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Preface

In recent decades, Magnesium (Mg) and its alloys have emerged as a sustainable structural
material owing to their high strength-to-weight ratio, excellent vibration damping, low toxi-
city, and controllable corrosion rates in dissolvable applications. The possibility to traverse
novel alloy designs that offer a distinctive combination of these properties as well as an
improvement in ductility has ignited research and development throughout the world. And as
many nations seek to reduce their carbon footprint, it is evident that Mg will play a crucial role
in these efforts by forwarding the development of sustainable technology. In applications
where light weighting is important, Mg has the potential to replace heavier conventional
materials such as steel and aluminum leading to a reduction in greenhouse gas emissions.

Coalitions of researchers, scientists, and engineers from academic institutions, industry, and
government laboratories have had tremendous success in addressing these challenges through
innovative alloy designs and methods. These collaborations have and continue to develop
roadmaps for next generation technologies that strengthen Mg as a premier structural material.
The TMS Magnesium Committee has been actively involved in providing a platform for these
institutions to disseminate the latest information, developments, and cutting-edge research and
development, and to present the latest research and development trends related to magnesium
and its alloys through the Magnesium Technology Symposium held each year at the TMS
Annual Meeting & Exhibition.

The twenty-fifth volume in the series, Magnesium Technology 2024, is the proceedings
of the Magnesium Technology Symposium held during the 153rd TMS Annual Meeting &
Exhibition in Orlando, Florida, March 3–7, 2024. The volume captures full-length manuscripts
and extended abstracts from 14 different countries. The papers have been categorized based on
topics pertaining to alloy design, fundamentals of plastic deformation, primary production,
recycling and ecological issues, characterization, joining, machining, forming, degradation and
biomedical applications, corrosion and surface protection, and computational materials
engineering.

The symposium began with keynote sessions that featured several distinguished invited-
speakers from industry, government organizations, and academia, who provided their per-
spectives on the state of the art, goals, and opportunities in magnesium alloy research and
development. Petra Maier from the University of Applied Sciences Stralsund discussed the
role corrosion plays in performance of Mg alloys in biomedical applications. Alexander Grant,
CEO of Magrathea Metals addressed the development of next generation electrolytic tech-
nology for making Mg metal. Ashley Bucsek of the University of Michigan spoke about the
role 3D diffraction microscopy has in uncovering crystallographic texture development in Mg
alloys. Jian-Feng Nie from Monash University discussed the progress made in the develop-
ment of magnesium wheels. Maria Teresa Perez Prado, IMDEA Institute, spoke about the role
alloy segregation has in suppressing deformation twinning during mechanical loading.
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In conclusion, the 2023–2024 Magnesium Committee would like to thank and express its
deep appreciation to all authors who contributed to the success of the symposium; our panel of
distinguished keynote speakers for sharing the newest developments and valuable thoughts on
the future of magnesium technology; all the reviewers for their best efforts in reviewing the
manuscripts; and the session chairs, judges, TMS staff members, and other volunteers for their
excellent support, which allowed us to develop a successful, high-quality symposium and
proceedings volume.

Aeriel Leonard
Steven Barela

Neale R. Neelameggham
Victoria M. Miller
Domonkos Tolnai
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Part I

Corrosion and Coatings



Different Analytical Methods to Determine
the Influence of Pitting on the Residual
Performance of Mg Alloys as Implant
Materials

Petra Maier

Abstract

Mg alloys are prone to pitting due to their non-uniform
protective corrosion layers, which can lead to an increase
in stress intensity based on the notch effect, pit-to-crack
transition, and thus premature failure. A small set of
analytical methods to determine the extent of pitting and
its effect on the resulting residual strength is presented.
Micrographs, 3D microscopy, or 3D analysis using CT
are used to determine the amount and geometry of pitting
—each with advantages and disadvantages. The influence
of the corrosion pits on the mechanical properties is tested
by static, quasi-static, and cyclic test methods: by tensile,
flexural, or fatigue testing—either after corrosion or
overlapping. Knowledge about the critical pit is of general
interest. Stress corrosion is discussed by applying static
tests like C-ring testing, which also plays a role in slow
strain rate tensile tests and stress corrosion cracking is
more or less influenced by corrosion pits.

Keywords

Mg–RE alloys � Pitting corrosion � 3D-µCT analysis �
Residual tensile strength � Corrosion fatigue

Extended Abstract

Mg alloys are susceptible to pitting due to their non-uniform
protective corrosion layers, which can lead to an increase in
stress intensity based on the notch effect, a transition from
pitting to cracking, and thus premature failure. To quantify

the influence of corrosion pits on residual strength, the
corrosion pit should be described as completely as possible,
see an example with a Mg–3Y–3RE alloy in Fig. 1. A pit
with a depth of about 300 µm was found to have a residual
force was found to be 90% [1]. A small set of analytical
methods for determining the extent of pitting and its effect
on the resulting residual strength is presented in this keynote
presentation at the Magnesium Technology symposium at
the TMS 2024. The Standard Guide for Examination and
Evaluation of Pitting Corrosion provides a chart to describe
the shape of pits [2]: critical are pits with a narrow and deep
shape and undercutting, less harmful are elliptical pits that
are wide and shallow. The pitting factor [3, 4] is calculated
by dividing the deepest pit by the average penetration depth,
which is usually determined by the corrosion rate
(CR) based on weight loss. The deepest pit can be deter-
mined by 3D microscopy, see Fig. 2 for a 3D confocal
image from a study on corrosion properties of extruded
Mg10Gd modified with Nd and La [5]. The study in [5] and
a similar study on Mg–Y–Nd–Gd–Dy alloys [6] show that
large corrosion pits lead to a high PF when the CR is low
and the protective corrosion layer is only very locally dis-
continuous. 3D laser confocal scanning [7] or 3D laser
profilometer measurements [8] can also be used to determine
the depth of the pits. However, the shape cannot be deter-
mined with these methods. Undercutting pits, of course,
cannot be visualized with 3D microscopy in top view.
Atomic force microscope analysis can also be used to
determine the corrosion morphology and depth of corrosion
pits, but the area and shape, according to undercutting
appearance, are limited [9].

Micrographs, see Fig. 3a, provide 2D determination of
shape and size, but only a 2D view—the selected
cross-section need not present the most critical shape of a
single pit. SEM, see image in Fig. 3c, offers imaging with a
great depth of field, but has its limitations in terms of fully
quantifying the size and shape. Cross-sectional micrographs,
however, provide the ability to determine the average
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penetration through the corroded area of individual slices
independent of the volume (weight) loss, as described in
[10]. The average penetration from corrosion rate based on
weight loss will differ from the average penetration of
cross-sections when the corrosion rate is not uniform—and
severe pitting is obviously the clearest manifestation of
non-uniform corrosion. In this case, the weight loss is a
result of only a few local spots and distorts the evaluation.

Returning to the corrosion pits in Fig. 1, the larger of the
two in Section C on the left has an elliptical shape in this
cross-section. The longitudinal cross-section, on the other

hand, shows a more pointed undercutting shape, resulting in
a higher stress intensity increase. Only in complete 3D
analysis using CT it is possible to assess the shape and size
of a corrosion pit.

The influence of the corrosion pits on the mechanical
properties is of interest under static, quasi-static, and espe-
cially under cyclic loading. Stress corrosion, slow strain rate
tensile tests, flexural, and fatigue testing can be either
applied after corrosion or simultaneously. The micrographs
in Fig. 3a show corrosion pits on a Mg–RE alloy forming
under stress corrosion [11]. It can be seen that these large

Fig. 1 Remaining cross-sectional area after corrosion of a Mg–3Y–3RE tensile sample after corrosion time of 24 h in Ringer solution at 37 °C
(left: µCT cross-sections before tensile test, right: µCT before and after tensile test), red part of green curve (sample cross-sectional area) indicates
the fractured area, based on [1]

Fig. 2 3D height map by a confocal 3D microscope, showing a corrosion pit of significant size (left) and material with higher pitting resistivity
(right)

Fig. 3 Corrosion pits presented by a cross-sectional micrographs (based on [11]) and b SEM imaging [10] and c initiating stress cracks in stress
corrosion (study presented in [12])
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pits, which are elliptically formed and have a wide opening
do not cause a crack initiation. Another is found when
testing the wires shown in Fig. 3b in three-point bending
after corrosion, the pits acting as crack initiation [10]. Under
stress corrosion even small pits transits into cracks, see
Fig. 3c [12]. In this study, it could be seen that the
near-surface material of an Mg–Dy alloy is heavily twinned
and, in combination with corrosion pits and tensile loading,
cracks form. Twin boundaries strongly influence the crack
propagation direction [12, 13]. The effect of surface rough-
ness can reduce the fatigue strength to a high degree and
corrosion fatigue cracks originate mainly from the corrosion
pits [14, 15]. Knowledge about the critical pit is of general
interest.

More and more effort is undertaken in automated detec-
tion of pitting corrosion and its effect on the mechanical
integrity [16]. The identification and description of
surface-based corrosion features are in main focus. CT
analyses also offer to calculate the CR by volume loss;
however, its segmentation is challenging. Machine learning
is applied to define residual material, degradation/corrosion
layers, bone/tissue, and background [17].
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Effect of Heat Treatment
on the Microstructure and Corrosion
Properties of Mg–15Dy–1.5Zn Alloy
with LPSO Phase

Genzhi Jiang, Yuanding Huang, Sarkis Gavras, Hui Shi,
and Norbert Hort

Abstract

The influence of the amount and type of long-period
stacking ordered (LPSO) phase on the corrosion behavior
of both the as-cast and heat-treated Mg–15Dy–1.5Zn
alloys in 0.9% NaCl solution was investigated. It was
found that the network structure 18R-LPSO phase is an
effective barrier to further corrosion of the as-cast
sample. After T4 treatment for 24 h, the dendrites
disappeared and part of 18R-LPSO dissolved in the
matrix, which weakened the corrosion protection. Mean-
while, such LPSO phase acts as a cathodic to accelerate
the corrosion of the matrix because of its potential
difference from the magnesium matrix. After T4 treat-
ment for a longer time, 18R-LPSO phase could transform
into 14H-LPSO phase which has a different effect on
corrosion. The galvanic corrosion also occurs between
the 14H-LPSO phase and the matrix. Its uniform and
dense distribution results in the formation of continuous
corrosion products on the surface, which is beneficial for
corrosion resistance.

Keywords

Mg–Dy–Zn alloy � Heat treatment � Corrosion rate �
LPSO phase � Microstructure

Introduction

Magnesium (Mg) alloys have long been an interesting
research topic in the field of biomedical applications due to
their low density, high specific strength, and good bio-
compatibility [1]. Nevertheless, the critical obstacle to their
extensive application is how to balance their integral
strength and degradation rate. Precipitation strength is one of
the most popular methods to improve mechanical properties.
Nevertheless, previous studies showed that the intermetallic
phases can act as either a continuous network barrier to
retard corrosion propagation, or as a galvanic cathode to
accelerate the corrosion of the Mg matrix, or as a
micro-anode to dissolve preferentially at the initial corrosion
stage [2].

It was reported that optimizing the size, distribution, and
morphology of long-period stacking ordered (LPSO) pha-
ses can change the corrosion behavior of Mg-RE alloys
from pitting corrosion to uniform corrosion and reduce the
corrosion rate to some extent [3, 4]. For example, the heat
treatment of Mg alloy with LPSO phase influences the
corrosion rate due to the phase transformation from the
bulk reticular LPSO phase to the lamellar 14H-LPSO
phase. The corrosion rate increased significantly after such
heat treatment since the high volume fraction of 14H-LPSO
phase changes the corrosion propagation paths and pro-
vides more galvanic corrosion points [5]. Magnesium
alloys with the co-existence of the 18R and 14H-LPSO
structures exhibited worse corrosion resistance than those
with a single LPSO structure (either 18R or 14H), which
could be attributed to the accumulation of stacking faults as
well as the enrichment of solute atoms in the phase tran-
sition zone [6]. In this work, the effects of different LPSO
phases on the corrosion behavior of Mg–15Dy–1.5Zn
alloys have been investigated.
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Experiments

The Mg–15Dy–1.5Zn alloy was prepared using permanent
mould by direct chill casting [7]. High-purity Mg (Magne-
sium electron, Manchester, UK, 99.94 wt.%) was melted in a
mild steel crucible under a protective atmosphere (Ar + 2%
SF6). Pure zinc (Zn) and pure dysprosium (Dy) were then
added to the melt at 750 °C. The melt was stirred for 30 min
at 200 rpm and then poured into a mold preheated at 680 °C

and covered with a release agent (boron nitride) [2]. Then
the filled crucible was held at 680 °C for 15 min with gas
protection (Ar + 2% SF6). Finally, the melt was solidified by
lowering the crucible into cooling water at a rate of
10 mm/s. When the melt was fully immersed in the water,
the solidification finished. Then, the as-cast Mg–15Dy–
1.5Zn alloy was heat treated at 500 °C for 24, 48, and 264 h,
followed by immediate quenching in water. These treated
alloys are thereafter termed AC, 24HT, 48HT, and 264HT

Fig. 1 BSE images of Mg–15Dy–1.5Zn alloys with different T4 treatment time at 500°C: a AC, b local magnified image of AC, c 24HT, d 48HT,
e 264HT alloys, together with f their corresponding measured volume fraction of intermetallics
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alloys, respectively. Corrosion products and characterization
morphology were characterized by scanning electron
microscope (SEM, Tescan Vegas3 SB) equipped with
energy dispersive spectroscopy (EDS). The micrographs
were obtained in backscatter electron (BSE) mode using an
accelerating voltage of 15 kV.

Hydrogen evolution tests were performed using
eudiometers (Art. Nr. 2591-10-500 from Neubert-Glas,
Germany; as described in Ref. [8]), for 60 h. Metallic chips
(0.3 g) were placed in a bottle containing 400 ml of elec-
trolyte (0.9% NaCl). The electrolyte was constantly agitated
by a magnetic stirrer but not refreshed during the test period.
Electrochemical test was performed by Gamry interface
1010 potentiostat/galvanostat in 0.9% NaCl solution at 25 °
C using Mg specimens with an area of 1 cm2 exposed.
Electrochemical impedance spectroscopy (EIS) tests were
conducted by three-electrode systems, for which the pre-
pared sample, saturated calomel electrode, and platinum
plate were used as the working electrode, reference elec-
trode, and counterelectrode, respectively [9].

The volume fraction of the LPSO phase was statistically
measured using BSE micrographs captured from different
regions and calculated by ImageJ software (National Insti-
tutes of Health, Version 1.51k).

Results and Discussion

Microstructure

Figure 1a–e presents the BSE images of the as-cast and
T4-treated Mg–15Dy–1.5Zn alloys. Bulk 18R-LPSO [10]
(labeled by the blue circle), dispersed and precipitated in the
grain interiors, with dendrites and stacking faults around

18R-LPSO phase together form a network structure in the AC
alloy as shown in Fig. 1a, b. The brighter contrast of the
dendritic regions indicates the segregation of heavier ele-
ments at those places, which is consistent with the enrich-
ment of the remaining melt with Zn and Dy during
solidification, as proved by EDS mapping analysis in Fig. 1a.
After solid solution for 24 h, the dendrite disappeared and a
few lamellar 14H-LPSO [11] (labeled by the blue rectangle)
formed near the a-Mg/18R interfaces. This could be due to
the migration of Dy/Zn solute atoms, which were enriched at
dendrites and the a-Mg/18R interfaces in the AC alloy. With
the extension of the T4 treatment time to 48 and 264 h, more
lamellar 14H-LPSO phases were precipitated within the grain
interiors, as shown in Fig. 1c. The volume fractions of the
LPSO phase in these alloys are shown in Fig. 1e.

