedmann–Franz
constant, T absolute temperature, and DT temperature dif-
ference. Molten salt conductivity is approximate; values are
used from a similar salt bath consisting of MgF2, CaF2, YF3,
CaO, SiO2 [8].

Major heat uses for the electrolysis process were calcu-
lated as kilowatt hours per kilogram and included the dis-
sociation and formation enthalpy for MgO, and CO2, if there
is a carbon anode, the electrode heat losses, and the energy
required to heat MgO. This is summarized in the following
equation:

Energy ¼
X

�Hf þ 4nF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LelTDT

p
þ Z

cpdT ð6Þ

where DHf is the enthalpy of formation for MgO and
optionally CO2, and cp is the specific heat of MgO. Heat
losses through the walls and to process gases are unknown
but should be similar to those of comparable Hall–Héroult
cells.

The energy required for the VCD process was estimated
at 1.0 kWh/kg based on the thermal model described in the
G-METS distillation paper in this Proceedings and rounded
up as a contingency.

The ARPA-E METALS Tool calculated utility costs based
on the energy requirement. Data for average electricity costs
and emissions per kWh for each state from the Energy Infor-
mation Administration were added as well, and used to inform
assumptions for best and worst case scenario electricity costs.

Other operating cost parameters, such as plant overheads,
laboratory costs, and maintenance were calculated through
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the ARPA-E METALS Tool spreadsheet. Estimates for
operating labor were based on an interview with century
Aluminum Company about their aluminum plant in Mt.
Holly, South Carolina [9]. The production capacity of the
aluminum plant was compared with the capacity of the
theoretical magnesium plant, and possible operating labor
values were calculated proportionally from this to create the
reference case.

The list of assumptions for the best, worst, and reference
cases are summarized in Table 1.

Cost calculations for raw material feeds other than MgO
depend on the MgO feed composition. Assumptions for feed
compositions by mass are summarized in Table 2.

Model Results

The proportions of each material flow compared to the
product flow are shown in Fig. 1. Thus, for a magnesium
plant producing 20,000 metric tons of product per year,
about 33,400 metric tons of 97% magnesium oxide feed
would be required. The bath feed is completely dependent
on the amount of calcium oxide in the magnesium oxide feed
and the amount of yttrium oxide in the bath; with the feed
consisting of 0.8% calcium oxide, around 680 tons of
magnesium fluoride bath would be required with a carbon
anode. With a SOM anode, yttrium oxide is added to the
bath to stabilize the solid oxide membrane.

Given these flow rates, the raw material cost could be
calculated based on each stream’s value. Table 3 gives all
raw material cost streams for 20,000 t/a magnesium pro-
duction in the reference case assuming a carbon anode.

The energy requirement for the process is shown in
Fig. 2. In order for the electrolysis process to be self-heating
at this current density and anode-cathode distance, the cells
will need to operate at temperatures under 1050 °C with
carbon anodes, or under 1150 °C with a SOM anodes. Heat
requirements increase while voltage requirements decrease
with increasing temperature. The ohmic resistance for the
flux causes the largest voltage drop and changes the most

with temperature, while the dissociation enthalpy of mag-
nesium oxide requires the most heat.

Assuming the best case energy cost is $0.04 USD/kWh
and the worst case is $0.09 USD/kWh, the annual electricity
costs amount from $6.8 million to $17.5 million, respec-
tively, amounting to roughly 14–25% of total annual oper-
ating costs. The total raw materials cost ranges from $12.6
million to $25.4 million, or 31–36% of the total annual
operating costs (Fig. 3).

Total annual cost Cost per kg Mg

Best case $41,310,629.9 $2.04

Reference case $48,684,454.3 $2.43

Worst case $72,249,727.6 $3.69

The total capital cost for electrolysis, including the cost of
a facility housing only the electrolysis process and its
associated equipment, was calculated to be almost
$250,000,000 with 180 kA cells.

Front-end processing $136,044,186

Electrolytic capital costs $75,682,532

Rectifier costs $11,398,818

Total capital cost for electrolysis $223,125,536

Discussion

Electrolysis paired with a VCD system has the potential to
cost as little as $2.04USD per kilogram magnesium, making
it a viable option for sustainable magnesium production. For
comparison, aluminum is currently selling for $1.72USD per
kilogram. Taking into account the amount of magnesium
needed to have a similar rigidity compared to aluminum, the
price ratio for magnesium to aluminum should be no more
than 1.8 for magnesium to compete in automotive markets
[11], i.e., $3.00/kg. This process meets that criterion in both
the best and reference cases.

Table 1 Assumptions informing
cost calculations for the best,
worst, and reference cases. FTE is
full time equivalent, OL operating
later, FCI fixed capital
investment, VC variable costs,
and FC fixed costs

Best case Reference case Worst case

MgO feed cost $250 per ton $250 per ton $500 per ton

Electricity $0.035 per kWh $0.035 per kWh $0.09 per kWh

Operating labor 30 FTEs 30 FTEs 45 FTEs

Other labor 91.5% OL 91.5% OL 91.5% OL

Maintenance 3.75% FCI 7.5% FCI 7.5% FCI

Indirect costs 10% of VC and FC 12.8% of VC and FC 12.8% of VC and FC

Insurance 1.0% FCI 1.0% FCI 1.0% FCI

Royalties 1.0% FCI 1.0% FCI 1.0% FCI
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Table 2 Magnesium Oxide Feed
compositions for the best,
reference, and worst case cost
scenarios

Best case Reference case Worst case

MgO 0.98 0.97 0.9544

CaO 0.015 0.008 0.008

Fe2O3 0.001 0.0044 0.0068

SiO2 0.003 0.0132 0.024

Al2O3 0.001 0.0044 0.0068

Fig. 1 Material balance flow
ratios for the process with a
carbon anode. Using SOM anodes
would eliminate the carbon anode
input, but require a small amount
of Y2O3 to balance Y activity in
YSZ and prevent leaching. (Color
figure online)

Table 3 Process input streams,
flow rates, and values assuming a
20,000 t/a magnesium plant with
prices for magnesium fluoride
[10] and tin [LME June 2020]

Stream Flow rate (kg/hr) Cost (USD/kg) Annual cost (USD)

MgO Feed 3,888 $0.25–0.50 $8,514,700–$17,029,400

Carbon anode feed 581 $0.58 $2,949,000

MgF2 bath feed 78 $1.88 $1,290,600

Tin refill 53 $16.50 $7,728,000

Total 4,600 $20,482,300–$28,997,000

Fig. 2 Energy requirements for the process with a carbon anode (left)
and solid oxide membrane anode (right). The stacked areas correspond
with voltage requirements while stacked lines correspond with the heat
requirements in kWh/kg. The process is self-heating where the top line

is below the top area. The sudden increase in heat requirements at
1090 °C shows the effect of the magnesium boiling point. (Color figure
online)

142 M. Rutherford et al.



This cost can be minimized by reducing the amount of tin
lost throughout the recycle process; tin is the most expensive
raw material used, and while relatively small amounts are
needed, it constitutes 27–39% of the total raw material cost.
Overall operating costs can be reduced in the long term with
a higher investment in technology to recover as much tin as
possible in the recycle stream. Lead could also serve as a
cheaper alternative for a liquid cathode in place of tin, but is
undesirable due to its related negative health effects. Further
material costs could be recovered by separating and recy-
cling the magnesium fluoride from the salt bath.

Replacing the typical carbon anode with a SOM anode
would save close to 20 ¢/kg Mg spent on electrodes, but cost
an additional 2.2–2.5 kWh/kg plus the anode cost. It would
also eliminate direct CO2 emissions from the process,
though life cycle emissions effects will not be clear until
there is a good estimate for SOM anode lifetime.

The Yerkes patent on this flow sheet [1] suggested lead
rather than tin as the cathode. This would have higher
density for better pad stability, and lead costs about 90% less
than tin. Health and safety issues would need to be addres-
sed, particularly for very hot metal exiting the distiller.

Comparing with aluminum, the 33% higher productivity
by mass of a magnesium cell at the same current (assuming
similar current efficiency) should lead to about 25% lower
processing cost per kg for electrolysis, including electricity,
anodes, and operating labor. In this flow sheet, if the cost of
distillation and extra raw materials (tin, MgF2) can then be
kept below that margin, in the range of 25–40¢/kg, then
magnesium production cost is lower than that of tin. The low
energy use, simplicity, and potential robustness of G-METS
distillation could achieve this.

Furthermore, to lower the capital cost, it may be possible
to retrofit an existing aluminum production plant to make
magnesium. This could reuse the current bus, anode pro-
duction and loading, raw material distribution, off-gas

scrubbing, analysis, and under some circumstances casting
systems already in the plant.

Conclusions

Techno-economic analysis of magnesium production using
an updated Hall–Héroult process with reactive liquid metal
cathode, with a new distillation operation, shows potential
for production cost and emissions at or below those of alu-
minum. Using an updated capital cost model, this indicates
potential profitability at a scale as small as 20,000 t/a. The
model is sufficiently detailed to include effects of bath
chemistry, raw material impurities, anode type, and system
energy balance on material consumption and overall cost.
The biggest technical risks are likely in G-METS distiller
feasibility and scale-up. If this scale-up is successful, then
the process could remove a major barrier to more widespread
magnesium use in transportation, and potentially new
applications such as energy storage.
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Efficient Low-Cost Gravity-Driven Multiple
Effect Thermal System (G-METS) Distillation
of Magnesium

Armaghan Ehsani Telgerafchi, Gabriel Espinosa, Madison Rutherford,
Adam Powell, and David Dussault

Abstract

Vapor compression distillation (VCD) can reduce the
energy use and cost of magnesium distillation refining by
up to 90% versus today’s batch distillation processes.
This work describes a new continuous gravity-driven
multiple effect thermal system (G-METS) process for
magnesium VCD with just one internal moving part. The
distiller will likely use less than 1 kWh/kg magnesium
product, and high throughput of the continuous process
can lower capital cost considerably. A detailed thermal
model of the system presented here describes multicom-
ponent evaporation, and batch distiller experiments
validate key components of the model. There are multiple
alloy distillation challenges with potential solutions
described here, including liquid diffusion resistance,
aerosol carry-over, and removal of volatile elements such
as zinc. This efficient low-cost process could play a key
role in multiple new flow sheets, from magnesium alloy
recycling to rare earth magnet recycling to primary
magnesium production.

Keywords

Magnesium � Recycling and secondary recovery �
Modeling and simulation � Distillation

Introduction

Magnesium (Mg) is a low-density metal whose alloys have
outstanding stiffness/weight and excellent strength/weight. It
is proposed for use in very lightweight high-efficiency motor
vehicles. For example, in 2015 Ford and Magna demon-
strated an aluminum-intensive vehicle, which they called
“Mach 1”, with 25% weight reduction vs. a steel baseline.
Their magnesium-intensive “Mach 2” vehicle design
achieved 50% lower weight, though in practice would
probably be 40–45% lighter than the steel baseline [1]. Two
of the barriers to more widespread magnesium use are:
low-cost low-emissions primary production method suitable
for OECD or similar labor and environmental regulatory
framework for supply and cost stability; and a recycling
method capable of producing low-iron low-copper
low-nickel magnesium from post-consumer scrap.

Magnesium metal distillation can address both of these
barriers, enabled by its relatively low boiling point of 1091 °C
—indeed, about 15% of the more than 2000 patents in US
classification C22B26/22 “Obtaining magnesium” involve
distillation. For recycling, it can use post-consumer scrap and
produce pure magnesium with copper and nickel concentra-
tions below even the demanding specifications of
low-corrosion alloys such as AZ91E [2]. For primary pro-
duction, distillation enables direct reduction of magnesium
oxide (MgO) in a Hall–Héroult type cell with a dense reactive
liquid metal cathode such as tin to make an alloy, then sep-
aration of pure magnesium from the alloy and returning the
host metal to the electrolysis cell [3, 4], as discussed further in
a separate paper in these Proceedings. However, the high
vapor pressure of magnesium at its melting point makes it
challenging to condense as a liquid, particularly when par-
tially diluted by an inert gas [5–7]. In addition, high tem-
perature generally leads to low energy efficiency, with
distillers using 5–7 kWh/kg Mg product, cf. 1.5 kWh/kg
enthalpy of vaporization.
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Vapor compression distillation uses the heat released in
condensation to provide much of the heat required for
evaporation, and can dramatically reduce the energy use and
cost of distillation. Pumping magnesium vapor at high mass
flow rate is very challenging, but multiple effect thermal
system (METS) distillers overcome this by pumping liquid
rather than vapor [8–12], and there are entire patent classi-
fications based on this principle (in USA: B01D1/26
“Multiple effect evaporating”, B01D1/0088 “Cascade evap-
orators”). Either way, each condenser operates at higher
pressure than an adjacent evaporator, such that the boiling
point is higher in the condenser, and heat flows from the
hotter condenser to the cooler evaporator.

Here we present a new METS magnesium distiller con-
cept which uses gravity to create this pressure difference
with no moving parts, called G-METS. The weight of a
column of liquid metal raises the pressure in the evaporating
chamber below it, and thus raises the pressure in the con-
denser connected with the lower evaporating chamber, as
shown in Fig. 1. Heat flows upward from the main heater,
and each condenser feeds the heat needed for the evaporator
above it. Standpipes control liquid level in each evaporator.
This is similar to the water distiller of Petrek [10], which
uses vertical drain pipes between effects to achieve the
desired pressure difference. But in this magnesium distiller, a
barrier and tube separate each evaporator from the condenser
in the same effect, leading to better thermal efficiency and
segregation of volatiles such as zinc. Other features can
potentially further enhance zinc separation.

This work first describes the G-METS distiller, and fea-
tures which overcome specific challenges. We then present:

• Results of steel corrosion tests and one- and two-effect
batch distiller experiments;

• A reduced-order thermal model which estimates temper-
atures, pressures, compositions, and flow rates;

• Solid modeling of an industrial distiller design which
illustrates the distiller scale, and structural Finite Element
Analysis (FEA) using the solid model estimates maxi-
mum stress;

• FEA with fluid flow and heat transfer estimates vapor
velocity distribution in the evaporator and condenser.

Distiller Description

Figure 1 shows a schematic of a four-effect magnesium
G-METS distiller. For recycling, solid alloy is introduced
into the top melter. Melted Mg alloy flows at a controlled
rate downward into the top evaporator, where a portion of
the Mg alloy evaporates. That portion which evaporates rises
to the top condenser, where it condenses. The remaining
magnesium which does not evaporate here flows down
through the liquid standpipe into the next evaporator, where
a portion of it evaporates, and so on. Each
evaporator-condenser pair is called an “effect”. Heat flows
upward from effect to effect, from lower condensers to the
evaporators above them. Liquid Mg flows downward
between evaporators from effect to effect. Mg vapor flows
upward within each effect from its evaporator into its con-
denser above it. Standpipes control the height of liquid Mg
alloy in each evaporator.

Fig. 1 Schematic diagram of a
four-effect magnesium G-METS
distiller, with detailed view of a
single effect. (Color figure online)

146 A. E. Telgerafchi et al.



Several issues complicate the operation of a G-METS
distiller. First, if the main heater is run at constant power, the
distiller is unstable, in that more liquid metal flow downward
from evaporator to evaporator leads to lower temperatures,
reducing evaporation rate, and increasing liquid metal flow
rate further. Using a proportional integral derivative (PID) or
similar algorithm to control temperature in the bottom
evaporator avoids this instability: faster flow leads to higher
heat input and evaporation rate, slowing down concentrate
flow. One can further enhance stability by regulating flow of
influent metal to control the temperature at the top of the
distiller.

Second, in recycling it is necessary to heat and melt the
incoming magnesium alloy metal, which uses energy. This
distiller can in some cases use the top effect condensation
enthalpy as part or all of the energy required to heat and melt
incoming magnesium, reducing the overall energy required.
Third, incoming magnesium scrap can have zinc or other
volatile metals with higher vapor pressures than magnesium,
which concentrate in the distillate. In addition to the barrier
between evaporator and condenser described above, a
counter-flow evaporator further segregates zinc into the top
condenser; and a vented counter-flow condenser can separate
most zinc out of a condenser [13].

Fourth, magnesium alloy evaporation sometimes leads to
aerosol creation and carry-over, bringing low-volatility
impurities to the condenser. Flow devices which create
high velocity and streamline curvature, such as cyclone
separators and even angled vapor flow channels, can sepa-
rate such aerosols and reduce distillate contamination.

Steel Corrosion and Batch Distiller
Experiments

Production of magnesium distillate requires the use of
nickel-free steels which neither corrode nor contaminate
liquid magnesium. For this reason, a 200-hour corrosion test
compared five stainless alloys in an inert environment with
liquid magnesium: 310, 316L, 347, 410, and 440C. Figure 2
shows the apparatus consisting of a graphite separator in a
mild steel container, a welded steel lid and tube for evacu-
ation are not shown. A mechanical vacuum pump reduced
air pressure below 10 Pa, then the tube was crimped to seal
it. A kiln heated the apparatus to 1100 °C for 200 h. After
cooling, cutting open the apparatus revealed the steel cou-
pons embedded in magnesium.

The 3xx series alloys showed considerable corrosion and
porosity, with SEM EDS indicating at least 1 wt% Mg in the
centers of each of those coupons. Solid Mg discs sur-
rounding the 3xx alloy coupons showed 11–13 wt% Ni. In
contrast, 410 and 440C steel samples showed negligible
corrosion with no nickel in the magnesium around them.
Based on this, the distiller structure should use nickel-free
stainless alloys. Strength of these alloys is low, but operating
in an inert gas-filled vessel with equal pressure to that of the
bottom effect (10–15 kPa) can minimize hoop stress in the
hottest part of the distiller, and supports in the lowest effect
can be made of ceramic materials.

23 one- and two-effect batch distillation experiments
examined behavior of magnesium and a synthetic scrap alloy.
A summary of five two-effect experiments follows. Synthetic

Fig. 2 (Left) mild steel vessel with graphite separator used in
corrosion experiments (welded lid not shown); (right) SEM backscatter
micrographs of stainless coupon cross section after 200-hr Mg exposure

showing alloys 310, 316L, 347, 410 and 440C. Note 1 mm scale bars in
3xx steel samples, and 10 lm scale bars in 4xx samples
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scrap consisted of AZ31 with addition of*4 wt% Fe, 1 wt%
Cu, and 1 wt% Ni. Side heaters raised the temperature in the
whole apparatus to start, these then switched off and only a
bottom heater ran during distillation. Most experiments used
welded 6-inch schedule 80 pipe and plate with 316 stainless
in the bottom evaporator and 1018 steel in the remainder of
the apparatus. Figure 3 shows all five setups cut open after
the experiments. Table 1 summarizes the parameters and
composition data of the following five experiments.

Experiment I used pure magnesium in an apparatus made
of welded 4-inch schedule 80 stainless pipe cap sections.
The top and bottom effects each began with 500 g pure
magnesium. The side heater remained on throughout the
experiment. All of the magnesium in both effects transferred
to the condensers, likely because of the side heater.

Experiment II began with 4.0 kg synthetic scrap in the
bottom effect and 2.6 kg in the top. The side heater extended
from the bottom of the bottom evaporator to about halfway up
the top condenser, leaving the top of the top condenser open.
As a result, the top of the top condenser was too cold, so it
clogged. Bottom heater power was 2.0 kW, and significant
non-volatile impurities entered the bottom condenser.

Experiment III also began with 4.0 and 2.6 kg synthetic
scrap in the two effects. The side heater heated the entire
apparatus to 650 °C, then shut off. Bottom heater power was
only 1.0 kW, and low-volatility impurity concentrations
were half or less of those in Experiment II. But in 6.6 h only
2 kg Mg distilled in the bottom effect, and the low resulting
heat flux did not distill any of the top effect. Our hypothesis
was that at this low power and distillation rate, an
Mg-depleted layer formed in the evaporator liquid surface,
reducing the evaporation rate.

Experiment IV also began with 4.0 and 2.6 kg of syn-
thetic scrap in the two effects. The side heater heated the
apparatus to 650 °C, then shut off, after which the bottom
ran at 2.0 kW. Our hypothesis was that as with Experi-
ment II, high heat flux led to bubbling in the bottom evap-
orator, increasing distillation rate while also creating aerosol

carry-over into the condenser. Condensation rate in the
bottom effect created enough heat to distill 1.3 kg Mg in the
top effect. But with the side heater off during distillation, the
tall and narrow apparatus lost a considerable amount of heat
to radiation from the sides; this agreed well with
reduced-order thermal model predictions described next.

Experiment V began with 3.5 and 2.2 kg of synthetic
scrap in the two effects. A piece of angle iron was welded
over the bottom effect conduit entrance, requiring vapor to
turn 90° twice with just *1 cm maximum turn radius. The
side heater heated the apparatus to 750 °C then shut off, after
which the bottom heater ran at 1.5 kW. Distillation was
slower than in experiments II and IV, but faster than
Experiment III, yet Al, Cu, and Ni in distillate were very
low. This supports the aerosol formation hypothesis, with
centrifugal separation preventing condenser contamination.

Reduced-Order Thermal Model

A reduced-order continuous flow thermal model estimates
the temperatures, vapor, and total pressures, heat and mass
flow rates, and distillate and concentrate compositions in a
multi-effect distiller. It uses the General Solution Model [14]
with parameters from Zivkovic for Al–Mg-Zn ternary liquid
[15] to estimate vapor pressures. It solves a set of equations
simultaneously using a matrix-free Newton–Krylov nonlin-
ear solver.

Fundamentally, distillation rate is limited by heat transfer
up through the distiller. This in turn is mostly limited by heat
conduction through the steel evaporator support and liquid
magnesium in the evaporator. Magnesium vapor flow
requires only a very small pressure difference, so within an
effect magnesium vapor pressure at the evaporator surface is
very close to vapor pressure at the condenser surface—
though evaporator temperature is higher due to the lower
magnesium activity in liquid solution. This model assumes
equal evaporator and condenser vapor pressures.

Fig. 3 Two-effect distiller experiment cross sections labeled I, II, III, IV, and V above (left to right), and showing locations of composition
analysis samples. (Color figure online)
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Figure 4 shows a schematic and a result of this thermal
model applied to a continuous large laboratory distiller with
five effects and total influent flow rate of 2.7 kg/h. Influent
composition is Mg-5 wt% Al-1 wt% Zn. Temperatures at the
bottom evaporator and top melter are set to 950 °C and
800 °C, respectively. Final concentrate flow rate is set to
10% of influent rate; distillate flow rates in each effect are
determined by heat flow balances. Maximum pressure dif-
ference between effects is 4 kPa, corresponding to 28 cm of
liquid Mg height in a standpipe. Evaporation rate in the
higher effects is lower than the lower ones because radiation
loss out the sides reduces heat flux up the distiller.