Corrosion Behavior

Figure 2a shows the relationship between immersion time
and hydrogen evolution volumes, demonstrating the incre-
ment of hydrogen evolution volume for all alloys. The
corrosion rates of as-cast and heat-treated Mg–15Dy–1.5Zn
alloys after the immersion in 0.9% NaCl for 2 h and 60 h in
Fig. 2b show that the 24HT alloy has the highest corrosion
rate while having the lowest volume fraction of inter-
metallics. Furthermore, the volume fraction of the lamellar
LPSO phase for Mg–15Dy–1.5Zn alloys increases when the
T4 treatment time is extended from 48 to 264 h, resulting in
a continuously decreasing corrosion rate. The AC alloy with
a network structure here showed the lowest corrosion rate.

The EIS plots show three loops, two capacitive loops
in the high-frequency and mid-frequency range and one
inductive loop in the low-frequency range. The mid-

Fig. 2 a Relationship between immersion time and hydrogen evolution volumes, and b corrosion rates after immersing for 2 and 60 h in 0.9%
NaCl solution and volume fraction of intermetallics in Mg–15Dy–1.5Zn alloys after T4 treatment for different time
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Fig. 3 Electrochemical impedance spectra and fitted equivalent circuit: Nyquist diagrams (a–d), Bode diagrams (e–h) in a, e AC alloy, b, f 24HT
alloy, c, g 48HT alloy, d, h 264HT alloy
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frequency range represents the relaxation of the corrosion
product film formed on the Mg alloy surface. The existence
of the low-frequency induction loop results from the insuf-
ficient protection of the surface film, indicating that local
corrosion occurred [5]. In addition, the inductive loop
implies that all four alloys suffered from localized corrosion.
The largest capacitive loop diameter (Fig. 3a) and the

highest impedance modulus (Fig. 3e) in the AC alloy reveal
that this alloy possesses better corrosion resistance than
other alloys. In the AC alloy, the network structure provides
a barrier to corrosion [5, 12, 13]. In contrast, after solid
solution for 24 h, the decreased protection due to the dis-
appearance of the network structure and the galvanic cor-
rosion between the LPSO phase and the matrix together lead

Fig. 4 BSE micrographs and
magnified images of Mg–15Dy–
1.5Zn alloys after immersed in
0.9%NaCl solution for 2 h: a,
e AC alloy, b, f 24HT alloy, c,
g 48HT alloy, d, h 264HT alloy
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to corrosion deterioration. Meanwhile, the Bode phase angle
and impedance plots in Fig. 3f illustrate that the 24HT alloy
has the lowest peak value, the smallest half width of the
phase angle, and the lowest impedance modulus than other
alloys, representing its largest capacitance, the smallest
polarization resistance, and the worst corrosion protection.
The AC alloy has the best corrosion protection.

The T4 treatment time affects the corrosion behavior of
Mg–15Dy–1.5Zn alloy (Fig. 4). BSE micrographs demon-
strate that the corrosion cracks were observed on the surfaces
of all specimens (labeled by blue arrows) after the immer-
sion for 2 h. Among all the T4-treated samples, the 24HT
alloy had the highest amount of corrosion cracks. In this
specimen, the amount of 14H-LPSO phase is the lowest. The
resultant corrosion layer was not continuous, and the cor-
rosion products existed on the surface, covering the matrix

rather than 14H-LPSO phase. Thus, there may have been the
most inhomogeneous tensile stress inside such a corrosion
product film. This result is in agreement with that obtained
by EIS. With the solution treatment time increasing to 48
and 264 h, more corrosion products were observed on the
surfaces. Such corrosion products even cover 14H-LPSO
phase. Moreover, when compared with the 24HT alloy,
fewer cracks were found on the surfaces of the 48HT alloy
and 264HT alloys (labeled by blue circles) (Fig. 4g–h).

Figure 5 shows the cross-sectional BSE micrographs of
T4-treated alloys following immersion for 60 h. The net-
work structure in the corrosion product of the AC alloy still
maintains almost complete distribution, further confirming
the protection of the network structure in corrosion resis-
tance as illustrated in Fig. 5a. The occurrence of cracks
(labeled by blue arrows) near the matrix in the corrosion

Fig. 5 BSE micrographs of cross
section of Mg–15Dy–1.5Zn
alloys after immersed in 0.9%
NaCl solution for 60 h: a AC
alloy, b 24HT alloy, c 48HT
alloy, d 264HT alloy

Fig. 6 a BSE micrograph and
b local magnified image of the
264HT alloy after immersed in
0.9% NaCl solution for 14 h
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product was significantly more pronounced in the 24HT
alloy when compared to the other three alloys. This obser-
vation aligns with the results obtained from the aforemen-
tioned two-hour immersion test.

As shown by Fig. 2b, the corrosion rate decreased with
increasing the T4 treatment time to more than 48 h. It
seems that the formation of 14H-LPSO favors the
improvement of corrosion resistance. In order to clarify the
responsible mechanism, further SEM observations were
performed on the surface corrosion products of the 264HT
alloy. Figure 6 presents the BSE images of the 264HT
alloy after the immersion in 0.9% NaCl solution for 14 h.
It could be observed that a uniform and continuous cor-
rosion layer was formed on the surface of the 264HT alloy.
Such corrosion layer could prevent the corrosion medium
from further penetrating the 264HT alloy matrix. As
aforementioned, the 264HT alloy has the highest volume
fraction of 14H-LPSO phase. Under such a high amount of
14H-LPSO, the formation of corrosion products was
enhanced. As a result, the formed corrosion products could
cover more areas in the 264HT alloy than other alloys,
such as 24HT.

Conclusion

Based on the experimental results, the following conclusions
can be drawn:

1. The network structure of 18R-LPSO phase at the den-
drites could act as an effective barrier for further corro-
sion in the as-cast Mg–15Dy–1.5Zn alloy.

2. Mg–15Dy–1.5Zn alloy with T4 treatment for 24 h has
the worst corrosion resistance. Its lowest volume fraction
of 14H-LPSO phase and resultant inhomogeneous cor-
rosion layer deteriorate its corrosion resistance.

3. Mg–15Dy–1.5Zn alloy with T4 treatment for 264 h has
the highest corrosion resistance. Its dense lamellar
14H-LPSO phase could benefit the formation of uniform
and continuous corrosion film.
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Dissolution Rate Change of Dissolving
Magnesium in a Deoxygenated Environment

Tim Dunne, Lei Zhao, Jiaxiang Ren, Peng Cheng, Yu Liu, Xuefeng Cui,
Bing Zhu, and Qingjiang Wang

Abstract

The corrosion rate of dissolvable magnesium for frac
plugs must maintain integrity for the duration of the
operation and dissolve fully thereafter. This study com-
pared water bath corrosion testing to testing in an
autoclave with and without a nitrogen purge with the
same temperature (95 °C) and salinity (1 wt% KCl). The
water bath test dissolution rate fell within the range of the
unpurged autoclave. There was a substantial decrease in
the dissolution rate of the autoclave where the nitrogen
was used for purging entrapped air. The delayed disso-
lution rate of the material in the purged autoclave appears
to be more representative of the deoxygenated downhole
environment. The possible reasons for the dissolution rate
reduction of magnesium in the deoxygenated environ-
ment will be explained in the paper.

Keywords

Dissolvable magnesium � Corrosion �
Dissolution testing � Frac plugs

Introduction

Hydraulic fracturing has unlocked hydrocarbon resources
that were considered uneconomical until the Shale Revolu-
tion of the past two decades [1]. Advancements in
geo-steering allow for horizontal wells to be drilled within
the hydrocarbon-bearing formation rather than through it

[2, 3]. The increased wellbore contact with the formation
increases the production from the well. Shale formation has
very low permeabilities and porosities of > 1000 nanodar-
cies and > 5%, respectively, which still requires further
techniques to increase production [4]. Chief among these is
hydraulic fracturing, a method by which pressurized fluid
creates fractures in the formation that are subsequently held
open by proppants such as sand [5]. Multiple zones within a
horizontal well are fractured, further increasing the surface
area of the reservoir in contact with the wellbore. Operators
use temporary wellbore isolation devices called frac plugs to
individually isolate the zones, after which they are removed.
Historically, these were cast iron or composite plugs that
were drilled out with coiled tubing after concluding opera-
tions. The coiled tubing operation added extra time, cost, and
risk of accidentally drilling through the wellbore casing [6].

Degradable materials for frac plugs were developed as
intervention-less solutions for hydraulic fracturing operations
[7]. These decrease cost and time associated with milling
through plugs with coiled tubing leave little debris due to the
materials degrading when in contact with the wellbore fluids
[8]. Magnesium alloys are the prevailing material selected
due to strength and tailorable dissolution rate for the selected
reservoir’s temperature, fluid, and composition. Localized
galvanic cells created by the intentional addition of impurities
induce corrosion within or along the grain boundaries in the
material. Generally, increasing salinity and temperature
increase the dissolution rate of an alloy, producing magne-
sium hydroxide and hydrogen gas as a byproduct. Manu-
facturers of dissolvable magnesium alloys advertise alloys
providing reliable, controlled dissolution rates over a range of
temperatures that dissolve in a known time [9]. Extensive
laboratory qualification testing of the developed alloys in a
range of fluids and temperatures provides the data necessary
to measure the dissolution rate at a given condition. Typi-
cally, a cylindrical sample of dissolvable alloy weighing less
than 50 g will be immersed in a 1 L beaker of solution, which
is heated to the desired temperature with a water bath. After
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an immersion of appropriate duration is completed, the
weight and dimensions are recorded, allowing the dissolution
rate to be calculated by dividing the mass difference by the
surface area difference by the time elapsed. Repeating testing
with fixed temperature and varied salinity, or fixed salinity
and varied temperature, provides dissolution rate curves that
assist with alloy selection for a given application [10]. These
curves are used to predict how long the plug will take to
dissolve downhole.

Field experience has shown that dissolvable magnesium
plugs take longer than expected to dissolve, with some not
dissolving completely. Previous efforts have shown a mea-
surable difference in prediction versus performance for dis-
solvable aluminum [11]. Oxygen scavengers are commonly
used in completion brines to minimize the corrosive effects
of dissolved oxygen in the well [12]. All known reported
dissolvable magnesium testing is performed in oxygenated

environments, motivating this effort to compare typical
laboratory conditions to a downhole environment.

Material Testing

Samples of a commercial alloy were machined into
0.6 � 0.8 � 1″ rectangular prisms as depicted in Fig. 1.
The individual widths, lengths, heights as well as mass
were measured and recorded before and after testing.
Residue was gently brushed off with a nylon bristle brush
after a heat gun was used to dry the specimen. Two samples
were tested in separate beakers placed in a water bath, sus-
pended in a perforated Teflon cup in 1 L of 95 °C 1.05 wt%
KCl for 6 h as seen in Fig. 2. A glass viewing lens placed
over the beaker eliminated evaporation of the fluid, main-
taining the salinity for the duration of the test.

Fig. 1 Machined dissolvable
magnesium samples

Fig. 2 Water bath setup for
dissolution testing without water
added. Note the Teflon beaker
with a Teflon string to suspend
the sample in the fluid
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Autoclave samples were tested in a 2 L non-stirred
autoclave (Parr 4600-2000 mL-T-HC-1/8) controlled by a
temperature controller (Parr 4838). An inert glass liner was
placed within the autoclave to prevent any coupling with the
Hastelloy body. A perforated Teflon cup suspended the
sample, allowing fluid circulation and preventing byproducts
from building up around it. Two samples were sequentially
tested in 95 °C 1.05 wt% KCl for 6 h without purging the
autoclave. Two samples were sequentially tested in 95 °C
1.05 wt% KCl for 6 h after purging the autoclave with
nitrogen for 10 min as portrayed in Fig. 3.

Results and Discussion

Dissolution Results

Terves reports dissolution rates of its TervAlloy 3241 in 1%
KCl up to 90 °C [13]. A linear fit of the data determines a
dissolution rate of 35.3 mg/cm2/h at 95 °C in 1 wt% KCl
(Table 1).

The calculated value from Terves’ reported data is com-
parable with results measured in both the water bath testing
and the unpurged autoclave with a maximum of an 8%

difference between the values. Despite the autoclave pre-
venting atmospheric oxygen from entering the brine, there is
only a 1% difference between the unpurged autoclave and
the water bath. However, the purged autoclave results were
42% different from the unpurged autoclave, substantially
outside of the range of differences for the previous mea-
surements that can be ascribed to material heterogeneity,
alloy batch variation, fluid compositional differences,
extrapolation from reported values, or measuring techniques.
The significant decrease in the purged autoclave dissolution
rate is a significant finding (Table 2).

To understand the decrease in corrosion rate, an under-
standingof the role of oxygenmust be understood in the context
of the reaction. The typical mechanism is galvanic corrosion
between the lower open corrosion potential (OCP) a phase
magnesium matrix and the secondary phases with higher
OCP. A reaction product layer of magnesium hydroxide forms,
with the brine acting as the electrolyte. The typically pre-
sented electrochemical reaction is as follows (Fig. 4):

Mg ! Mg2þ þ 2e� ð1Þ

Fig. 3 Autoclave setup for
dissolution testing in the N2

purging configuration

Table 1 Terves reported dissolution rate for TervAlloy 3241
(TAx100E)

Temperature (°C) Dissolution rate, mg/cm2/h

30 3

45 10

60 18

75 25

90 33

Table 2 Summary of reported and measured values for a commercial
alloy at 95 °C

Condition
(1 wt% KCl, 95 °C)

Rate, mg/cm2/h (average) Range,
mg/cm2/h (±)

Reported* 35.3 –

Water bath 32.6 1.0

Autoclave, air 33.0 1.5

Autoclave, N2 purge 21.5 1.5

*Maximum reported data was 90 °C, so that the 95 °C data from the
vendor was calculated from a curve fit
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2H2Oþ 2e� ! H2 þ 2OH� ð2Þ

2Hþ þ 2e� ! H2 ð3Þ

Mgþ 2H2O ! Mg OHð Þ2 þH2 ð4Þ
A review of literature discussing dissolvable magnesium

seems to overlook the role dissolved oxygen plays in the
corrosion process [15, 16]. The disconnection between lab
conditions and the well environment has led to consistent
overestimation of the dissolution rate for dissolvable mag-
nesium plugs in the field. The data suggests an intermediate
species being generated first through oxidation, which is
either re-deposited or reacts with the environment. Experi-
mentally, it is observed the typical reaction (Eqs. 1–4) is not
the only one. The dissolved oxygen acts as a cathodic
depolarizer of the cathode surface, stripping the adsorbed
hydrogen ion film away, thus allowing for accelerated cor-
rosion. Additionally, dissolved oxygen will oxidize
magnesium.