Figure 5 shows results of the same model for 2–7 effect
pilot-scale distillers with 1.14 m inner diameter and a target

total Mg distillate production rate of 100 kg/hour (500–700
t/a). Bottom evaporator temperature is again 950 °C, and
melter temperature is 750 °C. Evaporators are 10 cm high
with 2.5 cm liquid Mg depth, and condensers are 17.5 cm
high with 0–15 mg liquid Mg depth. Each condenser holds
about 230 kg Mg, and must be tapped every 2.5–11 h
depending on the number of effects (more effects have lower
production rate per effect and need less frequent tapping).
When using counter-flow evaporators [13], only the top
effect distillate has higher Zn than the influent, production
rate of this high-Zn distillate is shown in orange on the
stacked graph on the left and the remainder with low Zn is
shown in blue. The graph on the right shows that required
bottom heater power to achieve these flow rates (shown in

Table 1 Distillation experiment
durations, distillation rates, heater
power levels, and compositions

Experiment I II* III IV V

Duration at temperature, h 1.5 5.0 6.6 5.0 7.0

Bottom effect rate, kg/h 3 0.8 0.3 0.8 0.5

Top effect rate, kg/h unk. 0 0 0.25 0

Sample 1 Al wt% 1.3 0.32 0.86 –

Sample 1 Zn wt% 0.8 1.76 1.07 0.012

Sample 1 Cu wt% 0.4 0.13 0.49 –

Sample 1 Ni wt% 0.2 0.12 0.36 –

Sample 2 Al wt% 99 0.01 0.02

Sample 2 Zn wt% 1 1.33 1.11

Sample 2 Cu, wt% – – 0.05

Sample 2 Ni, wt% – – 0.01

*Sample 3 and 5 compositions, not 1 and 2. Concentrations below detection limits indicated by “–”

Fig. 4 Five-effect METS
schematic, and output of
reduced-order thermal model of a
2.4 kg/h large laboratory
G-METS magnesium distiller
showing distillate flow rates and
compositions starting from
Mg-5%Al-1%Zn. (Color figure
online)
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blue) falls with the number of effects, as is expected, but for
solid Mg alloy scrap input and more than three effects,
heating and melting Mg requires additional heat input to the
melter (shown in orange).

Based on the model output, the three-effect distiller was
selected for scale-up design and further study, as it is simpler
than the larger distillers but with little additional energy
input and high-Zn distillate.

First-Cut Industrial Distiller Solid Model
and Structural Finite Element Analysis

Figure 6 shows a first-cut scaled G-METS magnesium dis-
tiller design with three effects and *1000 kg/h (5000–7000
t/a) pure Mg production rate. Internal diameter is 3.6 m, and
the cross-section area is 10 m2; this is ten times the area of
the 100 kg distiller described above. In the cross section,
liquid Mg is shown in dark gray, with a thin 2.5 cm layer in
each evaporator and up to 15 cm of distillate storage
(*2300 kg) in each condenser. There is a vessel at the
bottom where concentrate accumulates. Tapping can be done
by melting frozen plugs in the drain pipes.

The outer shell maintains inert gas pressure roughly equal
to Mg vapor pressure in the lowest evaporator in order to

minimize hoop stresses in that hottest part of the distiller.
Both 410 and 440 nickel-free stainless alloys were found to
exhibit negligible corrosion in experiments which exposed
them to Mg liquid and vapor for 500 h, but both are rela-
tively weak at high temperature. The structural Finite Ele-
ment Analysis shown in Fig. 7 with gravitational and
pressure forcing shows stress in the bottom effect supports
around 5–8 MPa, with maximum stress in a few spots up
over 27 MPa. It may be necessary to make some of these out
of a non-reactive ceramic material with high compressive
strength at 950 °C such as AlN, MgO, or CaO. Higher
effects will have additional inward hoop stresses due to
lower internal pressure, but those regions will be at a lower
temperature such that steel will be stronger.

Flow and Heat Transfer Finite Element
Analysis

In this study of a G-METS magnesium distiller, FEA of flow
and heat transfer has two major goals: model heat conduc-
tion in steel and magnesium which limits the performance of
the distiller, and model coupled evaporation and flow in gas
phases for later use to design counter-flow evaporator and
condensers.

Fig. 5 Reduced-order model
estimates of *100 kg/h pilot
distiller outflows (left) consisting
of, from the top, concentrate,
high-Zn distillate, and <1% Zn
distillate; and heat input (right)
showing, from the top, melter
heater power, bottom heater
power, and total specific energy
use in kWh per kg of magnesium
distillate product. (Color figure
online)

Fig. 6 1000 kg/hour G-METS magnesium distiller design cross section (left) and approximate scale (right). (Color figure online)
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This model uses Elmer Version 8.4 with the Heat Model
and Navier-Stokes Model for gas phase fluid flow. The
geometry is based on the 1.14 m inner diameter
*100 kg/hour 3-effect distiller and meshes were made with
Salome Program version 7.7.1 and the NETGEN 1D-2D-3D

algorithm. The mesh has 92.480 nodes with element size
from 0.001 to 0.05 m. In this geometry, each effect includes
steel as a body of the bottom effect, liquid magnesium in the
evaporator, steel as body between evaporator and condenser,
and a condenser boundary condition on top of the top of
effect. Vapor pressure is calculated from temperature using
the Clausius–Clapeyron equation with liquid Mg constants
[16] and the heat flux boundary condition at the liquid-gas
interface of liquid and gas magnesium includes evaporation
enthalpy. The model uses temperature-dependent thermal
conductivities [17], viscosities [18, 19] and densities of
magnesium in the liquid and vapor phases.

Figure 8 shows the distiller model geometry, velocity
magnitude throughout the distiller, and velocity and relative
pressure along the vertical axis of the vapor conduits.
Maximum velocity is about 8 m/s, leading to a Reynolds
number in the conduit around 250, so these simulations ran
without a turbulence model.

Fig. 7 Structure FEA results showing stresses *2 ksi = 13.8 MPa in
lower supports, and 28 MPa max stress. (Color figure online)

Fig. 8 FEA model geometry, cross-section velocity magnitude, and center axis velocity and pressure profiles. (Color figure online)
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Discussion

The biggest potential issue with the G-METS distiller is the
kinetics of alloy evaporation. Experimental work showed that
although pure Mg distillation rate very closely followed the
reduced-order thermal model predictions, when an alloy was
used, the rate was either much slower than the pure Mg model
predicted with low heat flux, or with sufficient heat flux,
matched the pure Mg distiller—but with product contamina-
tion by less volatile impurities such as Al. The current
hypothesis for this behavior is formation of a surface layer
depleted of magnesium which impedes evaporation at low
heat flux, and disruption of that layer by bubbling with
aerosol creation at higher heat flux. Though early experiments
have supported this hypothesis as described above, charac-
terization of this phenomenon requires further study, as does
its remedy by cyclone or other flow curvature separation.

Conclusions

This work presented results from batch magnesium distillation
experiments, a validated reduced-order thermal model applied
to a pilot-scale 100 kg/h distiller, a 1000 kg/h distiller design
study with an estimation of stress due to weight of the distiller
and pressure difference, a thermal-fluid FEA model of vapor
flow, and techno-economic analysis. These show that a
G-METS magnesium distiller can potentially reduce the energy
use from 5 to 7 kWh/kg today to as little as 0.5–1 kWh/kg, a
nearly 90% reduction. The distiller is continuous and compact,
and can potentially enable new recycling processes for
low-grade post-consumer magnesium alloy scrap. Further study
is needed to clarify the kinetics of alloy evaporation, to validate
the reduced-order and FEA thermal-fluid models, to identify
potential limiting mechanisms in scale-up, and to engineer key
subsystems in the distiller.

If it succeeds, this distiller could enable electrolytic pro-
duction of magnesium using a Hall–Héroult type cell with
reactive dense liquid metal cathode e.g., tin, as first envi-
sioned in the 1940s. The lower valence of Mg than Al leads
to higher productivity in a plant with the same potline cur-
rent, potentially producing Mg at or below the cost of Al.
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Industrial Practice of Extracting Magnesium
from Serpentine

Huimin Lu and Neale R. Neelameggham

Abstract

There are 140 million tons of nickel-containing serpentine
mines in Tuquan County, Inner Mongolia, China. There
is no industrial practice in the world to extract magnesium
metal from magnesium silicate minerals. Laboratory
research shows that it is difficult to extract magnesium
metal from serpentine. Based on our laboratory research,
an industrial demonstration production line with an
annual processing capacity of 21,000 tons of ore has
been constructed. Especially the continuous vacuum
metal magnesium reduction furnace developed by our-
selves is stable and reliable, which proves its feasibility.
From ore crushing, grinding, ball pressing, reduction, to
metal magnesium refining and casting ingots, the entire
production line is fully continuous and automated. The
production process has no carbon dioxide emission, clean
production, high production efficiency, and low cost,
which lays the foundation for large-scale industrialization
of extracting magnesium metal from serpentine.

Keywords

Industrial demonstration production line �
Aluminum-silicon thermal reduction � Magnesium �
Nickel-containing serpentine � Nickel iron alloy

Introduction

Magnesium is the lightest metal of the commonly used
metals and can be applied widely. For example, there are
metallurgical applications, chemical applications, structural
applications, and automobile parts production [1, 2]. In 2016
the global production of magnesium reached 900 thousand
tons. The production of magnesium is based on the Pidgeon
process and electrolytic process, and more than 90% pro-
duction of magnesium was produced by the Pidgeon process
from China, and all magnesium producers use dolomite as
magnesium reduction feedstock.

Magnesium production in the world is currently domi-
nated by the Pidgeon process which uses silicon, in the form
of ferrosilicon, to reduce magnesia from calcined dolomite
under vacuum. The overall reaction of the process can be
written as follows [3]:

2MgO sð Þ þ 2CaO sð Þ þ ðxFeÞSi sð Þ
¼ 2Mg gð Þ þ Ca2SiO4 sð Þ þ xFe sð Þ ð1Þ

The reaction is performed in batch mode within steel
retorts that operate around 1200 °C and a vacuum of 10–
20 Pa to produce approximately 20 kg of Mg over an eight
to ten hour period. The process suffers from high energy
usage and low productivity.

In Tuquan County, Inner Mongolia, China, magnesium
resources are not the traditional dolomite but serpentine,
huge reserves (about 1.4 billion tons), extraction of mag-
nesium with the type of serpentine ore, there is no precedent
all over the world, it is a great challenge. In 2017, we have
completed the research of extracting magnesium metal from
serpentine in a laboratory vertical continuous vacuum
induction furnace.

In this paper, based on our laboratory research, an in-
dustrial demonstration production line with an annual pro-
cessing capacity of 21,000 tons of ore has been constructed.
Especially the continuous vacuum metal magnesium reduc-
tion furnace developed by ourselves is stable and reliable,
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which proves its feasibility. From ore crushing, grinding,
ball pressing, reduction, to metal magnesium refining and
casting ingots, the entire production line is fully continuous
and automated. The production process has no carbon
dioxide emission, clean production, high production effi-
ciency, and low cost, which lays the foundation for
large-scale industrialization of extracting magnesium metal
from serpentine.

Serpentine Reduction Principle
and Experimental Procedure

Reduction Principle

Magnesium production in the laboratory is carried on which
uses aluminum-silicon alloy as a reduction agent, to reduce
magnesium silicate from serpentine under vacuum. In the
Al–Si alloy reduction process of magnesium, due to the
presence of calcium oxide, resulting in a more stable 12
CaO�7 Al2O3, making the theoretical minimum temperature
of the reaction reduced by 249.2 °C, showing the presence

of calcium oxide makes the reaction easier. The overall
reaction of the process can be written as follows:

54CaO sð Þ þ 14½2MgO � SiO2ðsÞ� þ 7½MgO � SiO2ðsÞ� þ 14Al sð Þ þ 7Si

¼ 12CaO � 7Al2O3 sð Þ þ 14½2CaO � SiO2ðsÞ�
þ 35 Mg½ � gð Þ þ 14½CaO sð Þ � SiO2ðsÞ�

ð2Þ

Industrial Test Equipment

Industrial experiments for producing magnesium were con-
ducted in a 2400 kW serpentine continuous reduction
of magnesium test furnace, as pictured in Fig. 1. Process
conditions were as follows: the reaction is performed in
continuous feeding charge 3000 kg each within magnesium
test furnace that operate around 1200 °C and a vacuum of
10–20 Pa over a four-hour period.

1-feeding device, 2-material isolation valve, 3-first vac-
uum valve, 4-temperature control meter, 5-control system,
6-heating power supply, 7-fifth vacuum valve, 8-sixth vac-
uum valve, 9-the second vacuum unit, 10-slag discharge

Fig. 1 2400 kW industrial
continuous reduction of
magnesium test furnace
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chamber, 11-slag collecting tank, 12-mobile truck, 13-first
vacuum unit, 14-fourth vacuum valve, 15-second flap iso-
lation valve, 16-first turn plate isolation valve, 17-reduction
chamber, 18-electromagnetic induction heating device,
19-reduction temperature measuring device, 20-third vacuum
valve, 21-mold, 22-copper tube, 23-graphite filter, 24-crystal
test temperature device, 25-second vacuum valve.

Raw Materials

Serpentine. Serpentine ore powder was taken from Inner
Mongolia Xintai Construction and Installation Group Co.,
Ltd, the size was smaller than 0.5 mm. The main minerals in
the serpentine ore are 96 mass% serpentine, and with a small
amount of olivine, chrome spinel, and metal minerals
including magnetite, hematite, chromite, nickel pyrite, and
chalcopyrite. The assay of the serpentine ore is shown in
Table 1 (Fig. 2).

The main mineralogical characteristics of the serpentine
ore by mineralization, SEM/EDS, and XRD analysis of
serpentine ore are as follows:

(1) Serpentine is the main ore minerals in the serpentine ore,
with a small amount of olivine and chrome spinel, metal

minerals, including magnetite, hematite, chromite, nickel
pyrite, and chalcopyrite. Serpentine ore is fiber crystal,
granular crystal, fiber interwoven structure, substituted
structure, and Substituted residual structure, block structure.

(2) Serpentine fiber length is generally in the tens—hun-
dreds of microns, fiber length changes in a large number
of individual mm.

High-aluminum bearing coal fly ash. High-aluminum
bearing coal fly ash (HACFA) was taken from Hequ Second
Power Co. Ltd.; its sizes were smaller than 120 lm. The
main composition in HACFA is 88.16 mass% ash content,
2.66 mass% volatile content, 1.54 mass% moisture content,
5.91 mass% solid carbon content. The chemical composi-
tions of the ash content are as follows: 38.05 mass% Al2O3,
41.12 mass% SiO2, 4.66 mass% Fe2O3, 4.07 mass% CaO,
0.34 mass% MgO, Na2O�K2O 0.32 mass%, and 11.44 mass
% balance.

Bitumenite. Bitumenite (BT) was from Shanxi Datong
Washing Coal Plant. Prior to use it was ground to <0.5 mm.
Its composition was 12.64 mass% ash content, 28.92 mass%
volatile content, 3.70 mass% moisture content, and 54.74
mass% solid carbon content. The chemical compositions of
the ash content are as follows: 19.52 mass% Al2O3, 49.84
mass% SiO2, 6.52 mass% Fe2O3, and 11.72 mass% CaO.

Table 1 Analysis of serpentine
ore used in this work/mass%

MgO Al2O3 CaO Fe2O3 FeO SiO2 Na2O

K2O Mn Ni Cr H2O P S

35.54 0.64 3.36 5.23 1.47 37.17 0.0097

0.055 0.048 0.22 0.12 0.48 0.0022 0.0009

Fig. 2 Photo of serpentine used
for industrial extraction of
magnesium metal. (Color figure
online)
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Petroleum coke. Petroleum coke (PC) was from Tianjin
Dagang Petroleum Chemical Industrial Company. Before
experiments it was ground to <0.5 mm. Its composition was
0.28 mass% ash content, 8.04 mass% volatile content, 0.39
mass% moisture content, and 91.29 mass% solid carbon
content.

Charcoal. Charcoal (CL) used in experiments was pur-
chased from market, its sizes were smaller than 0.5 mm. Its
composition was 1.03 mass% ash content, 2.99 mass%
volatile content, 3.94 mass% moisture content, and 92.04
mass% solid carbon content.

Adhesive paper industry wastewater. Adhesive paper
industry wastewater was from Jizhou Paper Mill. Its com-
position was 27.04 mass% ash content, 46.74 mass% vola-
tile content, 5.26 mass% moisture content, and 20.96 mass%
solid carbon content.

Iron oxide powder. Iron oxide powder was from Tang-
shan Iron and Steel Plant. Its composition was 54.12 mass%
Fe2O3, 12.74 mass% CaO, 14.02 mass% MgO, 6.11 mass%
Al2O3, and 9.01 mass% SiO2.

Aluminum-silicon alloys. The content of the furnace
charge is 65 mass% HACFA in which the impurities are
quartz, calcium oxide, and magnesia, etc. and the total
impurities amount is not in excess of 20 mass%; 22 mass%
reducing agent (bitumenite and petroleum coke, mixing ratio
of bitumenite and petroleum coke 70:30) 7 mass% iron oxide
powder and 6 mass% adhesive paper industry wastewater.
First, all the raw materials are mixed uniformly, briquetted
and dried, then the carbothermal reduction experiments are
conducted in the 1800 kVA DC submerged arc furnace with
reducing temperature 2200 °C and reducing time 4 h, the
aluminum-silicon alloys containing 35.00 mass% aluminum,
48.06 mass% silicon, and 17% mass% iron are obtained with
aluminum recovery rate 80% and silicon 70%. Table 2 lists
the results of chemical analysis for the Al–Si alloys.

Test Methods

The raw materials for producing magnesium were mixed
uniformly in the given proportions in a stirring machine, dry
pressure briquetted into ovals with the major axis 40 mm
and the minor axis 20 mm. The average density of briquettes
was 1.63–1.65 g/cm3, the porosity was 45–48%. The bri-
quettes were charged into the 2400 kW industrial continuous

reduction of magnesium test furnace with temperature 1150–
1250 °C, vacuum of 10–20 Pa and time 4 h. The Mg was
discharged. The samples were analysed by XRD, SEM
analysis and chemical analysis.

Industrial Experiment for Producing
Magnesium

Description of Industrial Continuous Reduction
Equipment for Magnesium Metal

Figure 1 of the industrial continuous production equipment
for metallic magnesium provided in this article includes a
feeding device 1, a reduction chamber 17, a crystallizer 21
and a slag discharge chamber 10. The feeding device 1, a
reduction chamber 17, a crystallizer 21, and a slag discharge
chamber 10 are all equipped with the vacuum detector also
connected with a vacuum device. The feeding device 1 is
located above the reduction chamber 17 and communicates
with the reduction chamber 17, and a material isolation valve
2 is provided between the feeding device 1 and the reduction
chamber 17. In order to isolate the reduction chamber 17 and
the feeding device 1, it is convenient to maintain the vacuum
state of the reduction chamber 17. The slag discharge
chamber 10 is set directly below the reduction chamber 17,
and is fixedly connected by bolts to form a vertical upper and
lower double chamber structure. The outer walls of the
reduction chamber 17 and the slag discharge chamber 10 are
both double-layer structures used to pass in cooling water.
The reduction chamber 17 and the slag discharge chamber
10 are connected with a slag discharge isolation valve. The
slag discharge isolation valve is closed during the reaction.
After the reaction in the reduction chamber 17 is completed,
the slag discharge isolation valve 25 needs to be opened to
release the reduced slag. A crystallizer 21 is connected
above the reduction chamber 17, so that magnesium vapor
can enter the crystallizer 21 upward for crystallization. The
inner wall of the reduction chamber 17 is a graphite crucible,
and the surface of the graphite crucible is plasma sprayed
with titanium boride, and the titanium boride does not react
and bond with the reduction slag, thereby avoiding the
occurrence of slag sticking. The reduction chamber 17 is
provided with an electromagnetic induction heating device
18. The electromagnetic induction heating device 18

Table 2 The results of chemical analysis for the Al–Si alloys/mass%

Al Si Fe Cu Ti Mg

Zn Mn Ni Ca

35.00 48.06 16.31 0.022 0.011 0.021

0.13 0.13 0.023 0.35
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includes a spirally wound electromagnetic coil. The elec-
tromagnetic coil is arranged in the reduction chamber 17,
and the electromagnetic coil is electrically connected to the
heating power source 6. The electromagnetic induction
heating device 18 enables the reduction chamber 17 heated
uniformly, and the graphite crucible acts as a heating ele-
ment to conduct heat, so that the reduction chamber 17 is
heated rapidly, thereby realizing the rapid and uniform
heating function in the reduction chamber 17, which can
significantly save the reaction time.

Specifically, the feeding device 1 is connected to the
reduction chamber 17 through a feeding pipe, and the
material isolation valve 2 is set on the 5 feeding pipe, a first
vacuum valve 3 is also provided on the feeding pipe.

The reduction chamber 17 communicates with the crys-
tallizer 21 through a crystallizer tube. A graphite filter 23 is
provided at the front end of the crystallizer 21 where the
crystallizer tube is connected to filter dust and prevent
temperature diffusion. The magnesium vapor in the reduc-
tion chamber 17 can enter the crystallizer 21 through the
crystallizing tube and the graphite filter 23 in sequence. The
crystallizing tube is provided with a second vacuum valve
25, and the lower end of the crystallizer 21 is connected with
a collecting tank. The crystallizer 21 has a double-layer outer
wall structure, and a spirally wound electromagnetic heating
wire is arranged between the double-layer outer walls of the
crystallizer 21. The electromagnetic heating coil is the
copper tube 22, which is electrically connected to the heating
power source 6, and the copper tube 22 is used to pass
cooling water. And a crystallization temperature measuring
device 24 is provided on the inner and outer wall of the
crystallizer 21 to ensure that the crystallization temperature
is controlled at 650 °C under the control of heating or water
cooling. Magnesium vapor will crystallize when cold in the
crystallizer 21 to form a liquid into the collector. When the
receiving tank is full, the second vacuum valve 25 can be
temporarily closed to replace the empty receiving tank. The
temperature on the graphite filter 23 is 1000 °C, so that
metallic magnesium can crystallize here. A certain amount
of metallic titanium and zirconium is placed in the receiving
tank. At this time, the iron in the liquid magnesium reacts
with the titanium and/or zirconium and deposits on the
bottom to reach the high purity level of metallic magnesium,
which is as high as 99.9%.

There is a slag collecting tank 11 in the slag discharging
chamber 10, and a mobile truck 12 is arranged under the slag
collecting tank 11, and a mobile truck 12 can move in the
slag discharging chamber 10. The slag isolation valve
includes a first flap type isolation valve 16 and a second flap
plate type isolation valve 15. The first flap type isolation
valve 16 is set at the bottom of the reduction chamber 17,
and the second flap type isolation valve 15 is set on the top
of the slag discharging chamber 10. The first flap type

isolation valve 16 and the second flap type isolation valve 15
are positioned to match. With a flap structure, the bottom of
the entire reduction chamber 17 is basically fully opened,
and the reduction slag in the reduction chamber 17 is dis-
charged instantaneously, avoiding the phenomenon that the
slag is slow, easy to block and the reduction slag at the
bottom of the reduction chamber 17 is difficult to discharge.
The first flap type isolation valve 16 and the second flap type
isolation valve 15 are both connected to a hydraulic system,
and the hydraulic system can control the opening and closing
of the first flap type isolation valve 16 and the second flap
type isolation valve 15. The electromagnetic induction
heating device 18 is arranged on the first flap type isolation
valve 16.