2MgþO2 ! 2 Mg2þ
� �

O2�� � ð5Þ

Mg ! Mg2þ þ 2e� ð6Þ

O2 þ 4e� ! 2O2� ð7Þ

O2 þ 4e� þ 2H2O ! 4OH� ð8Þ
Recently, some workers have found the oxygen reduction

reaction (Eq. 8) is underappreciated in its role in corrosion
[17–19]. Dissolved oxygen was found to be depleted on the
surface in one work, suggesting oxygen reduction is active.
Work performed by Höche et al. suggests impurities such as
copper will redeposit, which would accelerate the reaction in
Eq. 2. The oilfield magnesium alloys contain relatively high
amounts of impurities avoided in commercial alloys. Water
bath testing benefits from the accelerated dissolution due to
the impurity deposition which would not be seen in a
downhole environment (Fig. 5).

Conclusions

Dissolvable magnesium alloys are extensively tested in a
variety of fluids at different temperatures to inform end users
of the expected downhole life of products machined from the
alloy. Testing is predominately performed in fluid containing
dissolved oxygen, where the downhole completion fluids are
deoxygenated. Dissolvable magnesium alloys experience a
considerable decrease in dissolution rate when the solution is
purged with an inert gas. Dissolved oxygen modifies the
passivation layer, increasing the reaction kinetics.

Fig. 4 Schematic of how the dissolution reaction of dissolvable magnesium is typically viewed [14]

Fig. 5 Schematic with speculated deposition of copper impurity due to dissolved oxygen, contributing to accelerated reaction only seen in
laboratory measurements
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Dissolvable magnesium alloys should be qualified in a
purged environment to inform end users of the dissolution
rate more accurately in a downhole environment. Operators
should consider higher dissolution rate materials for a given
set of conditions.
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Evaluation of Corrosion Performance
of Friction Stir Processed Magnesium Alloys
Using Multimodal Analysis Across Length
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Hrishikesh Das, Piyush Upadhyay, David Garcia,
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Darrell R. Herling, and Vineet V. Joshi

Abstract

Friction stir processing (FSP) homogenizes and refines
the microstructure through severe plastic deformation.
Previous studies have demonstrated that the processed
zone is more corrosion-resistant as compared to the base
Mg alloy. However, the corrosion behavior of the
microstructure immediately adjacent to the processed
zone, and how it affects the base material under corrosive
environments has received little attention. In this study,
we have used a multimodal corrosion measurement
system to investigate the corrosion behavior of the
surface and cross section of FSP AZ31 and AZ91 Mg
alloy plates by imaging the sample, acquiring electro-
chemical data, and collecting evolved hydrogen. Addi-
tionally, scanning electrochemical cell microscopy
(SECCM) was employed to study variations in localized
corrosion behavior from the base metal into the stir zone
from the advancing and retreating sides. Microscopy was
employed to identify the microstructural cause for the
enhanced susceptibility to corrosion in the heat-affected
zone and base material.

Keywords

Friction stir processing (FSP) � Magnesium alloys �
Multimodal analysis

Extended Abstract

Magnesium (Mg) alloys offer exceptional potential for
automotive applications due to their remarkable specific
strength. However, their susceptibility to corrosion has his-
torically posed a challenge to their widespread use. To
address this concern, friction stir processing (FSP), a
solid-phase processing technique, has emerged as a
promising solution. FSP locally enhances the microstructure,
leading to significant grain refinement and improved chem-
ical homogenization [1–3]. Previous research has demon-
strated that in saltwater solutions, the processed zone
exhibits superior corrosion resistance and is more cathodic
when compared to the base metal [4, 5]. However, FSP also
generates an interface between the processed zone and the
base metal, comprising a heat-affected zone (HAZ) and a
thermo-mechanically affected zone (TMAZ). The role of
these microstructural features along with the base and stirred
regions on the overall corrosion performance is yet to be
investigated. By doing so, we can gain a comprehensive
understanding of how these regions interact and contribute
to the enhanced corrosion performance of FSP’d Mg alloys.

In this study, we have investigated the corrosion perfor-
mance of FSP AZ91 Mg alloy immersed in 0.6 wt% NaCl
solution under open circuit potential. A newly designed
multimodal corrosion measurement system was utilized to
image the sample over a 24 h corrosion duration [6, 7].
The FSP AZ91 sample was epoxy mounted to analyze the
cross section and polished to a 1 µm diamond finish prior to
corrosion. Figure 1 shows snippets of corrosion occurring on
the cross section of a FSP AZ91 sample, and their corre-
sponding time stamps in hours. Half of the sample is shown
in the figures wherein the stir zone is on the left and the base
metal is on the right as shown in Fig. 1a. The approximate
transition region/interface between these zones is highlighted
using a dashed line. The ratio of the area of the stir zone
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(cathode) to the ratio of the base metal (anode) in this sample
was approximately 0.33.

First, filiform corrosion initiates from a pre-existing
cluster of pores within the base metal. With increase in
corrosion time, the filiform corrosion propagates towards
the transition region between the stir zone and the base
metal. Upon reaching this region, the corrosion progresses
towards the interface between these zones and later traces
upwards towards the top face of the FSP sample. This
interfacial attack is accompanied by material removal as
can be seen in Fig. 1g–i, respectively. Additionally, the
corrosion front can be identified by tracking the release of
hydrogen bubbles from the corroding surface and is shown
with an arrow in all the images. It is interesting to note that
the primary region of the sample where rapid hydrogen
bubbling is seen is at the corrosion front near the stir zone.
Regions within the FSP stir zone show no hydrogen release
over the 24 h duration indicating that it is not undergoing
corrosion. Additionally, regions within the base metal show
hydrogen bubble release and signs of localized corrosion

attack, albeit at a very slow rate which leads to the growth
of hydrogen bubbles slowly over the 24 h duration. Fig-
ure 2a, b shows post-corrosion optical micrographs of the
corroded regions.

Note the magnitude of corrosion in the stir zone-base
metal interface compared to the rest of the base metal. Depth
profile measurements show that the depth of corrosion attack
is greatest at the interface between the sir zone and base
metal (Fig. 2c). To further probe this observed phenomenon,
we utilized scanning electrochemical cell microscopy
(SECCM) to study the variation in the localized corrosion
behavior from the base metal into the stir zone from both the
advancing and retreating sides [8]. Finally, correlative
microscopy was employed to identify the microstructural
cause for the enhanced susceptibility to corrosion in the
heat-affected zone and the base material. In summary, our
observations indicate the interface between the stir zone and
base metal is particularly susceptible to preferential corro-
sion attack as compared to the base metal and stir zone, upon
exposure to a saltwater solution.

Fig. 1 Corrosion of cross section of FSP AZ91 in 0.6 wt% NaCl solution—snippet images of ongoing corrosion over the 24 h of corrosion
duration showing the initiation of corrosion at the pore cluster and progress of filiform corrosion towards the stir zone. Redirection of corrosion
front and progress along the interface can also be seen. Corrosion front is shown with a yellow arrow
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Improved Formability and Corrosion
Resistance of Pure Magnesium
by Parts-Per-Million-Level Addition
of Copper and Calcium

Mingzhe Bian, Isao Nakatsugawa, Xinsheng Huang,
and Yasumasa Chino

Abstract

Poor cold formability, poor corrosion resistance, and high
cost of alloying elements are longstanding barriers to the
widespread use of magnesium (Mg) and its alloys. In this
study, we demonstrated that both the room temperature
(RT) stretch formability and corrosion resistance of
commercially used pure Mg could be significantly
improved by adding trace amounts of copper (Cu) and
calcium (Ca). Owing to the addition of trace amounts of
the alloying elements, the resultant alloy also showed
excellent thermal conductivity, which is almost two times
higher than that of the most commonly used Mg alloy
(AZ31) and even higher than that of a commercial Al
alloy (A5052). These findings are expected to stimulate
the development of high-performance Mg alloys that can
be used in portable electronic devices, automobile
electronics, and household appliances.

Keywords

Magnesium � PPM-level alloying: formability �
Corrosion � Thermal conductivity

Introduction

In recent years, lightweight, corrosion-resistant, and thermal
conductive materials have gained increasing attention, dri-
ven by the growing demand for portable electronic devices,
automobile electronics, and household appliances [1].
Magnesium (Mg) is the lightest structural metal, and its
thermal conductivity is as high as * 160 W/(m K). How-
ever, the strength and formability at room temperature (RT)

are low, and the corrosion resistance of commercially
available pure Mg is very poor [2]. In contrast, a commercial
Mg alloy AZ31 (Mg–3Al–1Zn–0.3Mn in wt%) has adequate
strength and moderate corrosion resistance [3], but low
thermal conductivity [� 85 W/(m K)] due to the large solid
solubility of Al in Mg [4]. In addition, the RT formability is
poor, which can be ascribed to the development of a strong
basal texture [5]. Recently developed Mg–Zn–Ca-based
alloys such as Mg–3Zn–0.5Ca–0.5Al–1Mn (wt%) and
Mg–1.6Zn–0.5Ca–0.4Zr (wt%) show attractive mechanical
properties [6, 7]. Unfortunately, their thermal conductivity is
still rather low compared to that of commercial Al alloys
such as A5052 (138 W/(m K)) and A6061 [T4: 154 W/(m
K), T6: 167 W/(m K)] [8].

Recently, we found that the RT formability and corrosion
resistance of commercially available pure Mg could be sig-
nificantly improved by adding trace amounts of Cu and Ca
[9]. Due to the addition of extremely small amounts of the
alloying elements, the resultant alloy showed excellent
thermal conductivity. The purpose of this paper is thus to
report the mechanical properties, corrosion resistance, and
thermal conductivity of Mg–Cu–Ca ternary alloys with dif-
ferent Cu and Ca contents.

Experimental Procedure

Pure Mg, Mg–0.03wt%Cu, Mg–0.1wt%Ca, and Mg–Cu–Ca
ingots were prepared by an induction melting furnace under
an inert argon atmosphere. The ingots were then extruded at
400 °C with an extrusion ratio of 6 and a ram speed
of 5 mm/min to produce 5-mm thick plates. Prior to rolling,
the extruded Mg–0.03Cu–0.5Ca, Mg–0.03Cu–1Ca, and
Mg–0.03Cu–2Ca (all in wt%) plates were homogenized at
450 °C for 24 h, while the other plates were directly rolled
without the homogenization treatment. The plates were rol-
led from 5 to 1 mm in 7 passes with * 21% thickness
reduction per pass. The rollers were heated to 90 °C during
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rolling. The sheets were quenched in water immediately after
each pass and reheated to 350 °C before subsequent rolling.
The as-rolled sheets were finally annealed at 300 °C for 2 h.

To evaluate the stretch formability of annealed sheets,
Erichsen cupping tests were carried out on the circular
blanks with a diameter of 60 mm and a thickness of 1 mm
using a hemispherical punch with a diameter of 20 mm at
RT. The punch speed and the blank-holder force were 5
mm/min and 10 kN, respectively. To evaluate corrosion
resistance, the test pieces were immersed in 1 L of 3.5 wt%
NaCl aqueous solution at 25 °C for 72 h (6 h for pure Mg
and 24 h for Mg–0.03Cu, Mg–0.03Cu–0.01Ca, and Mg–
1.5Cu–0.1Ca alloys). The thermal diffusivity (a), density
(q), and specific heat capacity (Cp) were measured using a
laser flash thermal constant measurement system TC-9000,
mass dimension method, and PerkinElmer DSC7 differential
scanning calorimetry, respectively. The thermal conductivity
(k) at RT was calculated using the following equation:

k ¼ a:q:Cp ð1Þ

(0002) basal pole figures were measured at the mid-layers of
annealed sheets byX-ray texture analyses using aRigakuRINT
Ultima III operated at 40 kV and 40mA. The TEMobservation
was carried out on a spherical aberration-corrected
JEM-ARM200F instrument operated at 200 kV.

Results and Discussion

Figure 1 shows RT formability of annealed Mg, Mg–0.1Ca,
Mg–0.03Cu, and Mg–Cu–Ca sheets. As expected, pure Mg
had a low Index Erichsen (IE) value of 2.9 mm. The addition
of 0.03 wt% Cu or 0.1 wt% Ca to pure Mg did not improve
the RT formability significantly (3.3 and 4.3 mm). However,
the addition of small amounts of Cu to the Mg–0.1Ca alloy
or small amounts of Ca to the Mg–0.03Cu alloy significantly
enhanced the RT formability. It is noteworthy that the
chemically optimized Mg–0.03Cu–0.05Ca alloy showed a
large IE value of 7.7 mm, which is more than twice that of
pure Mg.

Figure 2a, b plots the average grain size and phase frac-
tion of Mg2Cu and Mg2Ca as a function of Cu and Ca
contents. The average grain size decreased dramatically with
the addition of parts-per-million (PPM) levels of Ca and Cu
of pure Mg. The ‘tipping point’ of Cu and Ca content in
Mg–xCu–0.1Ca and Mg–0.03Cu–yCa alloys was approxi-
mately 0.03 wt% (300 PPM) and 0.05 wt% (500 PPM),
respectively, after which the change in the grain size was
much less pronounced. Instead, coarse Mg2Cu second-phase
particles were formed in the Mg–0.1Cu–0.1Ca alloys,
and their volume fraction increased with increasing the Cu
content. Similarly, Mg2Ca second-phase particles were

Fig. 1 Index Erichsen values of annealed Mg, Mg–0.1Ca, Mg–0.03Cu, and Mg–Cu–Ca sheets
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formed in the Mg–0.03Cu–0.1Ca alloys, and their volume
fraction increased with increasing the Ca content. In order to
understand the reasons for the substantial decrease in the
grain size by the PPM levels of Cu and Ca addition, the
microstructure of Mg–0.03Cu–0.05Ca alloy was observed
by TEM, as shown in Fig. 2c–e. From the high-angle
annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) image and corresponding
energy-dispersive spectroscopy (EDS) elemental maps, it
can be seen that Cu and Ca co-segregated along the grain
boundaries (GBs). Therefore, it is believed that the
co-segregation of Cu and Ca effectively retarded the growth
of recrystallized grains, resulting in the formation of a
finer-grained microstructure in the PPM-level alloyed Mg.