The vacuum device includes the first vacuum unit 13 and
the second vacuum unit 9, the first vacuum unit 13 through
the third vacuum valve 20 communicates with the crystal-
lizer 21, the fourth vacuum valve 14 communicates with the
reduction chamber 17, the second vacuum unit 9 commu-
nicates with the feeding device 1 through the fifth vacuum
valve 7, and the sixth vacuum valve 8 communicates with
the slag discharging chamber 10. The vacuum detector is
connected to the control system 5, the reduction temperature
measuring device 19 is provided on the outer wall of the
inner layer of the reduction chamber 17, the crystal tem-
perature measuring device 24 is provided on the outer wall
of the inner layer of the crystallizer 21, the crystal temper-
ature measuring device 24, the reduction temperature mea-
suring device 19 is connected to the control system 5, and
the measured temperature is displayed by the temperature
control meter 4 on the control system. The control system 5
can send control signals to the vacuum device and the
heating power source 6, respectively, to realize the vacuum
state and the reduction temperature, maintenance of crys-
tallization temperature. At the same time, the hydraulic
system and all the vacuum valves in this embodiment are
connected to the control system 5 and the control system 5
controls their opening and closing states.

Description of Industrial Test Process

According to the condition test parameters, the industrial
experiment was carried out on a 2400 kW continuous
magnesium reduction furnace. Each filling 3000 kg serpen-
tine small briquetts into the furnace, keeping vacuum 10–
20 Pa, temperature 1200 °C, to maintain the reduction time
4 h.

The industrial test process is as follows:

(1) The dried serpentine ore (grain size 1 mm), additive
lime, catalyst fluorite and reducing agent
silico-aluminum alloy (120 mesh) are mixed and
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ground in a ball mill according to the proportions, and
then dry pressed into serpentine ellipses with the major
axis 40 mm and the minor axis 20 mm;

(2) Add the serpentine oval ball to the feeding device 1,
open the first vacuum valve 3 and the material isolation
valve 2, the serpentine oval ball enters the reduction
chamber 17, when the serpentine oval ball enters the
reduction chamber 17, close the first vacuum valve 3
and the material isolation valve 2 isolate the reduction
chamber 17 and the feeding device 1;

(3) Start the first vacuum unit 13 and the second vacuum
unit 9 to vacuum the reduction chamber 17, the slag
chamber 10 and the crystallizer 21 to the working
vacuum;

(4) Start the heating power supply 6 to supply power to the
electromagnetic induction heating device 18 to heat the
reduction chamber 17. The control system 5 controls
the reduction chamber 17 to heat up to the process
temperature, and the magnesium in the serpentine
ellipsoidal ball rises to the crystallizer in the form of
vapor in 21, the crystallizer 21 is controlled by the
control system 5 to maintain the crystallization tem-
perature (600–650 °C), the magnesium vapor in the
crystallizer 21 is crystallized when it is cold, and solid
crude magnesium is formed in the crystallizer 21;

(5) After the serpentine ellipsoid reaction is completed,
close the second vacuum valve 25, take out the mag-
nesium crystallizer, replace with an empty crystallizer,
evacuate the crystallizer 21 to the working vacuum
degree, and open the second vacuum valve 25;

(6) Through the control of the hydraulic system, the second
flap isolation valve 15 and the first flap isolation valve
16 are sequentially opened, the reduced slag falls into
the slag collecting tank 11, and the second flap isolation
valve 15 and the first flap isolation valve 16 are
sequentially closed. Open the slag discharging chamber
10, take out the slag collecting tank 11, replace it with
an empty slag collecting tank 11, and evacuate the slag
discharging chamber 10 to the working vacuum through
the second vacuum unit 9;

(7) Add the serpentine ellipsoid to the feeding device 1,
vacuumize the feeding device 1 to the working vacuum
through the second vacuum unit 9, and then cycle step 2
to step 6 in sequence.

In the end, the current efficiency of the industrial test pro-
cess reached 90%, the recovery rate of magnesium was 85%.
The chemical analysis results of the crude magnesium
obtained in the test is shown in Table 3. Visible, as crude
magnesium, its quality is very good. Further refined, high
quality Mg products can be obtained. The reduction slag can
be used as a cement raw material due to the transformation of
calcium dichromate crystal in form of expansion and
self-crushing loosewhite powder, the size smaller than 50 lm,
the chemical analysis results were as follows: 61.09 mass%
CaO, 14.45 mass% Fe2O3, 15.44 mass% SiO2, 3.39 mass%
Al2O3, and 4.03 mass% MgO. The obtained residue was
subjected to magnetic separation to obtain a nickel iron block.
The chemical analysis results were as follows: 2.42mass%Ni,
97.58 mass% Fe. Nickel iron recovery rate was about 85%.

Conclusions

(1) The industrial process of extracting magnesium by the
aluminum-silicon alloy heat-reducing from serpentine is
reasonable. The Al–Si alloy can extract the metallic
magnesium from the serpentine at 10–20 Pa of vacuum
and from 1150 to 1250 °C. In the process of magnesium
extraction, at the same time these nickel iron alloy and
dicalcium silicate and aluminum silicate slag used as raw
materials for the preparation of cement can be obtained.

(2) Industrial scale of experimental studies has shown that
serpentine extraction of magnesium metal is feasible,
and magnesium recovery rate reaches 85%. This is a
cleaning process with no carbon dioxide emissions.

(3) Industrial continuous reduction furnace improves
magnesium production efficiency and reduces costs, it
is worth further study, and it has a bright future. Raw
materials for production of Al–Si alloy are obtained
easily, such as coal gangue, fly ash, and so on.

(4) From ore crushing, grinding, ball pressing, reduction, to
metal magnesium refining and casting ingots, the entire
production line is fully continuous and automated. The
production process has no carbon dioxide emission,
clean production, high production efficiency, and low
cost, which lays the foundation for large-scale indus-
trialization of extracting magnesium metal from
serpentine.

Table 3 The chemical analysis
results of the crude
magnesium/mass%

Si Cr Ni Cu Zn Ca Fe Al Mg

0.001 0.001 0.001 0.002 0.002 0.003 0.005 0.002 99.9
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Research on Extracting Magnesium
from Carbide Slag and Magnesite in Flowing
Argon Atmosphere

Junhua Guo, Daxue Fu, Jibiao Han, Zonghui Ji, Zhi’he Dou,
and Ting’an Zhang

Abstract

Carbide slag is a kind of industrial waste produced from the
calcium carbide industry, which is difficult to treat and cannot
be used reasonably. In this paper, carbide slag as a calcium
source for extracting magnesium was proposed, i.e., carbide
slag was directly mixed with low-grade magnesite instead of
dolomite as raw material for extracting magnesium without
pretreatment. The process is simple to operate and can obtain
metal magnesium while reducing nearly 50% of CO2

emissions in the process of extracting magnesium. In the
work, the strength of pellets, the effects of Ca/Mg ratio, and
calcination temperature on the recovery rate of Mg were
investigated. The results showed that low temperature
calcination was beneficial to reduction and the recovery rate
of Mg increased with the increase of Ca/Mg ratio, and the
reduction rate was 87.95% when the Ca/Mg ratio was 1.2.

Keywords

Carbide slag � Silicothermic process � Calcination
temperature � Reduction rate

Introduction

Magnesium has excellent properties and wide application, and
has become the third largest metal engineering material after
steel and aluminum [1]. The Pidgeon process is the main
method of extracting magnesium at present [2]. The raw
material is dolomite, which is calcined to obtain dolime. Then it
is used to produce magnesium by vacuum thermal reduction
with fluorite and ferrosilicon. At present, researchers have three

opinions on the reaction mechanism of this reaction process:
(1) During the reaction process, volatile gas SiO is generated,
which participates in the reaction as an intermediate compound
[3]; (2) Intermediate compounds CaSi and CaSi2 are generated,
and then participate in the reduction reaction [4, 5]; (3) Inter-
mediate compound CaSi2 is generated. When the temperature
exceeds 890 * 1020, CaSi2 decomposes into silicon, and then
Ca vapor participates in the reaction [6, 7]. However, no matter
which reaction mechanism, CaO is involved in the reaction
process. Therefore, CaO plays an important role in the sili-
cothermic reaction.

According to Eq. (1), 10 tons of dolomite (about 3.04
tons of CaO) is consumed to produce 1 ton of magnesium.
Although there are abundant dolomite reserves in China,
dolomite used in silicothermic process should not only meet
the process requirements in terms of chemical composition,
but also meet the requirements of the process in terms of
mineral structure, because the chemical composition and
mineral structure of dolomite have a great influence on each
smelting process of the process [4]. If the MgO content in
dolomite is too high (more than 22% MgO), the CaO content
is lower (less than 30% CaO), and 2CaO�SiO2 slag cannot be
formed in the reduction process, so CaO should be added.
On the contrary, if the content of CaO in dolomite is too high
(more than 33% CaO), the content of MgO is lower (less
than 19% MgO), and the output rate of magnesium in the
reduction process is low, so MgO should be added to the raw
material. Therefore, dolomite for the extraction of magne-
sium by silicothermic process has high requirements on
composition and limited resources to meet the conditions.
Considering the advantages of abundant magnesite resources
in China and the large storage of calcium carbide slag, this
paper proposed to use carbide slag as calcium source, and
mix it with magnesite in proportion to replace dolomite for
magnesium smelting. Then, magnesium is produced by
pre-prepared pellets technology, that is, firstly, it is mixed
with ferrosilicon and fluorite for fine grinding, and then the
magnesium is directly extracted in flowing argon, this
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process can not only make comprehensive use of magnesite
in industrial production, but also solve the problem of car-
bide slag storage.

2 CaO �MgOð Þ þ Si ¼ 2Mg þ 2CaO � SiO2 ð1Þ
Carbide slag is a kind of industrial waste residue pro-

duced by the acetylene process in the chemical industry. Its
main component is Ca(OH)2 [8, 9]. However, calcium
hydroxide in carbide slag reacts with carbon dioxide to form
calcium carbonate due to long-term stacking of carbide slag
in the air. Therefore, the main characteristics of the deposited
carbide slag are: (1) high calcium content; (2) high alkaline
slurry; (3) large amount of storage; and (4) difficult purifi-
cation, which may cause groundwater pollution, soil alka-
lization, and air dust pollution, and have an adverse impact
on the ecological environment [10–12]. How to turn carbide
slag into treasure, the most reported is that carbide slag is
used to prepare light or nano calcium carbonate, capture
CO2, and fix sulfur, and has achieved remarkable results
[13–18]. However, the above-mentioned treatment method
needs to pretreat the carbide slag to remove impurities to
increase its effect. Carbide slag is used as calcium source to
produce magnesium without pretreatment, which has large
capacity and simple operation. According to statistics, there
are millions of tons of calcium carbide slag piled up every

year in China [8]. Therefore, using carbide slag to produce
metal magnesium has the advantages of low cost and wide
source. It can not only reduce environmental pollution, but
also turn waste into treasure and reduce the production cost
of magnesium smelting. In this paper, the strength of pellets,
the effects of Ca/Mg ratio, and calcination temperature on
magnesium recovery were studied, which provided a theo-
retical basis for carbide slag used in the extraction of mag-
nesium by silicothermic process.

Experiments

Raw Materials

The experimental raw materials are low-grade magnesite,
carbide slag, and ferrosilicon as well as analytical-grade
calcium fluoride. Among them, ferrosilicon comes from
Henan, China, with 74.13% silicon content. Magnesite
comes from Liaoning, China. The chemical compositions are
shown in Table 1. Carbide slag is the waste of PVC pro-
duction by acetylene method.

The XRD pattern of magnesite and carbide slag are
shown in Figs. 1 and 2, respectively. The main phase is
MgCO3 with a small amount of CaCO3 in magnesite.
Table 1 shows a small amount of SiO2, Fe2O3, and Al2O3.

Table 1 Chemical composition
of magnesite

Ore Ignition loss SiO2 Al2O3 Fe2O3 CaO MgO

Magnesite 51.92 0.75 0.19 0.74 0.90 45.50

Fig. 1 XRD pattern of
magnesite
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The main phase is Ca(OH)2 with a small amount of CaCO3

in carbide slag.

Experimental Equipment

The calcination and reduction process was carried out in a
vertical tube furnace with the silicon molybdenum rod as the
heating body. The equipment schematic diagram is shown in
Fig. 3.

Experimental Procedures

It can be seen from Fig. 2 that due to long-term storage and
absorption of carbon dioxide, a small amount of Ca(OH)2
will be converted into CaCO3, and a small amount of water
may remain. Therefore, it was necessary to determine its
component content first. Through XRF analysis, the impu-
rities such as SiO2, Al2O3, MgO, and Fe2O3 in calcium
carbide slag were less and not considered. Since the
decomposition temperature of Ca(OH)2 and CaCO3 is dif-
ferent, Ca(OH)2 could decompose at about 650 °C, while
CaCO3 could decompose at 850 * 900 °C. Therefore, the
constant weight method was used to test the composition.
The carbide slag was calcined at 150, 650 °C, and 900 °C
until the weight loss was stable in each stage.

The experiment was repeated three times. The average value
was taken as the content of Ca(OH)2 and CaCO3 in carbide
slag. The measurement results were shown in Table 2.

After the content of the carbide slag was determined, it
was mixed with magnesite, ferrosilicon, and fluorite in
proportion to finely grind and mix evenly before briquetting.
Then the pellets were put into corundum crucible with holes
and put into a vertical tubular furnace with flowing argon for

Fig. 2 XRD pattern of carbide
slag

Fig. 3 Schematic diagram of vertical tube furnace. (Color figure
online)
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calcination and reduction. After the experiment, weighing
and chemical analysis were carried out to calculate the
weight loss rate of calcination and the recovery rate of
magnesium.

Results and Discussion

Effect of Briquetting Pressure on Pellet Properties
After Calcination

In order to ensure the quality of pellets after loading into the
reduction tank, the effect of briquetting pressure on the
properties of calcined pellets was investigated. Calcium
hydroxide, the main component of calcium carbide slag, was
used as the calcium source. As calcium hydroxide easily
deteriorates, raw materials were used and prepared on site to
ensure the accuracy of experimental data as far as possible.
The pressed pellets were packaged in a vacuum for standby.
Because the diameters of briquetting equipment and pellet
were not different, the equipment display pressure and actual

pellet pressure were also different. When the equipment
pressure indication is 5 MPa, 10 MPa, 15 MPa, 20 MPa,
and 25 MPa, the corresponding actual pellet pressure was
69.69 MPa, 139.38 MPa, 209.07 MPa, 278.76 MPa, and
348.45 MPa, respectively. After the furnace temperature
reached the set temperature, the pellet was put into the fur-
nace for calcination experiment. The experimental temper-
ature was 1000 °C, calcined for 1 h, and the ratio of Ca to
Mg was 1. The weight loss rate and hydration activity of
pellets were measured after calcination, and the compressive
strength of pellets was measured by an electronic universal
testing machine. The experimental results were shown in
Figs. 4 and 5.

It could be seen from Fig. 4 that the briquetting pressure
had little effect on the weight loss rate of pellets. The weight
loss rate fluctuated around 33.33%, and the hydration
activity fluctuated around 17%. When the briquetting pres-
sure was 20 MPa, the hydration activity was the highest.
Compared with magnesite–calcium carbonate pellets, the
hydration activity was lower. Through theoretical calcula-
tion, the theoretical weight loss rate of magnesite–calcium

Table 2 Chemical composition
of carbide slag

Number CaO (%) Ca(OH)2 (%) CaCO3 (%) H2O (%)

1 3.37 45.35 49.55 1.73

2 2.88 45.36 49.92 1.84

3 2.85 45.21 50.13 1.81

Average value 3.03 45.31 49.87 1.79

Fig. 4 Mass loss and hydration
activity after calcination under
different briquetting pressures
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hydroxide pellets was 33.32%, and the actual weight loss
rate of pellets was higher than the theoretical weight loss
rate. It could be inferred that calcium hydroxide absorbed
CO2 and deteriorated in the process of pellet preparation,
which made the weight loss rate higher and the measured
hydration activity lower. It could be seen from Fig. 5 that the
compressive strength of pellets before calcination and after
calcination increased with the increase of briquetting pres-
sure. The compressive strength of pellets before calcination
was 8913 N and that of pellets after calcination was 1000 N
at 25 MPa. Since the ballability of calcium hydroxide was
greater than that of calcium carbonate, the pressed pellets
were more firmly bonded. Therefore, compared with mag-
nesite–calcium carbonate pellets, the load-bearing capacity
of magnesite–calcium hydroxide pellets increases nearly
twice [19].

Effect of Calcination Temperature on Magnesium
Reduction Rate

In order to only consider the influence of calcination tem-
perature on reduction rate and exclude the influence of
impurities, Ca(OH)2 was used as calcium source, mixed with
magnesite in proportion of Ca/Mg = 1 to replace dolomite.
The pellets were prepared by pre-prepared pellets

technology, calcined at different temperatures (700 °
C*1100 °C) for 1 h, and then reduced at 1300 °C for 2 h.
The argon flow rate was 0.2 m3/h. The experimental results
were shown in Fig. 6.

The results showed that the reduction ratio of magnesium
decreased with the increase of calcination temperature. The
reduction ratio was 78.53% for material calcined at 700 °C
and 74.67% at 1100 °C. According to the report [20, 21], at
low temperature, the gas escaped and the material formed a
porous structure. At this time, CaO and MgO were just
formed, with small grain size, many defects, and large
specific surface area. Therefore, the activity was high and the
silicothermic reaction speed was fast, and the recovery rate
of metal magnesium was high in the same time. With the
increase of temperature, CaO and MgO grains grew rapidly.
The higher the temperature, the faster the grain growth, and
even sintering occurred. The activity decreased, resulting in
the reduction of magnesium recovery. In addition, the
reduction slag was analyzed by XRD, as shown in Fig. 7.
The results showed that in addition to Ca2SiO4 and MgO,
there were also CaMg (SiO3)2 in the slag. With the increase
of calcination temperature, the peak strength of the phase
CaMg(SiO3)2 increased. This may be due to the sintering of
CaO and MgO at high temperature, which made MgO enter
into the slag, resulting in the reduction rate decreasing,
finally existed in the form of CaMg(SiO3)2 in the slag.

Fig. 5 Compressive strength
before and after calcination under
different briquetting pressures.
(Color figure online)

Research on Extracting Magnesium from Carbide Slag … 165



Effect of Ca/Mg Ratio on Magnesium Reduction
Rate

The content of calcium and magnesium in dolomite had a
great influence on the magnesium smelting process. The
ratio of carbide slag to magnesite should be explored when
carbide slag and magnesite were used as raw materials to
extract magnesium. Therefore, the effect of Ca/Mg ratio on
reduction rate was investigated. Firstly, the pellets with the
molar ratio of calcium to magnesium of 0.8, 0.9, 1.0, 1.10,
and 1.20 were prepared. Then the pellets were calcined at
1000 °C for 1 h, and reduced at 1300 °C for 2 h. The whole
experimental process was carried out in flowing argon
atmosphere with the argon flow rate of 0.2 m2/h. The surface
morphology of the pellets before and after calcination was
observed by metallographic microscope, as shown in Fig. 8.
In the metallographic pictures, it could be seen that the
surface of the original pellet was flat and dense, while the
surface of the pellet after calcination was rough and loose,
which was similar to that of the preformed pellet with
dolomite as raw material after calcination. It was due to the
decomposition of CO2 from carbonate and the formation of
pores on the surface of pellets.

The mass loss rate of the pellet after calcination was
calculated by weighing, as shown in Fig. 9. The mass loss
rate of the pellets with calcium magnesium molar ratio of

0.8, 0.9, 1.0, 1.10 and 1.20 was 36.8%, 36.5%, 36.5%,
36.2%, and 36.0%, respectively, while the theoretical mass
loss was 36.8%, 36.7%, 36.6%, 36.6%, and 36.5%,
respectively. It was found that the actual mass loss rate was
basically consistent with the theoretical mass loss rate. The
results of reduction rate were shown in Fig. 9. The experi-
mental results showed that the reduction rate of magnesium
increased with the increase of the molar ratio of calcium to
magnesium in the range of 0.8 * 1.2, and the reduction rate
was 87.95% when the molar ratio of calcium to magnesium
was 1.2. However, with the increase of Ca/Mg molar ratio,
the increase range decreased. When the molar ratio of Ca to
Mg was 1.0, the reduction rate of Mg was over 80%. It
showed that the content of CaO was slightly higher than that
of MgO, which was beneficial to the improvement of re-
duction rate.

Conclusions

(1) The effect of briquetting pressure on the mass loss rate
of pellets was not obvious, and the compressive
strength of pellets before and after calcination increased
with the increase of briquetting pressure. The com-
pressive strength of pellets before calcination was

Fig. 6 Effect of calcination
temperature on reduction ratio
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8913 N and that of pellets after calcination was 1000 N
at 25 MPa.

(2) The calcination temperature had a great influence on the
reduction rate of magnesium. With the increase of
calcination temperature, the reduction rate of magne-
sium decreased. This was due to the sintering of CaO
and MgO at high temperature, which reduced the

activity of CaO and MgO, and made MgO enter the slag
in the form of CaMg(SiO3)2.

(3) When the molar ratio of calcium to magnesium was
between 0.8 and 1.2, the reduction rate of magnesium
increased with the increase of the molar ratio of calcium to
magnesium. The reduction rate of magnesium was 87.95%
when the molar ratio of calcium to magnesium was 1.2.

Fig. 7 XRD pattern of reduction slag at different calcination temperatures
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Optimization of Mechanical Properties
in Magnesium Zinc Alloys

Christopher Hale, Zhigang Xu, HongLin Zhang, Sergey Yarmolenko,
and Jagannathan Sankar

Abstract

Magnesium-based alloys are being used today in various
lightweight applications. The mechanical properties of
magnesium-based alloys can be enhanced for such
applications through a combination of annealing temper-
ature and holding time of the magnesium-based alloy.
The magnesium-based alloy under investigation in this
study is Mg-5%Zn. The results of this investigation show
that optimizing annealing time and temperature can
achieve homogenization and enhance the mechanical
properties and formability of Mg-5%Zn as seen in
hardness test results for the homogenized samples.

keywords

Magnesium alloys � Homogenization � Zinc �
Mechanical properties � Hardness testing

Introduction

It is well known that magnesium-based alloys have signifi-
cant potential in structural lightweight applications, partic-
ularly in automotive and aerospace applications.
Magnesium-based alloys, however, have some limitations
due to the Hexagonal Close Packed (HCP) crystal structure
and a limited number of slip systems along which plastic
yielding/deformation can occur [1, 2]. As a result, the
wrought Mg alloys demonstrate poor formability at room
temperature. The formability and mechanical properties of
magnesium-based alloys can be greatly enhanced through
grain refinement and deformation processing such as extru-
sion and hot rolling [3, 4].

It has been clearly shown that Mg alloy plates that have
been processed and undergone plastic deformation have
general problems, such as nonhomogeneous microstructure
among other factors including internal stress and strain
hardening that can influence the subsequent processing. One
solution to this problem is proper annealing treatment that is
a significant way to refine grains by static recrystallization
and release residual stress and reduce the amount of work
hardening. In their research, Chen and Yang et al. [5, 6]
reported that a fine equiaxial grain microstructure and
enhanced ductility can be obtained through controlling the
annealing temperature and the holding time. Also, Yoshihara
et al. [7–9] showed that appropriate annealing was even
beneficial to eliminate the internal stress and decrease the
work hardening and, as result, improve the formability of
Mg alloys.