Figures 3 and 4 show the (0002) basal pole figures
obtained from the as-rolled and annealed sheets of pure Mg,
Mg–0.1Ca, Mg–0.03Cu, Mg–xCu–0.1Ca, and Mg–0.03Cu–
yCa. All as-rolled sheets showed the rolling direction
(RD) split textures with double peaks in which the maximum
intensity of basal poles was located at 15–20° from the

normal direction (ND) towards the RD. After annealing at
300 °C for 2 h, the distribution and intensity of (0002) basal
pole figures varied with the chemical composition. Pure Mg
exhibited a typical strong basal texture (16.3 m.r.d.). There-
fore, poor stretch formability of pure Mg can be ascribed to
the formation of strong basal texture. The 0.1 wt% Ca
addition resulted in a significant reduction in the texture
intensity (4.1 m.r.d.), which is consistent with the results
reported in the literature [10]. On the other hand, the addition
of 0.03 wt% Cu also decreased the texture intensity to 8.2 m.
r.d., as shown in Fig. 4. However, the RD-split texture was
retained after annealing for both Mg–0.1Ca and Mg–0.03Cu
binary alloys. In the case of Mg–Cu–Ca ternary alloys, a
transverse direction (TD) component started to appear when
the Cu content increased to 0.03 wt% in the Mg–xCu–0.1Ca
alloys, and when the Ca content increased to 0.03 wt% in the
Mg–0.03Cu–yCa alloys. A typical TD-split texture with a
low intensity of 2.6 m.r.d. was developed in the Mg–0.03Cu–
0.05Ca alloy. This kind of texture is usually developed in RT
formable Mg–Zn–Ca/RE [11–14], Mg–Ag–Ca [15], and

Fig. 2 Grain size and phase fraction of Mg2Cu and Mg2Ca as a
function of a Cu content in Mg–xCu–0.1Ca alloys and b Ca content in
Mg–0.03Cu–yCa alloys. c–e HAADF-STEM image and corresponding

EDS elemental maps showing the distribution of Cu and Ca in Mg–
0.03Cu–0.05Ca alloy
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Mg–Ni–Ca [16] alloys. Therefore, the good RT formability
obtained from the Mg–0.03Cu–0.05Ca alloy is mainly due to
the development of the weak TD-split texture. Further
increase in the Cu or Ca content did not lead to further
decrease in the texture intensity. Instead, a typical quadruple
texture was developed in the high Cu- and high
Ca-containing alloys, particularly in the high Ca-containing
alloys. Therefore, the decrease in the RT formability of high
Cu- and high Ca-containing alloys can be mainly ascribed to
the increased fraction of coarse Mg2Cu and Mg2Ca
second-phase particles, as shown in Fig. 2.

Figure 5 shows the corrosion rate of Mg–Cu–Ca alloys as
a function of Cu or Ca content. Obviously, the co-addition of
Cu and Ca also resulted in the improvement in the corrosion
resistance of pure Mg. It is worth pointing out that the
corrosion rate of pure Mg was as high as 436 mg/(cm2 day).

To our surprise, the addition of 0.03 wt% Cu to pure Mg also
decreased the corrosion rate to about 41.4 mg/(cm2�day).
Further addition of Ca, even at the PPM levels, to the binary
Mg–0.03Cu alloy also resulted in a significant decrease in
the corrosion rate. The corrosion rate of a 500 PPM
Ca-containing Mg–0.03Cu alloy, i.e., Mg–0.03Cu–0.05Ca,
with the highest IE value of 7.7 mm, showed a low corrosion
rate of 1.79 mg/(cm2�day), which is even lower than that of a
commercial AZ31 alloy [2.23 mg/(cm2�day)]. The detri-
mental effect of Cu on the corrosion resistance of Mg and its
alloys is well known. However, a closer look at the tolerance
limit of Cu in pure Mg indicates that it is about 0.1 wt%
[17]. In other words, if the Cu concentration is less than 0.1
wt%, corrosion is not a big issue for Mg. In this study, we
found that the corrosion rate of Mg–xCu–0.1Ca alloys is
lower than 5 mg/(cm2/day) when the Cu concentration is less

Fig. 3 (0002) basal pole figures showing the textures of as-rolled and annealed Mg, Mg–0.1Ca, and Mg–xCu–0.1Ca sheets
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than 0.1 wt%. Therefore, the tolerance limit of Cu in
Ca-containing Mg alloys is believed to be about 0.1 wt%.

Figure 6 presents the thermal conductivity of the newly
developed Mg–0.03Cu–0.05Ca alloy. For comparison pur-
pose, thermal conductivity of pure Mg, commercial Mg
alloy AZ31, and commercial Al alloy A5052 was included.
Benefiting from the addition of an extremely small amount
of the alloying elements, the Mg–0.03Cu–0.05Ca alloy
exhibited an excellent thermal conductivity of 157 W/(m�K),
which is close to that of pure Mg [167 W/(m�K)]. It is to be
noted that the thermal conductivity of Mg–0.03Cu–0.05Ca
alloy is approximately two times higher than that of the
AZ31 [87 W/(m�K)] and even higher than that of the A5052
[138 W/(m�K)].

Considering the combination of good formability, supe-
rior corrosion resistance, excellent thermal conductivity, and
low cost of Cu and Ca, alloying them with Mg is believed to

be particularly attractive for portable electronic devices,
automobile electronics, and household appliances.

Summary

In this study, we demonstrated that the RT stretch forma-
bility of commercially available pure Mg could be remark-
ably improved from 2.9 to 7.7 mm by adding 300 PPM of
Cu and 500 PPM of Ca. The (0002) basal pole figure
intensity was substantially weakened from 16.3 to 2.6 m.r.d
by the PPM-level addition of Cu and Ca of pure Mg. The
improved RT stretch formability can be mainly attributed to
the weakened basal texture. In addition, we found that the
corrosion rate of the PPM-level alloyed Mg was 1.79 mg/
(cm2�day), which is almost two orders of magnitude lower
than that of pure Mg [436 mg/(cm2�day)]. Due to the

Fig. 4 (0002) basal pole figures showing the textures of as-rolled and annealed Mg, Mg–0.03Cu, and Mg–0.03Cu–yCa sheets
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PPM-level addition of Ca and Cu, the resultant Mg–0.03
Cu–0.05Ca alloy showed an excellent thermal conductivity
of 157 W/(m�K), which is approximately two times higher
than that of the most widely used Mg alloy AZ31 and even
higher than that of a commercial Al alloy A5052.
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Investigating the Corrosion Response of Cast
and Extruded ZK60 Magnesium Alloy
Processed via Shear Assisted Processing
and Extrusion

V. Beura, A. Sharma, S. Sharma, V. Joshi, and K. N. Solanki

Abstract

An increase in demand for high-strength and
corrosion-resistant magnesium alloys in transportation
sectors has driven the development of new processing
techniques. Towards this, in this work, cast and extruded
ZK60 magnesium alloys were processed using a novel
solid-state process i.e., Shear Assisted Processing and
Extrusion (ShAPE). Processing-induced microstructure
were characterized using Scanning Electron Microscopy
(SEM) and Energy Dispersive Spectroscopy (EDS) tech-
niques, which revealed an extensive refinement in grain
size, distribution of solutes (Zn and Zr) and second phases,
and overall texture. Comparative corrosion analysis of
ShAPE and feedstock alloys was performed using various
electrochemical measurements such as potentiodynamic
polarization, electrochemical impedance spectroscopy
(EIS), and atomic emission spectroelectrochemistry anal-
ysis (AESCE) that indicate an improvement in corrosion
resistance with ShAPE processing for cast feedstock but
not for extruded ZK60. Post-corrosion microstructures
were analyzed to elucidate the underlying corrosion
mechanism.

Keyword

Cast and extruded ZK60 magnesium alloy � Shear
Assisted Processing and Extrusion (ShAPE) � Corrosion

Extended Abstract

Magnesium alloys are widely sought for their high strength
to weight ratio, machinability, and low cost in light weight
engineering for automotive, aerospace, industrial, and com-
mercial applications [1, 2]. One of these alloys is formed by
additions of zinc and zirconium to the balance, commercially
known as ZK60. The intended increased mechanical prop-
erties, as a result of these additions, are in turn due to the
developments in the grain variations, second phase particles,
and micro- or nano-scale precipitates etc. However, along
with the increased strength in ZK60, high susceptibility of
corrosion also comes in play as a result of the second phase
particles (MgZn and/or MgZn2) which could either act as
galvanic corrosion sites or corrosion blocking sites based on
their distribution and quantities. Many studies have shown
the involvement of the alloy microstructure and the second
phase particles detrimental in deciding the corrosion
behavior. Variations in the formation of second phase par-
ticles in ZK60 have been extensively investigated in the
literature and so are the techniques which could vary the
alloy microstructure completely such as heat treatment, solid
phase processing, and others.

Recently, an abundance of literature is focusing towards
newer processing techniques under the major umbrella of
solid phase processing which are constantly re-designed to
upgrade the conventional thermo-mechanical processing
techniques [1–6]. One of the solid phase processing tech-
niques is Shear Assisted Processing and Extrusion (ShAPE)
which has been developed by the co-authors to achieve high
extrusion ratio and large output diameter at a more eco-
nomical rate to the conventional counterparts [3, 7–9].
Various grain size reduction processes like ShAPE have
been observed to both improve and deteriorate the corrosion
response of the alloys [10–14]. However, the reasoning
behind such a behavior against a ShAPE processing tech-
nique is not so evident yet. Therefore, it becomes imperative
to figure out how the widely used commercial high-strength
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ZK60 alloy would behave if processed by ShAPE technique.
This study aims to investigate the corrosion response of
ZK60 processed by conventional cast and extrusion tech-
niques against the ones processed by an additional post
ShAPE technique.

In this work, four processing conditions, namely cast (C),
extruded (E), cast followed by ShAPE (C + S) and extruded
followed by ShAPE (E + S) were investigated against the
corrosion behavior of ZK60 magnesium alloy. All the cor-
rosion measurements were performed on the surface per-
pendicular to the direction of ShAPE processing and the
tests were performed at room temperature in an open air
condition and 0.1 M sodium chloride (NaCl) was used as the
testing solution. Potentiodynamic polarization experiments
were performed on all the samples using a GAMRY Ref-
erence 600 Potentiostat. A standard three-cell electrode
system was used with SCE as the reference electrode for the

electrochemical testing. Surface of the samples was carefully
coated by a non-conductive coating such that only the
desired area of the sample stays exposed to the solution
during experiment and a 1800s open circuit potential was set
before initializing the polarization.

It is evident by the results shown in Fig. 1 that changes
occur in the fundamental behavior of the alloys after being
processed by ShAPE. Adding ShAPE process to either cast or
extruded ZK60 results in an improvement in corrosion
potential (Ecorr) and corrosion current density (Icorr), but this
trend is opposite in the case of cathodic current density (Icath).
Another change observed was in terms of the pitting potential
(Epitting). Epit for cast ZK60 increased after adding ShAPE as
a post process but in case of Extruded ZK60, a decline in
Epitting can be seen in Fig. 2. We intend to understand this
changed behavior further with other electrochemical experi-
ments, spectroscopy, and imaging techniques.

Fig. 1 a Anodic and b cathodic potentiodynamic polarization curves

Fig. 2 a Ecorr versus Icorr and b Epitting versus Icath results from polarization plots
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Corrosion Rates by Immersion
and Calorimetry on the Example
of Extruded Mg10Gd(1Nd)1La

Petra Maier, Benjamin Clausius, Thea-Simone Tegtmeier, Lars Wadsö,
and Dmytro Orlov

Abstract

This study is a follow-up investigation of the influence of
the alloying elements Nd and La on the corrosion by
immersion of an extruded and heat-treated Mg10Gd. The
previous study made clear that the age-hardened condi-
tion has the lowest corrosion rate but high pitting
corrosion susceptibility. The extruded Mg10Gd(1Nd)
1La shows the lowest pitting factors based on severe
corrosion. In this study, the corrosion morphology and
corrosion rates are discussed based on calorimetric data
and 3D-analysis by µCT and compared to the results from
the immersion tests. Thermal power and enthalpy read-
ings from the isothermal calorimetry offer information on
the reaction kinetics. The corrosion rate values are
discussed based on the evaluation method—in general
agreement alloying with Nd reduces the corrosion rate.
The pitting factor is found to be very dependent on the
reference average penetration: weight or volume loss, or
evaluation by 3D volume or by 2D cross-sections.

Keywords

Mg-Gd alloys � Corrosion rate � Immersion �
Calorimetry

Extended Abstract

This study is a follow-up investigation of the influence of the
alloying elements Nd and La on the corrosion by immersion
of an extruded and heat-treated Mg10Gd [1]. Mg10Gd1Nd

is considered as a potential candidate for biodegradable
implant materials, and La is being investigated as a substi-
tute alloying element [1, 2]. The most widely used tech-
niques for exploring the corrosion behavior of Mg alloys
involve immersing the samples in a corrosive solution [3].
The previous study in [1] made clear that the age-hardened
condition has the lowest corrosion rate (CR) but high pitting
corrosion susceptibility, when corroding in Ringers Solution
at 37 °C over 168 h (sample size: 10 mm in diameter and 7
mm of height, 500 ml of electrolyte). The as-extruded alloys
Mg10Gd1Nd and Mg10Gd1Nd1La show the lowest pitting
factors (PF) based on severe corrosion, see Fig. 1. In gen-
eral, severe pitting corrosion should be prevented during
alloy development, as corrosion pits can lead to stress
increase and thus to premature failure. Mg10Gd1La has with
36.67 mm/a the highest CR and a PF of 2.0. The addition of
Nd reduced the CR slightly to 29.99 mm/a; the PF was also
found to be rather low at 2.1 [1]. Figure 2 shows the
cross-section of corroded Mg10Gd1La1Nd. The white
frames indicate the average corrosion, and the deepest pits
appearing to be double as deep as the average corrosion. The
pits are wide and shallow and start overlapping during
progressing corrosion.

In this study, the corrosion morphology and CR are dis-
cussed based on isothermal calorimetry, see [4] for
methodology, and 3D-analysis by µCT and compared to the
results from the immersion tests presented in Figs. 1 and 2
and repeated immersion tests with the same volume of
electrolyte as in calorimetric measurements, 17 ml, as well as
the same sample size of 1 mm height and 10 mm diameter.
The measurement of pH-values was only done in these
additional immersion tests. As seen before in [1], the addi-
tion of Nd reduces the CR from approx. 50 mm/a to approx.
27 mm/a (Fig. 3a). Thermal power and enthalpy readings
from the isothermal calorimetry offer information on the
reaction kinetics. As seen for the CR, the addition of Nd
lowers the thermal power release, which is increasing over
24 h (Fig. 3b). The thermal power values are normalized by
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the surface area, but the sample of the largest area (brown
curve) stands out. The pH-value (see Fig. 3c) reaches the
highest value between 7 and 8 h, decreases, but stays above
10. It seems that the CR in agreement with the reaction
kinetics increases to a higher level when the pH-value
reaches its maximum. The enthalpy values (Fig. 3d) are
unexpectedly low, the reaction Mg to Mg(OH)2 produces
approximately 350 kJ/mol in 0.9% NaCl. Whether the lower
enthalpy is a result of using Ringer’s solution and therefore
more compounds than just Mg(OH)2 will form compared to
pure Mg needs to be discussed. A protective layer from
passivated corrosion products reduces the interaction
between electrolyte and corroding sample and therefore
might reduce the enthalpy values re-calculated from hydro-
gen evolution rate and heat release in this study.

Figure 4 shows µCT images and cross-sectional micro-
graphs of the Mg10Gd1La1Nd and Mg10Gd1La samples
after removing the corrosion product either by segmentation
or by chromic acid during metallographic preparation. Both

have been applied to calculate the corrosion rate, by volume
loss and by weight loss, respectively. Both alloys show
strong pitting—in contrast to the immersion tests with a
much higher volume of electrolyte in [1], which kept the
pH-value below 8.5. Also interesting is that the upper sur-
face (Fig. 4c, e) of the samples hardly shows corrosion pits,
even the corrosion product, which is known from [1] not to
remain attached, cannot fall off. This has been seen differ-
ently in [5], where underneath loose corrosion product on the
upper sample surface the deepest pits form. The hydrogen
bubbles forming all-around the sample are expected to cause
this behavior. They might shelter large parts of the surface,
allowing local corrosion.

The CR values are shown based on each evaluation
method in Fig. 5. In general agreement with the results from
[1], it can be seen that alloying with Nd reduces the corro-
sion rate, 4 of 6 CR values support this statement, see also
Table 1. How good the methods will determine the differ-
ence in CR will be discussed in the following.

Fig. 1 Photograph of samples after immersion over 168 h: a Mg10Gd, b Mg10Gd1Nd, c Mg10Gd1La, and d Mg10Gd1La1Nd

Fig. 2 Cross-section of corroded Mg10Gd1La1Nd
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The most significant difference can be seen by hydrogen
evolution (calorimetry), the CRcal24 of Mg10Gd1La shows
the highest value. However, evaluating the same samples by
weight loss or volume loss, the results differ. The CR by
weight loss CRcal24_WL shows a small difference and much
smaller values, and the CR by volume loss by segmentation
grey values in 3D-µCT analysis CRcal24_VL shows no dif-
ference. The sample size of 1 mm height and 10 mm
diameter is too small to get meaningful values for weight
loss after 24 h—the values do not differ much and are very
small compared to all other results, and segmentation of
µCT slides is not conclusive; however, these values are
much higher. The repeated immersion tests underline the
conclusion that the calculation of the CR by weight loss is
not accurate enough at small sample weight and short times,
the CRimm17/24_WL is even higher for Mg10Gd1La1Nd.
After 72 h, the higher CR of Mg10Gd1La can be picked up:
CRimm17/72_WL is almost double as high—the same as has

been seen for CRcal24. Immersion over 168 h (CRimm168_WL

of Mg10Gd1La1Nd close to CR by hydrogen evolution
CRcal24 and CRimm168_WL of Mg10Gd1La close to the
CRcal24_VL) shows a difference in CRs, allowing to say that
alloying Nd reduces the CR, but the difference is smaller
than for CRcal24_WL. That shows that calculating the CR
from hydrogen evolution in isothermal calorimetry is an
adequate method which already allows to discuss CR in an
early stage of corrosion, after 24 h. The micrographs in
Fig. 4 clearly show a higher PF than 2. PF up to 10 can be
seen along the circumference and up to 5 on the bottom
surface areas. For determining the corrosion morphology
larger samples sizes and higher electrolyte volume are
recommended, here the values in [1] give a more appro-
priate statement on the pitting resistivity, coming back to
the conclusion that higher corrosion rates due to a less
protective corrosion layer, and therefore, overlapping pitting
corrosion leads to smaller PFs.

Fig. 3 a CR by hydrogen development/isothermal calorimetry over 24 h, b thermal power by isothermal calorimetry over 24 h, c ph-value
development during immersion and d enthalphy by isothermal calorimetry over 24 h
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Fig. 5 CRs of various methods (CRimm17/24_WL: immersion in 17 ml over 24 h, weight loss, CRimm17/72_WL: immersion in 17 ml over 72 h, weight
loss, CRcal24: in calorimeter in 17 ml over 24 h, hydrogen evolution, CRcal24_WL: in calorimeter in 17 ml over 24 h, weight loss, CRcal24_VL: in
calorimeter in 17 ml over 24 h, volume loss, CRimm168_WL: immersion in 500 ml over 168 h, weight loss)

Fig. 4 µCT analysis (a, b, c, e) and cross-sectional micrographs (d, f) of Mg10Gd1La1Nd (a, c, d) and Mg10Gd1La (b, e, f)
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Table 1 Comparison of the two
alloys in terms of CR

Method Comparison Conclusion

CRimm17/24_WL Mg10Gd1La1Nd > Mg10Gd1La

Mg10Gd1La1Nd < Mg10Gd1La

CRimm17/72_WL Mg10Gd1La1Nd < Mg10Gd1La

CRcal24 Mg10Gd1La1Nd < Mg10Gd1La

CRcal24_WL Mg10Gd1La1Nd < Mg10Gd1La

CRcal24_VL Mg10Gd1La1Nd *= Mg10Gd1La

CRimm168_WL Mg10Gd1La1Nd < Mg10Gd1La
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Part II

Microstructural Evolution and Phase
Transformations



Understanding the Influence of Ca and Zn
on the Microstructure and Texture Evolution
of Mg-(Ca, Zn) Alloys During Static
Recrystallization

Rogine A. Gomez and Aeriel Leonard

Abstract

Magnesium suffers from anisotropy and strong basal
texture due to its hexagonal close-packed (HCP) structure.
Additionally, twinning acts as the major deformation
mode during mechanical loading. Alloying with Ca and
Zn has shown to weaken texture and encourage slipping
as a deformation mode. In this study, the microstructural
and texture evolution of Mg-(Zn, Ca) alloys during static
recrystallization were quantified using in-situ heating,
EBSD, and electron microscopy. The objective is to
understand the influence of Ca and Zn on the twin
formation mediation and texture weakening of Mg. SEM
and EBSD were utilized to quantify recrystallization
behavior and texture, and TEM was used to understand
the dislocation structure near and within various twin
interfaces. It was determined that binary Mg–Zn retain
twinning as a major deformation mode and strong basal
texture after static recrystallization while ternary Mg–Ca–
Zn exhibit slipping and weaker texture after static
recrystallization.

Keywords

Magnesium alloys � Recrystallization �Microstructure �
Texture

Extended Abstract

Magnesium is the lightest structural metal on earth and it is
renowned for its excellent mechanical properties, high
strength-to-weight ratio, and good castability [1]. However,

its hexagonal close-packed (HCP) structure brings intrinsic
anisotropy that causes poor low-temperature formability [1].
This is due to the limited slip systems, which results in
twinning as the major deformation mode [2]. These defor-
mation twins play a significant role in the nucleation and
growth mechanisms that occur during recrystallization (RX).
Recent studies have shown that interfaces associated with
deformation twins serve as preferred nucleation sites of
strain-free grains as they hinder dislocation motion during
thermo-mechanical processing [3–5].

Texture weakening through alloying can improve
low-temperature formability and ductility. Due to the low
CRSS of basal slip, most Mg alloys develop a strong basal
texture during thermo-mechanical processing that can be
retained during subsequent heat treatments or static recrys-
tallization (SRX). Recently, Mg alloys that contain both Ca
and Zn show great promise in weakening the strong basal
texture [6–8]. In this study, binary alloy Mg–2Zn (wt%) and
ternary Mg–2Zn–0.5Ca (wt%) were studied to understand
the influence of Ca and Zn on the mechanisms of defor-
mation, crystallographic texture formation, and nucleation
and growth of strain-free grains during SRX. The
microstructural and texture evolution was quantified using
quasi-in-situ heating experiments that combined both elec-
tron backscatter diffraction (EBSD) and scanning electron
microscopy imaging. Transmission electron microscopy was
used to characterize the interactions between dislocations
and boundaries associated with crystallographic grains and
deformation twins.

The Mg–2Zn and Mg–2Zn–0.5Ca alloys were provided
by CanMet materials in the form of extruded rods. The Mg–
2Zn rod was extruded from a cast billet that is 85 mm in
diameter at 413 ºC at 63.5 mm/min to a final diameter of
15 mm. The Mg–2Zn–0.5Ca rods were extruded from a cast
billet that is 85 mm in diameter at 350 °C at 63.5 mm/min.
A solution treatment process was employed for the alloys to
ensure homogenization of Zn and Ca contents into the
material. The Mg–2Zn alloy was solution treated at 350 °C
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for 4 h, and the Mg–2Zn–0.5Ca alloy was solution treated at
375 °C for 6 h. After solution treatment, the rods were
water-quenched to retain the homogenized microstructure.

Room-temperature, uniaxial, compressive loading was
performed along the working direction to initiate deforma-
tion twinning in the material. Figure 1 shows the
microstructure of Mg–2Zn and Mg–2Zn–0.5Ca after defor-
mation. It was found that twinning was a major deformation
mode in Mg–2Zn. It was determined that {10–12} extension
twins are the most prevalent twinning system in this alloy as
characterized by the orientation of the basal poles 90º from
the compression direction. These twins formed to accom-
modate for the c-axis extension of the crystal [9]. On the
other hand, Mg–2Zn–0.5Ca exhibited basal dislocation slip
as the predominant deformation mode. Although {10–12}
extension twins are present, they do not contribute signifi-
cantly to the deformation behavior of this material given
their smaller area fraction. While Mg–2Zn showed that 60%
of the scanned area consisted of twins, Mg–2Zn–0.5Ca

exhibited only 3%. This behavior suggested that alloying
with Ca and Zn can reduce twin formation, making basal
dislocation slip as the predominant deformation mode for
Mg alloys [10, 11].

After room-temperature deformation, ex-situ annealing
was performed to determine appropriate time and tempera-
ture parameters for in-situ SEM heating experiments. At
350 °C, RX is instantaneous where late-stage RX can be
observed as early as 30 s. This indicates that this temperature
is sufficient in consuming deformed grains and driving RX.

In-SEM heating experiments were performed to deter-
mine preferred nucleation sites and their effect on the crys-
tallographic texture evolution of the recrystallized grains.
Figure 2 shows the microstructural evolution of a grain in
Mg–2Zn. It can be observed that newly recrystallized grains
preferentially nucleated along grain boundaries and twins.
Additionally, as RX proceeded, the strong basal texture
formed during deformation was retained throughout the RX
process.

Fig. 1 IPF maps of as-compressed a Mg–2Zn and b Mg–2Zn–0.5Ca

Fig. 2 IPF maps of Mg–2Zn showing nucleation and early-stage recrystallization occurring within twins and grain boundaries during in-situ
heating
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In Mg–2Zn–0.5Ca, it was determined that triple junctions
and twin-grain boundary interfaces serve as preferred
nucleation sites. With Ca addition, the recrystallized texture
exhibits a large angle distribution, indicating a wider spread
in the crystallographic orientation and a weaker overall
texture [11, 12]. Combining Ca and Zn in Mg alloys shows
potential in reducing twin formation during deformation and
weakening the basal texture during SRX.
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Microstructural Evolution Near Microcrack
in AZ31 Mg Alloy Under Electropulses

Jinyeong Yu, Seong Ho Lee, Seho Cheon, Mooseong Mun,
Jeong Hun Lee, and Taekyung Lee

Abstract

Electropulsing treatment (EPT) is a novel method utiliz-
ing the Joule effect for efficient metal heating. EPT's
advantages over traditional furnace methods have led to
growing interest, particularly its defect-repair potential at
sub-melting temperatures. Our study introduces an alter-
native EPT process using direct current (DC) for reduced
energy consumption and enhanced scalability. The
research involves applying square wave pulses with
varying current densities to AZ31 magnesium, examining
microstructural changes in pre-cracked sheets under EPT.
Subsequent fatigue tests induce controlled pre-cracks,
revealing localized welding around the cracks post-EPT.
The study diverges by proposing a “current detour effect”
and a point-wise current source amplifying the Joule
effect for defect repair. Observed {10−12} extension
twins support the hypothesis, attributed to the compres-
sive stress from EPT. However, calculated thermal
compressive stress remains below the CRSS for the {10
−12} twin. Distinct recrystallization kinetics, such as
continuous static recrystallization, might be influential
around the entire crack regions.

Keywords

Magnesium � Electropulsing � Defect repair

Extended Abstract

Electropulsing treatment (EPT) offers an alternative
approach to heat metals, utilizing the Joule heating mecha-
nism. EPT has gained significant attention due to its
improved energy efficiency and rapid heating capabilities
compared to traditional furnace-based heating methods [1,
2]. Recent research has demonstrated its potential to rectify
existing defects, even at temperatures below the material's
melting point. However, previous studies primarily
employed a capacitor discharge technique, which resulted in
considerable power consumption [3–6]. In contrast, our
study introduces an alternative EPT process using a direct
current (DC) power supply, with a focus on reducing power
consumption and peak current density, indicating potential
for broader industrial applications.

The experimental procedure involved applying square
wave pulses to the designated material for five seconds while
varying current densities. Our investigation explores the
microstructural changes in an as-rolled AZ31 magnesium
sheet subjected to the developed EPT regimen. Before EPT
application, a high-cycle fatigue test induced a pre-existing
crack of approximately 1 mm in length within the sheet
sample. The cyclic loading direction was aligned parallel to
the material's rolling direction (RD). EPT resulted in
noticeable localized welding near the pre-existing crack,
occurring notably at a peak temperature of around 523 K,
which is below the melting point of magnesium. The ensu-
ing fatigue crack was divided into tip, central, and opening
sections, each meticulously examined using SEM and
EBSD.

Diverging from previous research, our investigation into
pre-existing crack restoration reveals a discontinuous nature,
suggesting the activation of distinct healing mechanisms.
The primary concept centers around the “current detour
effect,” proposing that applied current diverts upon
encountering the defect, intensifying Joule heating in prox-
imity to the pre-existing defects, particularly at the crack tip
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section. This intensified Joule effect contributes to progres-
sive defect repair. Alternatively, our study suggests the
existence of a current source capable of amplifying the Joule
effect at localized contact points spread across the entire
crack section. The credibility of our hypothesis is substan-
tiated by the observation of {10−12} extension twins within
the non-uniform crack region (see Fig. 1). Consistent with
the rolled texture and cyclic loading conditions (i.e., the fully
reversed pattern applied along the RD), these {10−12}
extension twins are prone to form in regions experiencing
compressive stress where c-axis extension occurs. The
thermal compressive stress arising from the EPT process
appears to underlie the genesis of these {10−12} extension
twins.

Calculations indicate that the thermal compressive stress
generated by the peak temperature of the EPT process
(523 K) remains below 10 MPa, a value lower than the
critical resolved shear stress (CRSS) for the {10−12} twins
[7]. It is also noteworthy that distinct recrystallization
kinetics attributed to the compressive stress, such as con-
tinuous static recrystallization (CSRX), may be at play in the
vicinity of the crack regions [8]. The investigation into
recrystallization kinetics was conducted through

quasi-in-situ EBSD analysis, by capturing images immedi-
ately after the application of individual pulses. Confirmation
was provided that each pulse application resulted in the
formation of {10−12} twins and the subsequent twin prop-
agation within neighboring grains was also validated.
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Data Science Approach for EBSD Data
Processing and Materials Design
for Magnesium Alloy

Haoran Yi, Xun Zeng, and Dikai Guan

Abstract

Electron backscatter diffraction method is widely adopted
in metal fields. However, despite the abundant data
sources, sufficient analysis covering all features is often
absent. Especially with the emerging in-situ techniques,
data processing is time-consuming, where access to every
bit of data is imperative. In this work, a toolkit is
developed with the aim of processing EBSD data
automatically and efficiently. Two parts of toolkits are
developed with Matlab and Mtex. One is used to correlate
two maps, with simple implementation, results will
generate within few minutes, indicating the grains
correlation between two maps. The other correlates a
series of in-situ datasets, making each individual grain
become trackable. With the assistance of the toolkits, a
large dataset containing pixels, digital information, and
grains properties through an in-situ process can be
created. Thus, the microfeatures and grain behaviors are
studied using novel data science methods, especially
machine learning and deep learning.