The aim of this paper is to study the effect of annealing
temperature and holding time on the homogenized material
and resulting microstructure and mechanical properties on
magnesium-based alloys, particularly Mg5%Zn alloy. The
effect of homogenization can be seen in evaluating the
microstructure through optical microscopy (OM) and scan-
ning electron microscopy (SEM). The effect of proper ho-
mogenization can be demonstrated in the mechanical
properties such as hardness testing which exhibits a higher
hardness with finer and more equiaxed grain size. The
desired properties for the magnesium alloy material include
maximizing the combination of strength and ductility and
hence improved mechanical properties for lightweight
applications.

Materials and Methods

The starting as-cast materials investigated in this study were
Mg5%Zn with dimensions of 5 mm height, 3 mm length,
and width of 0.5 mm. The heat treatment times were chosen
evaluating the phase diagram of magnesium-zinc system.
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The temperatures chosen were 400 and 375 °C for a varying
amount of times from 0 up to 12 h. These temperatures are
just below the eutectic temperature as seen in Fig. 1.

The samples were each cut from a larger ingot and then
prepared for homogenization in a two-step process for two
temperatures. The first set of samples were heat treated from
40 to 330 °C and held for 12 h and then the temperature was
ramped up to 400 °C, and each sample individually pulled
from a furnace at period of 0, 1, 2, 4, 6, 8, and 10 h (1
sample per time interval).

The second set of samples were heat treated from 40 to
320 °C and held for 12 h and then pulled from a furnace at a
slightly lower temperature of 375 °C at a period of 0, 2, 4, 6,
8, and 12 h (1 sample per time interval). The heating dia-
gram schematic can be seen in Fig. 2.

Once the sample sets were collected, they were prepared
for metallography by standard mechanical grinding with SiC

papers and final polishing with 0.05 mm Al2O3 suspension,
then etched using 10% nitric acid and picric acid applied to
highlight the grain boundaries. The samples were then
cleaned with isopropanol and dried to prepare for Optical
Microscopy.

The microstructural features of the 12 samples were then
evaluated by optical microscopy (OM Zeiss AxioImager
M2M) and some scanning electron microscopy (SEM,
Hitachi SU8000). Grain size was measured by the mean
linear intercept method.

Mechanical properties of the samples were evaluated by
conducting hardness tests on the selected samples with a
microhardness indenter (LECO M-400-H1). A total of 8
indentations were performed on each sample for calculation
of average hardness. The hardness was calculated using the
formula HV = 0.1891F/d2, where F is the load in Newtons
and d is the average of the diagonals d1 and d2. A load of
200 grams was used.

Results and Discussion

Microstructure

Microstructure of the Initial Materials
Figures 3 and 4 show the micrographs of the as-cast Mg5%
Zn alloy before homogenization. As seen in the figures, the
second phase demonstrated by the bright dot features with
OM and black ones with SEM was randomly discontinu-
ously distributed in the Mg matrix.

Microstructure of the 400 and 375 °C Heat Treated
Materials Before Homogenization
The images in Figs. 5 and 6 show that the microstructures at
400 °C for 0 h and 375 °C for 0 h are not fullyFig. 1 Mg-Zn phase diagram used for determining heat treatment and

homogenization temperature

Fig. 2 Two-step heat treatment diagram for homogenization at 400
and 375 °C Fig. 3 SEM of the as-cast microstructure with secondary phase
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homogenized as indicated by the black dot features
throughout the grains of the microstructure.

Microstructure of the 400 and 375 °C Heat Treated
Materials After Homogenization
In contrast, the images in Figs. 7 and 8 show the homoge-
nization of the microstructure at 400 and 375 °C, respec-
tively, where the black dot features are no longer present and
show a more uniform microstructure. The microstructure for
the 2 h treatment for both 400 and 375 °C shows effective
homogenization in which the black dot features essentially
disappear. This indicates that the second phase (Mg5%Zn)
has essentially diffused into the magnesium primary phase.

Fig. 4 OM of the as-cast microstructure with secondary phase

Fig. 5 OM of sample at 400 °C at 0 h demonstrating
non-homogenous condition

Fig. 6 OM of sample at 375 °C at 0 h demonstrating
non-homogenous condition

Fig. 7 OM of sample at 400 °C at 2 h demonstrating homogenous
condition wherein the second phase shows homogeneity within primary
phase of magnesium

Fig. 8 OM of sample at 375 °C at 2 h demonstrating homogeneous
condition wherein the second phase shows homogeneity within primary
phase of magnesium
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The microstructure for subsequent times greater than 4 h
at both 400 and 375 °C were homogeneous but showed
significant grain growth (and lower strength/hardness) as
demonstrated in Fig. 9 for the 400 °C at 6 h and Fig. 10 for
the 375 °C at 8 h.

Hardness Testing of the Heat Treated 400
and 375 °C Materials
The hardness of the as-cast material was determined to be
58.34 HV using an average of 8 hardness values for the
as-cast material.

An example of the hardness indentation can be seen in
Fig. 11 where the indent is made and then using the optical
microscope the diagonals of the indent are measured and
then converted into a corresponding hardness value.

The hardness of the Mg5%Zn at heat treatments of 400
and 375 °C can be seen in Fig. 12 The data suggests that

there is obviously a drop as expected in the hardness at both
400 and 375 °C from the as-cast material (at an average of
58 HV) with values from 0 to 8 h for 400 and 375 °C as
shown in the figure.

As stated previously, the Mg5%Zn at both heat treat-
ments of 400 and 375 °C demonstrated homogenization and
equiaxed grains (more uniform grains) around 2 h. Also, the
two-hour window exhibited reasonably good hardness val-
ues at both temperatures before beginning to drop more for
the 4, 6, and 8-hour periods.

The two-hour heat treatment for both the 400 and 375 °C
exhibited the best combination of mechanical properties in
terms of hardness and ductility (by achieving equiaxed
refined grains). The heat treatment at 375 °C shows an
advantage in obtaining higher hardness than that obtained at
400 °C. It is correlated to smaller grain size induced by the
heat treatment at a lower temperature.

Fig. 9 OM of sample at 400 °C at 6 h demonstrating significant grain
growth and less refined grain size

Fig. 10 OM of sample at 375 °C at 8 h demonstrating significant
grain growth and less refined grain size

Fig. 11 Hardness indentation of Mg5%Zn at 375 °C and 2 h at 200x
magnification

Fig. 12 Hardness values in HV for the 400 and 375 °C heat
treatments
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Conclusions

Magnesium-based alloys are being used today in various
lightweight applications. The mechanical properties of
magnesium-based alloys can be enhanced for such applica-
tions through a combination of annealing temperature and
holding time of the magnesium-based alloy. The
magnesium-based alloy under investigation in this study is
Mg-5%Zn. The results of this investigation show that opti-
mizing the combination of annealing time and temperature
can achieve homogenization in an effective way and also
enhances the mechanical properties and formability of
Mg-5%Zn as seen in hardness testing results for effectively
homogenized samples.

Further work is being done in this area with the Mg5% Zn
samples being evaluated with SEM and CT (computerized
tomography) to evaluate the homogeneity of the samples and
reveal any voids that may be present. Other materials that
will also be evaluated in comparison with less zinc are
Mg3%Zn.
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Quantitative Analysis of Impurity Elements
in Pure Magnesium by Glow Discharge Mass
Spectrometry (GDMS)

Jinyang Zhao, Jian Wu, Baoqiang Xu, QiMei Yang, and Bin Yang

Abstract

In this paper, the method of quantitative analysis by
GDMS of Fe, Si, Cu, and other nine impure elements in
pure magnesium was studied. The applicable method for
the preparation of samples was confirmed. The isotopes,
resolution, and the analysis conditions were optimized. In
addition, RSF of these impure elements was obtained
using standard samples in order to correct the standard
RSF. The results showed that using wire cutting intro-
duces fewer impurities. When the discharge current was
55 mA and the gas flow was 350 mL/min, matrix signal
was stable and suitable. Quantitative analysis of samples
with the RSF314 showed better precision and accuracy
than using the standard RSF. Comparison with the results
of ICP-AES, AAS, and ICP-MS, the testing results were
closer to the standard value which were obtained by our
studies. But our method was more convenient on sample
preparation, faster analysis speed, and higher overall
accuracy than other means.

Keywords

GDMS � Pure magnesium � RSF � Impurities

Introduction

Common detection methods for impurity elements in pure
magnesium usually include ICP-AES and AAS [1–4]. These
methods are inexpensive and have good precision [5].
However, due to the complexity of the sample dissolution
process, impurity elements are easily introduced in the
sample preparation process, which affects the accuracy of the
analysis.

Glow Discharge Mass Spectrometry (GDMS) is a method
that uses solid samples to directly inject samples and per-
forms quantitative analysis based on the different isotope
ratios of the elements to be tested [6–8]. It has the advan-
tages of low detection limit and high detection efficiency.
Since only the surface of the sample is sputtered during the
test, it is easy to cause unstable or error matrix signals. This
study takes pure magnesium as the research object, opti-
mizes the instrument conditions and measurement condi-
tions, and uses the certified reference materials to calibrate
the internal relative sensitivity factor (RSF) value of the
instrument to establish an accurate and rapid analytical
method for the determination of trace impurity elements in
high purity magnesium.

Experimental

Samples Preparation

Two pure magnesium samples were used in the experiment.
One is the certified reference materials (CRMs) of pure Mg,
they are G314, G315, and G316, which were provided by
Southwest Aluminum (Chengdu, China).

The samples were processed into a small cylinder with
35 mm in diameter and thickness of 5 mm by lathe and wire
cutting machine, one of them was ground to 2000 grid
SiC-paper which was cut by a lathe. All samples were
carefully cleaned with acetone, 20% dilute nitric acid,
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de-ionized water, and ethanol under ultrasonic conditions,
sequentially. Then, washed more than 3 times using ultra-
pure water and were dried by argon gas.

The samples used for inductively coupled plasma atomic
emission spectrometry and Atomic Absorption Spectropho-
tometer are magnesium chips, which are processed by a
milling machine and cleaned by ultrapure water under
ultrasonic conditions.

Instrument

All the works of GDMS in this study were carried out with
the Finnigan Element GD Glow Discharge Mass Spec-
trometer(Thermo Scientific, Germany), the main compo-
nents of the instrument are shown in Fig. 1. In addition,
OPTIMA 8000 inductively coupled plasma atomic emission
spectrometry (PerkinElmer) and WFX-320 Atomic
Absorption Spectrophotometer (Beijing Rayleigh Analytical
Instrument Co., Ltd) were used to comparative analysis.

Procedure

Place the treated sample on the sample holder and put it into the
GD system. Pass in high-purity argon gas and apply DC voltage
under vacuum conditions. Determine the best test parameters
and sample preparation method by analyzing the change of
impurity signal intensity over time. Then, use the conditions and
the principle of mass spectrometry to investigate the mass
spectrum interference in the pure magnesium matrix and select
appropriate impurity isotopes for the quantitative testing.

Methodology

Quantitative analysis by GDMS is based on the relationship
between the ion beam signals of the measured element iso-
tope and its content. It can be expressed as follows:

Ix ¼ Ixi
Axi

ð1Þ

where Ix and Ixi is the ion beam signals of the element x and
its isotope, Axi is the isotope abundances of the element x.

Cx, the content of element x in sample can be calculated
as:

Cx ¼ Ix
Im

Cm ð2Þ

where Im and Cm is the ion beam signals and the content of
magnesium in the sample. Make

Ix
Im

¼IBRx=m ð3Þ

and consider the influence of the magnesium on different
elements and the difference in sensitivity of different ele-
ments, a relative sensitivity factor (RSF) needs to be intro-
duced in calculated, so the content of x in magnesium Cx=m
can be expressed as

Cx=m
¼ RSFx=m

� IBRx=m ð4Þ

The values of RSFx=m
can be obtained by analyzing the

CRMs with Eq. (5).