Keyword

Electron backscatter diffraction (EBSD) � Data
processing � Magnesium alloy

Extended Abstract

The electron backscatter diffraction (EBSD) technique is
extensively utilized for microanalysis in metallurgy field, for
its ability of extracting grain features from sample surface.
However, despite the abundant information stored in EBSD
maps, sufficient analysis covering all data is often absent.
Especially with the emerging in-situ [1] and quasi-in-situ [2]
methods, data processing becomes time-consuming. In this
study, a new approach is investigated aiming to process
in-situ EBSD maps comprehensively and efficiently. The
result obtained reflects the dataset statistically and provides
potential for data science application.

A demonstration is presented here to exhibit this ap-
proach clearly, using quasi-in-situ EBSD maps. Figure 1 is
the example data of WE43 Mg alloy under different
annealing time, sample details, and experimental procedure
can be found in reference [3]. Between these two maps,
recrystallization and grain growth can be observed but
cannot be quantified, because each map contains thousands
of grains, which are labelled in chaos. In two maps, a same
grain can exhibit different IDs and coordinates, making it
challengeable to calibrate manually. In case of multiple
in-situ maps, it is extremely difficult to process the data in a
statistical way.

A dynamic correlation algorithm is designed to solve the
above problem, as shown in Fig. 2. Starting with a manually
matched grain, input its IDs from two maps as the initial
‘reference’, the coordinate difference ‘displacement vector’
of this grain between two maps is then calculated. The
neighbour grains of ‘reference’ in the first map (EBSD1) is
extracted and used to match grains in the second map
(EBSD2), within the searching range decided by the ‘dis-
placement vector’.

The algorithm is realized by a script toolbox developed
with MATLAB and MTEX. Starting with simple inputs (two
IDs), the script will begin iterating and renewing the ‘ref-
erence’ and ‘displacement vector’ dynamically, while

H. Yi � X. Zeng � D. Guan (&)
University of Southampton, University Road,
Southampton, SO171BJ, UK
e-mail: dikai.guan@soton.ac.uk

H. Yi
e-mail: hy1v22@soton.ac.uk

X. Zeng
e-mail: x.zeng@soton.ac.uk

© The Minerals, Metals & Materials Society 2024
A. Leonard et al. (eds.), Magnesium Technology 2024, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-50240-8_10

49

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_10&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_10&amp;domain=pdf
mailto:dikai.guan@soton.ac.uk
mailto:hy1v22@soton.ac.uk
mailto:x.zeng@soton.ac.uk
https://doi.org/10.1007/978-3-031-50240-8_10


Fig. 1 Cold rolled WE43 Mg alloy under 490 °C annealing for (left) 39 min (right) 90 min [3]

Fig. 2 Dynamic correlation algorithm
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conducting the correlation. The general workflow has a
layer-by-layer structure, and the first layer is the initial input
reference grain. Calculation process will finish when all the
grains have been included, which normally within 20 min
depending on the data size.

Figure 3 is the iterating calculation process of the
example WE43 quasi-in-situ data. In this demonstration,
approximately five thousand grains were calculated within
15 min, which significantly reduced data processing time.
Moreover, the toolbox gave high quality results, with the
support of dynamic algorithm.

Figure 4 shows the calculation results. Top row is the
correlation result between example maps. All grains here are
divided into three groups, which is ‘Maintained Grains’ that
exist in both maps (red colour), ‘Consumed Grains’ that
exist only in EBSD1 (grey colour), ‘Newly Formed Grains’
that exist only in EBSD2 (blue colour). Since in-situ and
quasi-in-situ maps are sequentially arranged in time series,
these three groups could reflect the changes between EBSD
maps along with time. It is noticeable that some grains with
irregular shape might affect their centroid coordinate, and
further effect the correlation results. These irregular grains
normally have bigger grain size, therefore easy to calibrate
manually.

The three groups of grains are stored as subsets to original
data, which provides convenience for further analysis. Fig-
ure 4 shows the grain size distribution and texture analysis.
For maintained grains, size has barely changed between two
maps, and the orientation is evolving towards a basal texture.

For consumed grains, they tend to have smaller size and
randomly distributed orientation comparing with maintained
grains in EBSD1. For newly formed grains, their size is
much smaller comparing with maintained grains in EBSD2
and exhibit a stronger basal texture. Further to the correlation
between two maps, multiple maps can be processed by this
approach. Firstly, each two following maps need to be cor-
related, then implement another specifically developed script
which does not require user intervention. Individual grain
can be tracked through the dataset. For example, 8 maps are
processed and selecting a grain a in stage 3, its IDs in all 8
stages will be given in a time sequence.

In conclusion, the presented approach has proved the
capability regarding to the task of processing EBSD data
comprehensively and efficiently. The results give a statistical
reflection upon the evolution during in-situ and quasi-in-situ
experiments. For example, tracking grains behaviour during
recrystallisation process within magnesium alloys. With
simple implementation, connections can be created
throughout multiple EBSD maps, and individual grain
become trackable along the heat treatment process. The
results here create a dataset containing pixels, digital infor-
mation, individual grains & their properties, which is
inspirational for data science methods like machine learning
and deep learning [4–6]. In the presenting work, a deep
learning model is under developing, with an objective of
predicting ‘the next step result’ of the in-situ dataset. Sui-
table algorithms, formats, workflows are under investigating
and should be available soon.

Fig. 3 Calculation process in
EBSD1, white for not calculated
grains; gray for grains being
calculate; blue for grains have
been calculated
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Fig. 4 Calculation results (top left) 39 min annealing (top right) 90 min annealing, different colour indicates different grains type: Consumed
Grains; Maintained Grains; Newly formed Grains. Together with grain size distribution and texture evolution
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Alloy Development, Microstructural,
and Mechanical Behaviour of Mg–Ce
Based Alloys

Hemant Kumar, Chandra Shekhar Perugu,
and Surendra Kumar Makineni

Abstract

Lightweight magnesium (Mg) alloys attract great atten-
tion for automotive applications, especially in power train
components. It acknowledges the potential of rare earth
elements, specifically cerium (Ce), as an alloying addition
to enhance the mechanical properties of Mg alloys at both
room and high temperatures. However, its precise role is
not yet well understood, particularly regarding nano-scale
phase transformations, interface-solute segregations, and
their effect on mechanical behaviour. To address this
knowledge gap, the study focuses on design of Mg–Ce
based alloys with further alloying additions of Dy, Gd,
and Zr for high temperature applications. More specifi-
cally, we investigate the evolution of strengthening
metastable and stable precipitates and their influence on
their mechanical properties. A thorough microstructural
analysis of the alloys using Transmission Electron
Microscopy (TEM), and Atom Probe Tomography
(APT) will be presented.

Keywords

Magnesium alloys �Mg–Ce based alloys � Transmission
electron microscopy � Atom probe tomography

Extended Abstract

Lightweight magnesium (Mg) alloys attract great attention
for automotive applications, especially in power train com-
ponents [1]. It acknowledges the potential of rare earth
elements, specifically cerium (Ce), as an alloying addition to
enhance the mechanical properties of Mg alloys at both
room and high temperatures [2]. However, its precise role is
not yet well understood, particularly regarding nano-scale
phase transformations, interface-solute segregations, and
their effect on mechanical behaviour. Additionally, the lit-
erature suggests that dilute Mg–Ce alloys are not precipita-
tion hardenable. To address this knowledge gap, the present
work focuses on design of dilute Mg–Ce based alloys with
further alloying additions of Dy, Gd, and Zr for high tem-
perature applications. More specifically, we investigate the
structural evolution of strengthening metastable and stable
precipitates and their influence on their mechanical
properties.

Figure 1 shows back-scattered-electron images of extru-
ded Pure Mg and Mg–Ce alloys. It clearly reveals Ce rich
bright precipitates distributed mainly along the grain
boundaries. These precipitates led to a significant grain
refinement as shown through the EBSD maps below
respectively. The binary alloy showed and increase in yield
strength to *175 MPa as compared to *110 MPa for pure
Mg also with an increase in ductility by *10%. Addition-
ally, creep tests reveal a nearly two fold increase in activa-
tion energy at 80 MPa of stress with a significant increase in
creep life up to 200 °C. The binary alloys found not to be
precipitation hardenable on aging at intermediate tempera-
tures. However, with the addition of Dy and Gd, these alloys
show extensive hardening on aging at 200 °C [3, 4]. A de-
tailed microstructural analysis by TEM and APT shows
partitioning of Dy and Gd along with the Ce to the
strengthening precipitates, grain boundaries and twins. The
obtained results are discussed based on the measured
mechanical and creep properties of the alloys.
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Fig. 1 Comparison of
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extruded pure Mg and Mg–Ce
alloys

56 H. Kumar et al.



The Multi-Solute Solid Solution Behaviour
of Magnesium Alloys and Their Application
on Materials Design

Yuan Yuan, Tao Chen, Xianhua Chen, and Fusheng Pan

Abstract

The low-density magnesium (Mg) alloys are attractive for
the application in aerospace, transportation, and other
weight-saving-required fields. It is noteworthy that the
solid solution of alloying elements in the a-Mg phase can
have multi-effects on the properties of Mg alloys, e.g.
solid solution strengthening, solid solution corrosion-
resistance-enhancing, etc. And it is also notably the
functional properties, e.g. damping capacities, magnetic
shielding properties can also be tailored by controlling the
solution in the matrix. It is promising that by selected
proper multi-alloying-elements (with optimal ratio) solid
solution in the a-Mg phase, the comprehensive properties
of Mg alloys can be synergy improved. In this work, the
solid solution behaviour of Mg alloys and the followed
solid solution property-enhancing effects were studied.
Three types solution behaviour in the ternary magnesium
alloy systems were proposed and the application for the
materials design for specified functions were proposed.

Keyword

Magnesium alloys� Solution behavior�Materials design

Extended Abstract

The low-density magnesium (Mg) alloys are attractive for
the application in aerospace, transportation, and other
weight-saving-required fields [1, 2]. Additionally, the

magnesium alloys also have some unique properties, such as
good biocompatibility and biodegradability, high damping
capacity, good magnetic shielding properties and etc., which
can provide plus functional properties for the structural
applications [3–5]. Therefore, the green, eco-friendly Mg
alloys attract a new round of attentions under the zero-CO2

Policy.
However, the mass production and application of Mg

alloys are still quite limited. Firstly, different with Fe alloys or
Ti alloys, there is no martensitic phase transformation in Mg
alloys and the strength of normally Mg alloys is not so high.
Secondly, due to the hpc structure of primary Mg phase and
the lack of the slip systems, the low room-temperature
formability and ductility of Mg alloys lead a high cost for the
manufacture of Mg alloys. Thirdly, the corrosion resistance
of Mg alloy is not good enough and the further
surface-treatment of the Mg alloys is needed for most of
applications [6]. Fourthly, there is always dilemma between
the high mechanical property and high functional property
for the functional and structural integrated Mg alloys.

Consequently, there are many studies on these aspects and
the effects of alloying elements are always the most basic
study points. It is noteworthy, as being Mg alloys, the most
important phase is inevitably the primary Mg phase. Hence,
the solid solution strengthening and softening mechanism [7,
8], solid solution anti-oxidation mechanism [9, 10], solid
solution corrosion-resistance-enhancing mechanism [11, 12],
are proposed for Mg alloys and also wildly approved and
applied in various Mg alloy design, etc. [1]. Additionally, it is
also notably, the functional properties, e.g. damping capaci-
ties [3], magnetic shielding property, can also be tailored by
controlling the alloying element solution in the matrix. To be
concluded, the solution and precipitation behavior of alloying
elements in Mg alloys are quite fundamental and important
for the magnesium alloy design. Based on extensive review,
it is found the multi-alloying-element-solution in primary Mg
phase may bring cocktail effects and deliver the balanced
comprehensive properties [1].
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Early at 1934, Hume-Rothery [13] has proposed the basic
rules of the multi-solution behavior of binary alloys. In this
work, the detailed effects of alloying elements on the lattice
parameters, inherited chemical and physical properties of
primary Mg phase (including lattice distortion, solution
energy, work functions, etc.) have been calculated. And the
correlation between the alloying elements’ features and
solubility in primary Mg phase has been proposed [14].
Further, the two different alloying elements solution in the
primary Mg phase has been studied, including the element’s
interactions, the change of the properties of primary Mg
phase, and etc. [15]. Specially, the relatively substitution
sites of the two different alloying elements have been con-
sidering in this calculation, where dozen pair-sites have been
selected. It is observed, the similarity of the elements can
significantly affect the relatively substitution sites in the
lattice.

Based on the above work, the solution behavior of two
alloying elements in the primary Mg phase have been ther-
modynamic calculated, where some of typical systems were
also experimental studied. With study on dozens ternary
Mg-based systems, it is observed the solution behavior of
two alloying elements in the primary Mg phase are with
quite typical features. Here the calculated solution curves of
Mg–Sc–X ternary systems using current available thermo-
dynamic database TCMg have been selected as the example,
as shown in Fig. 1, where the solution curves of Mg–Sc–In,
Mg–Sc–Li, and Mg–Sc–Er systems show quite different
features. Considering the precision of the database, series
alloy experiments have been performed and these solution
behavior features have been validated. Combining those
typical solution behaviour features and physical relation
between varied properties and the matrix, the basic alloy

design principles of varied targeted magnesium alloys have
been proposed. With the design concept, we designed the
ultrahigh damping magnesium alloy [3] and the low degra-
dation rate of Mg–Sr–Y alloy [11].

It is promising that by selected proper multi-alloying-
elements (with optimal ratio) solid solution in the a-Mg
phase, the comprehensive properties of Mg alloys with tar-
geted performance can be synergy improved. The describing
of the solution behavior and the proposed material design
principles can also be applied into other alloy systems.
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Microstructural Evolution of Hot-Rolled
AZ31 Mg Plate Induced by Electropulsing
Treatment

Seho Cheon, Jinyeong Yu, Seong Ho Lee, Sung Hyuk Park,
and Taekyung Lee

Abstract

Mg alloys need to be thermomechanically treated at
elevated temperatures due to the limited formability at
room temperature. Electropulsing treatment (EPT) is a
new method of heat treatment that utilizes Joule heating
directly through electric current to a metal specimen. The
process has various advantages, such as rapid heating and
energy efficiency, in comparison to the conventional
heating method. The authors’ recent study suggested the
anisotropic nature of EPT, namely electropulsing aniso-
tropy. Specifically, AZ31 Mg alloy exhibits distinct
kinetics of microstructural evolution depending on the
direction of electropulsing. As the following study, this
present work further investigates the electropulsing
anisotropy excluding the effect of grain boundaries.
EPT was applied in three directions using AZ31 Mg
plate composed of equiaxed grains, which allow for a
detailed study of the sole effect of texture on the
anisotropy.

Keywords
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Extended Abstract

Mg alloys require a thermomechanical treatment at elevated
temperatures due to their limited formability at room tem-
perature. When an electric current is applied to a metal, heat
is generated due to the Joule effect. This concept forms the

basis of electropulsing treatment (EPT), which involves
directly administering electric current to the metal to induce
a microstructural evolution through thermal effect [1]. The
process offers several advantages, notably rapid heating and
heightened energy efficiency, as compared to conventional
furnace heat treatment (FHT).

There have been a number of researchers suggesting an
athermal effect of EPT [2–4], which is not the Joule heating
but the influence of electric current itself. For example, Jin
et al. [2] compared FHT and EPT with respect to a rolled
ZK60 Mg alloy, revealing that EPT remarkably enhanced
recrystallization and grain growth behavior despite the
similar processing conditions. This improvement was
attributed to the additional free energy introduced by the
electropulse, thereby intensifying the driving force of
recrystallization. Our recent study [5] suggested an aniso-
tropic nature of EPT, denoted as electropulsing anisotropy.
Extruded ZK60 alloy exhibited distinct microstructural
evolution depending on the direction of electropulse. Elec-
tropulsing along the extrusion direction resulted in a larger
recrystallized area compared to those subjected to either
FHT or electropulsing along the transverse direction, despite
the lower temperature.

However, the previous study could not separate the
effects of grain structure and texture owing to the nature of
extruded alloy. The present work further investigates the
electropulsing anisotropy excluding the effect of grain
boundaries. For this purpose, AZ31 Mg alloy underwent hot
rolling to include completely equiaxed grains and typical
basal texture where basal poles were aligned with the normal
direction (ND). EPT was applied along three directions: ND,
rolling direction (RD), and 45°-inclined direction from ND
to RD, namely diagonal direction (DD), respectively. This
signifies an electropulsing applied in the parallel, perpen-
dicular, and 45°-inclined to the basal pole, as illustrated in
Fig. 1.

Under the identical condition, RD sample showed the
highest temperature, followed by the DD and ND samples.
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The trend of grain size exhibited the same sequence.
Compared to the as-received sample, where the grain size
was 34.84 um, it increased to 70.73 um in RD and 46.04 um
in DD, but did not show a meaningful change in ND at 36.13
um. Similarly, KAM values decreased to 0.55 in RD, and
0.74 in DD compared to the as-received sample (0.81), but
ND did not change significantly at 0.83. These results imply
the presence of electropulsing anisotropy, even after
excluding the effect of grain morphology. This phenomenon
is caused by the difference in electrical resistivity depending
on the atomic orientation (i.e., the texture). According to the
Joule heating theory [6], the temperature elevation resulting
from a electropulse is proportional to the electrical resistiv-
ity. The resistivity was higher in order of ND, RD, and DD
when measuring the resistivity based on direction. There-
fore, the microstructural differences depending on the elec-
tropulsing direction can be attributed to the thermal effect. In
addition, an athermal effect also contributed to microstruc-
tural evolution. EPT specimens showed a more rapid grain
growth and lower strain energy compared to the FHT
counterparts.
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An Integrated Computational
and Experimental Study of Static
Recrystallization in the Mg–Zn–Ca
Alloy System

T. D. Berman, D. Montiel, M. Pilipchuk, M. Yaghoobi, K. Thornton,
V. Sundararaghavan, and J. E. Allison

Abstract

The PRISMS Center is utilizing both experimental studies
and simulations to better understand the effect of alloying
on static recrystallization in alloys in the Mg–Zn–Ca
system. The kinetics and mechanisms of recrystallization
are characterized using electron backscatter diffraction on
annealed Gleeble plane-strain compression samples. This
data is used to inform the computational models. In order
to simulate alloying effects on static recrystallization, a
sequentially integrated PRISMS-PF/PRISMS-Plasticity
framework is employed. PRISMS-Plasticity calculates
the dislocation density distribution within a microstruc-
ture after deformation. PRISMS-PF reads both the
microstructure and the average dislocation density per
grain as inputs and then computes the evolution of
recrystallized grains by taking into account the differences
in stored energy between grains. This capability can be
used to predict the volume fraction and distribution of
recrystallized grains as a function of time which will be
compared to an experimentally determined Johnson–
Mehl–Avrami–Kolmogorov (JMAK) relationship.

Keyword

Recrystallization � ICME � Texture

Extended Abstract

Producing affordable, formable magnesium alloy sheet is a
long-standing technological challenge that limits widespread
use of magnesium. It has been established that alloying Mg

with Zn and Ca can lead to relatively weak recrystallization
textures [1–5] and improved formability [6–8] but the
mechanisms responsible are still not fully understood [9].
This limits the development of predictive models for alloy
design. The PRISMS Center is utilizing both experimental
studies and simulations to better understand the effect of
alloying on static recrystallization in alloys in the Mg–Zn–
Ca system.

The kinetics of recrystallization were characterized using
electron backscatter diffraction (EBSD) on annealed
plane-strain compression samples prepared using a Gleeble
3500 thermomechanical processing simulator. Four different
alloys were studied, Mg–0.1Ca, Mg–3Zn, Mg–1Zn–0.1Ca,
and Mg–3Zn–0.1Ca (in wt%). Compression was performed
at a temperature of 200ºC using a strain rate of 0.5 s−1.
Immediately following deformation, the specimen tempera-
ture was ramped to the desired annealing temperature at a
rate of 5 ºC per second. Following annealing, the specimens
were quenched in the Gleeble using forced air. EBSD was
used to characterize the grain size, grain morphology,
crystallographic texture, and the extent of recrystallization.
Grains with a grain orientation spread < 1° were considered
to be recrystallized.

A comparison between the recrystallization kinetics of
the four alloys when annealed at 350 °C following a 17
pct reduction in height is shown in Fig. 1a, where the
percentage of recrystallization vs. annealing time is plotted
for each alloy. None of the alloys exhibited signs of
recrystallization in the as-deformed state. The Mg-3Zn
binary alloy exhibited the fastest kinetics, with more than
half of the area recrystallized within 20 s of deformation
(at which point the temperature had increased from 200 to
300 °C). The addition of 0.1Ca to Mg–3Zn retarded the
static recrystallization process; this alloy was approxi-
mately 20% recrystallized by the time the specimen
reached the desired annealing temperature of 350 °C.
Decreasing or removing Zn also decreased the kinetics of
static recrystallization.
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In order to simulate static recrystallization, a sequentially
integrated PRISMS-PF/PRISMS-Plasticity framework was
employed. The Taylor model pipeline in PRISMS-Plasticity
[10] is used to simulate the response of the magnesium
alloys during deformation. The Gleeble stress–strain curves
were used to calibrate the crystal plasticity model, which
calculates the dislocation density distribution within a
microstructure after deformation. PRISMS-PF reads both the
microstructure (an experimentally equivalent reconstruction
generated using Dream.3D) and the average dislocation
density per grain as inputs. PRISMS-PF then computes the
evolution of recrystallized grains by considering the differ-
ences in stored energy between grains using the same
approach as Gentry et al. [11]. Currently, all nuclei are
seeded at the beginning of the simulation and they are placed
preferentially at grain boundaries and triple junctions. This
capability can be used to predict the volume fraction and
distribution of recrystallized grains as a function of time,
which will be compared to the experimentally determined
kinetics. An example of a 2D simulation is shown in Fig. 1b.
Current work in the PRISMS Center includes applying the
model to simulate 3D microstructures and incorporating
inputs from molecular dynamic grain boundary energy and
mobility models to better capture alloying effects.
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Part III

Deformation Mechanisms



An Experimental Study on Twinning
Behavior in Mg Alloys with Different Solute
Elements

Qianying Shi and John Allison

Abstract

Twinning is an important deformation mode in magne-
sium alloys; however, the influence of different solute
elements remains a topic of active research. In this study,
the influence of solute elements on twinning activity
during monotonic and cyclic loading has been investi-
gated in Mg alloys containing the rare earth elements Nd
and Y as well as non-rare earth elements Al, Zn, and Ca.
In-situ EBSD was used at multiple load steps to quantify
the level of deformation twinning and twin variants. In
addition, high-resolution TEM has been used to study
twin characteristics. Our results indicate that a high level
of Y addition significantly retards twin activity and, in
addition to the more common 1012

� �
extension twins,

also promotes a second type of tension twins 1121
� �

.
Similarly, the addition of Nd leads to a reduction in twin
activity. These results will be compared with twin activity
in non-rare earth alloys.

Keywords

Magnesium alloys � Rare earth � Y � Twinning � Twin
boundary segregation

Extended Abstract

Since the available slip deformation modes are inherently
restricted by the hexagonal close-packed structure of Mg,
twinning is an important deformation mode in Mg and Mg
alloys to accommodate the deformation along the c-axis [1–
3]. However, the influence of different solute elements
remains a topic of active research. In this study, Mg alloys

containing the rare earth elements Nd and Y as well as the
non-rare earth elements Al, Zn, and Ca were studied to
understand the alloying effect on twinning activity during
monotonic and cyclic loading.

Y is of great interest in terms of its effect on the defor-
mation behavior in Mg alloys, which has been found to
activate non-basal slip, i.e., a higher activity of pyrami-
dal ≺c + a≻ dislocations, resulting in a significant
improvement of the ductility at room temperature [4–6].
Two Mg–Y alloys with different Y additions, Mg–1wt%Y
and Mg–7wt%Y, were used in this study to investigate the Y
effect on twinning behavior. Figure 1a, b compares the
fraction of twins formed in these two alloys after a com-
pression test with approximately 1% plastic strain. It is
clearly seen that the twin fraction in Mg–7wt%Y alloy is
much lower than that in Mg–1wt%Y alloy, indicating a high
level of Y addition significantly retards twinning activity. In
addition, all twins formed in Mg–1wt%Y alloy were iden-
tified as the commonly activated 1012

� �
extension twin

(Type I), while a second type of extension twin (Type II,
1121

� �
twins) was also observed in Mg–7wt%Y alloy. As

shown in Fig. 1c, twins with boundaries outlined in white
lines are 1121

� �
extension twins, which appears in a more

narrow and straight morphology compared to 1012
� �

twins
outlined in black lines.

Two types of atomic arrangement at the twin boundary
for Type I 1012

� �
extension twin were reported in previous

studies [7–10]. The classical coherent twin boundary (CTB),
where the twin boundary is perfectly straight and the atoms
from twin and matrix crystals are symmetrical, and
basal-prismatic (BP) interface, which is in a stair-steps shape
with random size or length of stairs. The twin boundary
structure in current studied Mg–Y alloys was characterized
using high-resolution STEM and EDS to compare the effect
of different Y additions. Both CTB and BP interface were
observed in two Mg–Y alloys after compression with a
plastic strain of * 5%. Significant Y segregation was
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Fig. 1 EBSD IPF maps to characterize the microstructures of Mg–Y alloys after compression deformation. a Mg–1wt%Y alloy, * 1% plastic
strain; b Mg–7wt%Y alloy, * 1% plastic strain; c Mg–7wt%Y alloy, * 5% plastic strain

Fig. 2 High-resolution STEM-HAADF image (a) and EDS map of Y concentration (b) in Mg–7wt%Y alloy after approximately 5% plastic strain
compression

Fig. 3 In-situ EBSD test to quantify the level of deformation twinning and twin variants. a Stress versus strain plot of one Mg–2.4wt%Nd sample;
b EBSD IPF map and twin variant map at load step 3 (tension cycle); c EBSD IPF map and twin variant map at load step 7 (compression cycle)
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observed in 1012
� �

twin boundaries in Mg–7wt%Y alloy,
while no clear TB segregation was detected in Mg–1wt%Y
alloy. As shown in Fig. 2, Y segregated at the twin boundary
in the form of clusters instead of being continuously dis-
tributed. More BP stairs were observed in Mg–7wt%Y alloy,
which were believed to be associated with the Y segregation.

In-situ mechanical tests were applied in SEM equipment
with EBSD detector to collect data at multiple load steps
during cyclic loading [11]. The level of deformation twin-
ning and twin variants were identified and quantified. The
alloys with rare earth elements Y and Nd were found a
reduction in twin activity compared to pure Mg and Mg–Al
alloys. Additionally, it is interesting to find that twinning
occurs in both tension and compression loading in Mg-2.4wt
%Nd alloy, as shown in Fig. 3, which is attributed to the
weak rotated basal texture. Different 1012

� �
extension twin

variants were observed during tension and compression
loading. More in-depth analysis is being conducted to
investigate the alloying effect on twinning behavior.
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In Situ Tomographic Investigation
of the Combined Effect of Mechanical Load
and Degradation on Mg2Y1Zn(Gd, Ag, Ca)

P. dos Santos Mallmann, B. Hindenlang, S. Bruns, J. Bohlen,
D. C. F. Wieland, F. Wilde, and D. Tolnai

Abstract

The mechanical properties of Mg can be substantially
improved by the addition of Y and Zn. Further, alloying
elements modify the secondary phases formed by the
former, enabling to tailor the properties. Samples of pure
Mg1.8Y0.6Zn and modified with 1.6 wt% Gd, 1 wt% Ag,
or 0.4 wt% of Ca were subjected to in situ tensile testing
with a strain rate of 103 s−1 and 10–4 s−1 in air and
submerged in NaCl solution and SBF, respectively.
During testing, synchrotron tomographies were acquired
to follow the crack evolution and the interaction of
mechanical and corrosion damage until failure. The
results show that the degradation media has a drastic
effect on the mechanical properties in all the alloys,
changing the brittle fracture in air to a more ductile
behaviour in media. Lower strain rates, due to the longer
duration of the experiment, enable the degradation to
have a more profound effect.

Keywords

Mg–Y–Zn alloys � In situ synchrotron tomography �
Tensile test � Degradation

Extended Abstract

Due to its similar elastic modulus to cortical bone and
degradation under physiological conditions, magnesium is
considered as an implant material. The matching mechanical
properties allow the implants to provide optimal support,
while the degradation and the obsolete removal surgery
increase patient comfort and reduce risk and medical costs
[1]. The mechanical properties of Mg can be substantially
improved by the addition of Y and Zn. Favourable pro-
cessing conditions lead to the formation of a long periodic
stacking-ordered structure (LPSO) that provides superior
strength without deteriorating the ductility [2]. Further,
alloying elements modify the secondary phases, enabling to
tailor the property profile. Complemented with the biocom-
patibility of Mg–Y–Zn (WZ) alloys makes them suitable as
biodegradable implant materials [3, 4]. For this purpose, the
degradation process and the influence of the surrounding
tissue have been targeted by numerous investigations [5].
This complex process is effected by many parameters, e.g.,
material composition, processing, and production of the
implant, the mechanical load during and after the implan-
tation, but also the ionic composition of the corrosive media
and the content of organic molecules in the environment [6].
In corrosive environment mechanical loads even at moderate
stress levels can lead to crack formation resulting in stress
corrosion cracking (SCC) [7]. Several parameters influence
the SCC (e.g., environment, microstructure, strain, strain
rate, etc.), whereas the strain and degradation rates play a
pivotal role. SCC occurs, when both the degradation and the
mechanical load simultaneously contribute to the failure
process.

Synchrotron-based X-ray tomography is a well-suited
tool to follow damage evolution in the material subjected to
simultaneous degradation and mechanical load conditions as
it allows in situ investigations with the needed resolution [8].
In the frame of this project, we aimed to follow the crack
evolution and the interaction of mechanical and corrosion
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damage until failure in 3D in order to retrieve deeper
knowledge on the SCC phenomena.