RSFx=m
¼ Ixi

AxiCx

�
Imi

AmiCm

ð5Þ

The repeatability and accuracy of the detection method
are judged by the relative standard deviation (RSD) and the
relative error (RE) from the CRMs. The calculation formula
is as follows:

RSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðCxi�CxÞ2

n�1

s

Cx
� 100% ð6Þ

Fig. 1 The main structure of
GDMS. (Color figure online)
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RE ¼ Cxi � Cx

Cx
� 100% ð7Þ

where Cx is the average concentration of the same element in
the same sample, n represents the continuous measurement
of the same elements in the same sample five times.

Results and Discussion

Selection of Sample Preparation Method

GDMS uses solid direct sampling technology to sputter the
surface material of the sample, and only obtain the surface
information of the sample [9, 10]. Therefore, it is necessary
to choose a suitable sample preparation method to avoid
introducing contaminants during the sample preparation
process, which can reduce the pre-sputtering time and

improve the accuracy of the test results. Fe, Na, and Si are
the most easily introduced pollutants during sample prepa-
ration. The content of these three elements in G314 samples
processed by three different sample preparation methods
varies with the pre-sputtering time as shown in Fig. 2.

It can be seen from the content of the three elements at the
initial moment in Fig. 2 that the processing of raw materials
by wire cutting introduces the least pollutants. Turning will
introduce a large amount of iron into the sample. Grinding
and polishing will eliminate some of the introduced iron, but
it will bring into a large amount of silicon from the abrasive
paper (SiC).

The content of all contaminants in the sample is
unchanged after 6 min in Fig. 2a. That is, the pre-sputtering
time is the shortest and the loss of the instrument is the least.
Therefore, selecting the wire cutting method to process
samples is the best sample preparation method. And
pre-sputtering time could be selected at 8 min.

Fig. 2 Curve about the content of Na, Fe, and Si in samples with pre-sputtering time by different processing methods (a wire cutting; b turning;
c turning, grinding, and polishing). (Color figure online)
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Selections of Isotopes and Resolution
for the Testing

GDMS qualitatively analyzes samples based on the principle
that different elements have different mass charge ratios. In
the GDMS system, Ar, O2, H2, N2, and other elements will
combine with Mg or other impurity elements in the sample
to form ion interference, which has a similar mass charge
ratio of the element to be measured.

The interference can be eliminated by choosing isotopes
and resolution. The isotopes of common elements in pure
magnesium are listed in Table 1. The resolution refers to the
ability of the mass spectrometer to distinguish two adjacent
mass spectra peaks,it can be expressed as:

R ¼ m

Dm
ð8Þ

where, R is the resolution, m is the average of the mass of
the two mass spectrum peaks and Δm is the difference in
mass between two mass spectrum peaks. There are three
resolution modes in GDMS: low (R > 300), medium (R >
4000), and high resolution (R > 10000). The isotopes and
resolutions selected for GDMS analysis based on the fol-
lowing principles are also listed in it.

1. Select the most abundant isotope, when there is no mass
spectrum interference.

2. Improve the resolution of the analysis, when the mass
spectrum interference cannot be eliminated by selecting
the appropriate isotope. But the higher the resolution is
not the better, too high resolution will affect the life of the
detector.

Selections of Analysis Parameters for the Testing

When using GDMS to determines the content of impurity
elements, a certain sensitivity is required which is usually
characterized by the signal intensity (cps) of the matrix peak.
Previous work found that an inaccurate measurement will be
obtained when the signal strength of the magnesium matrix
is below 1010cps because there are no stable peak shape
mass spectrum peaks formed in the instrument. The dis-
charge current and gas flow rate are two important param-
eters that affect the matrix signal. Therefore, it is necessary
to adjust these two parameters so that the matrix signal is
greater than 1010cps to meet the needs of obtaining accurate
results. The change of matrix signal value with discharge
current and discharge gas flow is shown in Fig. 3.

It can be seen from Fig. 3a that the magnesium matrix
signals become stronger and stronger when the discharge
current changes from 10 to 80 mA. The intensity of the
magnesium can reach 1 � 1010 cps, when the current was
greater than 50 mA. Excessive discharge current will cause
the sputtered sample to adhere to the anode cap, causing the
cone to be blocked, short circuit, and interrupting the test. In
order to obtain a long-term stable signal that satisfies the test
requirements, 55 mA is selected as the discharge current
parameter.

The relationship between the discharge airflow and the
magnesium matrix signal is shown in Fig. 3b. The intensity
of the magnesium matrix becomes stronger first and then
weaker as the discharge gas flow increases from 100 to
650 mL/min. That is because as the gas flow rate increases,
the probability of the sputtered atoms colliding increases,
causing the sputtered atoms to deposit on the surface of the
sample, forming a cone plug and affecting the discharge.
Thus the discharge gas flow rate was chosen at 350 mL/min.

Table 1 Optimization of
isotopes and resolution of the
instrument

Element Isotope and its abundance Isotope Resolutions

Na 23(100.00%) 23 4000

Mg 24/25/26(78.99%/10.00%/11.01%) 24 4000

Al 27(100.00%) 27 4000

Si 28/29/30(92.23%/4.67%/3.10%) 28 4000

Mn 55(100.00%) 55 4000

Fe 54/56/57/58(5.80%/91.72%/2.2%/0.28%) 56 4000

Ni 58/60/61/62/64(68.27%/26.10%/1.13%/3.59%/0.91%) 58 4000

Cu 63/65(69.17%/30.83%) 63 4000

Zn 64/66/67/68/70(48.60%/27.90%/4.10%/18.80%/0.60%) 66 4000

Pb 204/206/207/208(1.40%/24.10%/22.10%/52.40%) 208 4000
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Correct RSF Value and Quantitative Analysis
of Pure Magnesium

The standard RSF values, which are calculated based on
iron-based reference materials and the RSF corrected by
CRMs are listed in Table 2.

It can be seen from Table 2 that there are significant
differences between the standard RSF of each element and
the corrected RSF, especially the difference of the Zn ele-
ment. That means using CRMs to adjust the RSF for
quantitative determination will have a greater correction
effect on the Zn in the matrix of magnesium.

The measurement results before and after RSF value
correction using CRMs are listed in Tables 3, 4 and 5.
Comparing the relative standard deviations in the three
tables, it can be observed that except for Ni, the RSD of
other elements are all less than 10, indicating that the method
of GDMS has high precision and reproducibility. The reason
for the high RSD value of Ni element may be due to the

small content of Ni in the sample and uneven distribution
caused by segregation. The RE values in these three tables
were indicated that the measured value of the sample cor-
rected by CRMs is closer to the certified value in the CRMs.
especially using the RSF314 to correct the results.

Comparison with Other Methods

The comparison of GDMS, AAS, ICP-AES, and ICP-MS
analysis results are shown in Table 6. Since Si and Al in
pure magnesium are elements that only can be excited at
high temperatures, and it is easy to generate hard-to-volatile
or hard-to-dissociate oxides in the flame atomizer, the
atomization efficiency is low, so the AAS method cannot be
used to determine these two elements. In addition, because
the sample contains very little Ni, which is below the
detection limit of ICP-AES, this method cannot be used to
determine the element.

Fig. 3 Effect of analysis parameters on the intensity of magnesium (a discharge current versus intensity; b gas flow versus intensity)

Table 2 The standard RSF and
the RSF corrected by the G314
and G316 samples

Element RSFstd. RSF314 RSF316

Na 0.95 2.04 3.10

Al 1.27 1.36 1.40

Si 3.04 1.39 1.38

Mn 1.01 1.94 2.16

Fe 1 1.71 2.54

Ni 1.51 0.80 0.98

Cu 2.44 0.44 0.54

Zn 3.83 0.07 0.09

Pb 1.36 0.30 0.44
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Table 3 The content of impurity
elements in G315 standard
sample (calculated by RSFstd.)

Element Cxi(µg/g) Cx

(µg/g)
RSD
(%)

RE
(%)1 2 3 4 5

23Na 1.6917 1.5411 1.6009 1.5256 1.5851 1.5889 4.11 58.89
27Al 46.6614 46.8398 47.5879 48.1671 46.8753 47.2263 1.34 23.83
28Si 43.5599 41.4585 41.4560 42.7619 42.0726 42.2618 2.14 76.09
55Mn 29.2163 32.0907 32.2113 33.0264 33.1248 31.9339 4.98 40.86
56Fe 7.1933 7.8855 8.2844 8.2717 8.1504 7.9571 5.73 46.95
58Ni 0.2429 0.1681 0.2483 0.2397 0.1339 0.2066 25.29 79.34
63Cu 3.2512 3.2455 3.3790 3.0276 3.3320 3.2471 7.16 8.24
66Zn 58.3145 58.3590 59.1492 58.0917 59.2467 58.2885 1.80 26.71
208Pb 2.1393 2.7361 2.5363 2.6602 2.7729 2.5690 9.99 48.62

Table 4 The content of impurity
elements in G315 standard
sample (corrected by RSF314)

Element Cxi(µg/g) Cx

(µg/g)
RSD
(%)

RE
(%)1 2 3 4 5

23Na 1.4245 1.2977 1.3481 1.2846 1.3347 1.3379 4.11 33.79
27Al 62.2713 62.5094 63.5078 64.2808 62.5578 63.0254 1.34 1.94
28Si 20.2050 19.2303 19.2292 19.8349 19.5155 19.6030 2.14 18.32
55Mn 34.2461 37.6153 37.7568 38.7121 38.8280 37.4317 4.98 30.68
56Fe 8.1183 8.8996 9.3498 9.3354 9.1987 8.9804 5.73 40.13
58Ni 0.2154 0.1491 0.2202 0.2126 0.1188 0.1832 25.28 81.68
63Cu 3.3331 3.3273 3.4642 3.1040 3.4160 3.3289 4.15 10.96
66Zn 38.8097 37.6951 39.3649 38.6610 39.4303 38.7922 5.07 15.67
208Pb 3.3552 4.2911 3.9777 4.1720 4.3489 4.0290 9.99 19.42

Table 5 The content of impurity
elements in G315 standard
sample (corrected by RSF316)

Element Cxi(µg/g) Cx

(µg/g)
RSD
(%)

RE
(%)1 2 3 4 5

23Na 1.6548 1.5075 1.5660 1.4923 1.5505 1.5542 4.11 55.42
27Al 57.2558 57.4748 58.3928 59.1035 57.5193 57.9492 1.34 6.53
28Si 20.1789 19.2054 19.2043 19.8092 19.4902 19.5776 2.14 18.43
55Mn 29.8984 32.8399 32.9634 33.7975 33.8987 32.6796 4.98 39.48
56Fe 7.2142 7.9085 8.3086 8.2958 8.1743 7.9803 5.73 46.80
58Ni 0.2082 0.1441 0.2128 0.2055 0.1148 0.1771 25.28 82.29
63Cu 2.8810 2.8760 2.9943 2.6829 2.9526 2.8774 4.15 4.09
66Zn 25.9414 28.1183 29.3638 28.8388 29.4126 28.3350 1.80 38.40
208Pb 2.0928 2.6766 2.4811 2.6023 2.7127 2.5131 9.99 49.74
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Comparing the RE value, it can be found that GDMS has
the highest accuracy for almost all impurity elements in this
sample, especially to Na, Si, and Pb, which are easily
introduced during sample preparation and dissolution.

Conclusions

The sample preparation method and the quantitative analysis
method of GDMS for impurity elements in pure magnesium
material have been established. Compared with other
methods, the method proposed in this study has simple
operation, fewer pollutants, high accuracy of results, and fast
analysis speed, which could meet the requirement of rapid
quantitative analysis of impurity elements in pure
magnesium.
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