Mg1.8Y0.6Zn in pure form and modified with 1.6 wt%
Gd, 1 wt% Ag, or 0.4 wt% of Ca, were produced by per-
manent mould indirect chill casting [9]. The ingots were
homogenized at 400 °C for 24 h and subsequently quenched
in water. Indirect extrusion was carried out at 400 °C with an
extrusion speed of 1 mm�s−1 from round bars with a diam-
eter of 10 mm corresponding to an extrusion ratio of 1:25.
Cylindrical tensile samples with a notch, to reduce the region
of interest, were subjected to in situ tensile testing with an
initial strain rate of 10–3 and 10–4 s−1 in air and submerged
in NaCl solution and SBF. The tests were stopped at certain
forces to perform the tomographic tests. During these peri-
ods, 4000 radiographies were recorded with a monochro-
matic beam at an energy of 38 keV and an acquisition time
of 230 ms per radiogram at the nearest possible

sample-to-detector distance of 60 mm at the P05 (IBL)
beamline of Petra III, DESY (Deutsches Elektronen-
Synchrotron), operated by Helmholtz-Zentrum Hereon [10,
11]. The radiographies were then reconstructed into tomo-
graphic volumes with a voxel size of (1.8 µm)3. As an
example, the results of the analysis of the alloy with 1 wt%
Ag are shown in Fig. 1.

The sample tested in air exhibited a UTS of 309 MPa and
an elongation of 15%. The corrosive environment substan-
tially deteriorated the mechanical properties in the case of
both media. The test in NaCl resulted in a UTS of 196 MPa
and an elongation of 8.3% while the one in SBF resulted in a
UTS of 174 MPa and 8.4% elongation. In air, a brittle
fracture has developed, as the crack is relatively small even
at the last stage of the tensile test. The crack shape was
characterised by the curvature values of its surface. The
analysis shows that the maximum of the shape distribution

Fig. 1 Experimental results of the in situ tensile test in air, SBF, and NaCl for Mg1.8Y0.6Zn1Ag, with the crack shown in the last scan before
failure, and the shape distribution of the crack surfaces
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can be attributed to a planar surface, suggesting that an
intragranular crack causes the failure of the sample. In the
case of the tensile test in NaCl, the sample also breakes in a
brittle manner; however unlike the one tested in air, the
curvature analysis shows that the distribution extends
towards shapes that are saddle-like. This suggests that the
crack propagation is more intergranular as the crack surface
follows the shapes of the grains. In SBF the sample showed
a ductile behavior as the crack is substantially larger than in
the samples tested in other media. The quantitative analysis
also indicates an intergranular fracture of the alloy, as the
distribution extends towards non-planar shapes. The results
show that besides the alloy composition, there are also
remarkable differences in the damage evolution and fracture
behavior among the tests performed in different media.
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Quantifying the Role of Coarse Intermetallic
Particles on Deformation Behavior

Benjamin T. Anthony and Victoria M. Miller

Abstract

Deformation twinning is a mechanism of critical interest
in magnesium alloys and other HCP metals, both due to
its ability to accommodate strain and its tendency to
contribute to failure by providing a preferential crack
pathway along twin boundaries. This deleterious behavior
is worsened by instances of twin transmission, where a
twin impinging on a grain boundary nucleates an
adjacent, connected twin in the neighboring grain due
to intense local stresses. Many commercial Mg alloys
feature coarse grain boundary intermetallic particles in
their as-produced state which potentially impede or
exacerbate the localized stresses that play a role in both
twin transmission and twinning behavior. Combined
EDS-EBSD is used to analyze grain boundary particles,
deformation twins, and transmission events to determine
how particle morphology, position, and grain orientation
modify twinning behavior and transmission likelihood,
and how these findings compare to computational results
from crystal plasticity—fast Fourier transform modeling.

Keywords

Texture � Deformation twinning � Intermetallic phases

Extended Abstract

Controlling the evolution of crystallographic texture is key
to promoting ductility and formability in magnesium alloys.
A number of different avenues of texture control have been
researched, including novel deformation processes [1, 2],

alloying to alter the balance of deformation mode activities
[3–6], and microstructural engineering via grain size
reduction [7–11]. One under-studied strategy for control of
texture evolution is the introduction of intermetallic
particles.

Previous research into the role of coarse, micron-scale
intermetallic particles during deformation has indicated that
they may promote a more diffuse deformation texture when
compared to a similar alloy with a lower volume fraction of
particles [12, 13]. Additionally, Berman et al. found that,
while the intermetallic particles may fracture, they did not
cause premature failure; fractography indicated that most
microvoids originated at grain boundaries rather than at
particles [14].

In the present work, the role of intermetallic particles on
the active deformation modes and the texture evolution of
thixomolded and thermomechanically processed (TTMP)
AM60 was studied. Hot-rolled and flattened thixomolded
AM60 was subsequently heat treated at 250 °C for 48 h
followed by 100 °C for 24 h to homogenize the
microstructure and grow the b-Mg17Al12 intermetallic phase
at the grain boundaries. Samples in this as-TTMP condition
were compared to samples subsequently heat treated at 450 °
C for 15 min to partially solutionize the b phase. These two
microstructural conditions will be referred to as the “high
particle fraction” and “low particle fraction” samples,
respectively. While the low particle fraction samples
admittedly contain a greater fraction of Al in solid solution,
Al solute has not generally been found to significantly
weaken the formation of a basal texture. Tensile specimens
were produced from each of the microstructural conditions
along both the rolling and transverse directions (RD and
TD). These samples were pulled in tension to strains of 5%,
and then the as-deformed specimens were characterized via
combined electron backscatter diffraction (EBSD) and
electron dispersive spectroscopy (EDS). While EBSD iden-
tified the orientations of the grains, EDS identified the
locations of the intermetallic particles.
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The viscoplastic self-consistent polycrystal plasticity
model (VPSC) [15] was used to predict the tensile behavior
along the RD and the TD based on the starting textures.
Based on the VPSC modeling results, tension along the TD
is predicted to result in deformation dominated by extension
twinning, while tension along the RD is more favorable for
dislocation slip.

The textures of the undeformed as-TTMP material and
specimens pulled in tension are shown in Fig. 1. The
as-TTMP material has a moderate basal texture with sig-
nificant TD spread. Tension along the RD resulted in the
weakening of the basal texture and an increase in the extent
of TD spread. This evolution was more pronounced in the
high particle fraction specimen. In the low particle fraction
specimen pulled along the TD, the basal peak weakened but
became more symmetrical. In the high particle fraction
specimen, a clear split basal texture was produced.

In this talk, twinning analysis and intragranular misori-
entation analysis conducted using the MTEX toolbox for
MATLAB [16] are used to examine the microstructural
mechanisms that result in this disparate texture evolution.
The implications for alloy design and microstructural engi-
neering of magnesium alloys are discussed.
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Investigations on Creep Behavior
of Extruded Mg–Ca–Al Alloys

S. Gneiger, J. A. Nietsch, and N. Papenberg

Abstract

In modern vehicle concepts, lightweight materials that
can withstand elevated temperatures are of great impor-
tance, e.g., for battery trays and motor housings. Despite
their low density, high specific strength, and good thermal
conductivity, magnesium alloys are of limited use
because they often exhibit unsatisfactory creep behavior
at temperatures above 100 °C. Wrought products are
particularly affected, as they exhibit pronounced recrys-
tallisation and grain growth in such environments. To
mitigate this behavior, Ca can be used to improve the
creep resistance of Mg–Al alloys. Here we have used
short-term creep experiments to evaluate the performance
of multiple extruded Mg–Ca–Al alloys at 150 °C. Our
mechanical investigations and microstructural analysis
show that the Ca-containing alloys have superior prop-
erties at elevated temperatures compared to AZ31.

Keywords

Magnesium � Creep resistance �Mechanical properties �
Characterization

Introduction

With their high strength-to-weight ratio, magnesium alloys
are promising materials for reducing the weight of automo-
tive components and find use in steering wheels, instrument
panel beams, and various housings. It is foreseeable that the
ongoing shift from internal combustion engine-powered
vehicles (ICEV) to electrically powered vehicles (EV) in our
society will open further opportunities for Mg to be used as a
structural material, such as battery housings. In addition,
existing components that currently cannot be designed in Mg
might also be utilized due to changing requirements. For
example, the lower service temperatures of EVs in com-
parison with ICEVs mean that applications close to the
power unit can be considered; nevertheless, temperatures as
high as 150 °C are still common [1], posing a challenge to
conventional Mg alloys.

Due to their cost efficiency and desirable room tempera-
ture properties, Mg–Al type alloys represent the main share
of industrial applications. However, classical Mg alloys such
as those of the AZ-type (Mg–Al–Zn, i.e., AZ31, AZ61,
AZ80, and AZ91) are restricted to low-temperature struc-
tural components as their creep resistance is limited [2]. This
is caused by the Al content present in the alloys, often up to
approx. 10 weight percent (wt%), leading to the formation of
a low-melting phase (Mg17Al12). This can be counteracted
either by reducing the Al content or by adding elements to
Mg–Al alloys which bind the Al into other, higher-melting
intermetallic phases (IMPs). By doing so, the amount of
Mg17Al12 is reduced and the grain boundaries can be sta-
bilized by the simultaneous introduction of IMPs. This led to
the development of special alloys where a higher creep
resistance has been realized by additions of rare earth [3–5],
alkaline earth [2, 6], and silicon additions [7–9].

Mg wrought alloys typically possess lower Al contents
compared to cast alloys, therefore often showing better creep
performance. At the same time, many of these alloys use
finely distributed IMPs for precipitation hardening, further
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contributing to creep resistance. Mg–Al–Ca alloys exhibit
exceptional strength at room temperature, and their pro-
duction is straightforward without elaborate heat treatments
or demanding processing steps [10, 11]. As a result, these
alloys are promising candidates for structural applications.
At the same time, the presence of temperature-stable inter-
metallic phases can play a crucial role in enhancing the creep
resistance, consequently expanding their utility to applica-
tions characterized by elevated temperatures.

In this work, we investigated the performance of four
extruded Mg–Al–Ca alloys at elevated temperatures and
compared the results to a standard AZ31B according to
ASTM B107 (from now on designated as AZ31). Short-time
creep tests as well as tensile tests were conducted at 150 °C,
and the microstructure was investigated in the extruded state.

Materials and Methods

Four different Mg–Ca–Al–Mn alloys (AX01, AX11, AX22,
and AX55) as well as an Mg–Al–Zn alloy (AZ31), with their
nominal chemical compositions given in Table 1, were
prepared by gravity casting in a tempered steel mold. Round
profiles with a diameter of 10 mm were produced by indirect
extrusion at a temperature of 350 °C, and an extrusion ratio
of 25:1. Ram speed was set at 0.45 mm/s. Further details on
the material preparation are described in [10].

Circular tensile test samples according to DIN 50125
A8 � 40 were manufactured from the profiles and tested at
150 °C using a Zwick Z100 tensile testing machine.
Short-time creep experiments based on DIN EN ISO 204 [12]
were performed using a deformation dilatometer DIL 805T
(Bähr Thermoanalyse GmbH, now TA instruments) on round
samples with a cross section of 19.6 mm2. The experiments
were performed at a constant load and a temperature of 150 °
C, with nominal stress levels between 48.8 and 152.2 MPa.
Details on the test setup and the sample geometry can be
found in [13]. The creep limit for 1% plastic elongation as
well as the minimum creep rate were analyzed and shown in
the results section. The Microstructure was investigated
using an optical light microscope (OLM), and a Tescan
MIRA3 field emission gun (FEG) scanning electron
microscope (Brno, Czech Republic) operated at 15 kV, at a
working distance of 15 mm and a beam intensity of 12

(Tescan internal value). A 4-quadrant solid-state backscat-
tered electron (BSE) detector was used for creating the
micrographs with different view fields (1000, 500, and
100 µm). Grain sizes of AX11 and AZ31 were measured
using the line intersection method with five lines (440 µm
long) per alloy. Thermodynamic calculations, using the
software Thermo-Calc (Version 2023a) and database
TCMG6 (Thermo-Calc Software AB, Solna, Sweden) based
on the average values of the compositions given in Table 1,
were performed.

Results

Figure 1 illustrates the outcomes of equilibrium thermody-
namic calculations conducted for the Mg–Al–Ca alloys. The
diagram in the figure presents the ternary Mg–Al–Ca dia-
gram at 150 °C, while the accompanying table provides
phase fractions in atomic percentage (at.%) at the same
temperature. According to the calculations, all investigated
AX alloys are in the a-Mg + C14 (Mg2Ca) + C15 (Al2Ca)
phase field close to the a-Mg + C14 phase boundary.
Therefore, the amount of C14 is somewhat limited, espe-
cially when compared to the C15 phase fractions. The
amount of the Mn-containing phase (Al8Mn5) is solely
determined on the Mn-content in the respective alloy. In
contrast, the presence of Ca-containing phases (C14 and
C15) is significantly dependent on the combined Al and Ca
content, starting with 1.1 at.% in AX01 and reaching nearly
9 at.% in alloy AX55.

Figure 2 shows the microstructures of the investigated
Mg–Al–Ca alloys and AZ31 in extrusion direction. In
AZ31 (e), Al-rich precipitated phases are homogeneously
distributed in the microstructure. In the Mg–Al–Ca alloys
(a–d), the Ca-containing intermetallic phases (visible as dark
particles in the images) are oriented along the extrusion
direction. As the combined Al and Ca content rises, there is a
corresponding increase in the quantity of these intermetallic
phases, which confirms the calculations (Fig. 1). All alloys
show a predominantly recrystallized microstructure. AX01
and AZ31 possess a larger grain size, while AX11, AX22,
and AX55 consist of a high amount of fine dynamically
recrystallized (DRX) grains with dispersed larger structures.
This can be attributed to the higher amount of intermetallic

Table 1 Nominal chemical
compositions of the investigated
alloys; composition of AZ31B
according to specification
ASTM B107

Alloy Al (wt%) Ca (wt%) Mn (wt%) Zn (wt%) Mg

AX01 0.50–0.70 0.55–0.70 0.20–0.30 – Balance

AX11 1.00–1.10 1.00–1.10 0.20–0.30 – Balance

AX22 2.20–2.40 2.10–2.40 0.35–0.45 – Balance

AX55 4.50–5.00 4.40–5.00 0.35–0.47 – Balance

AZ31 2.50–3.50 – 0.20–0.50 0.60–1.40 Balance
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phases, i.e., Al2Ca and Al8Mn5. The recorded grain sizes for
AX01 and AZ31 were 15.6 µm and 14.8 µm, respectively.
As for the average sizes of the recrystallized grains in AX11,
AX22, and AX55, these values were obtained from the
measurements conducted in [10] and are approximately
between 2 and 2.5 µm.

Table 2 provides an overview of the tensile tests of the
AX alloys performed at 150 °C. Among the alloys tested,
the tensile yield strength (YS) ranged from 151.8 to
174.3 MPa, with AX11 achieving the highest YS. Interest-
ingly, AX11 also exhibited the lowest ultimate tensile
strength (205.1 MPa) in the same tests.

Figure 3 displays the 1% creep limits of the examined
alloys at 150 °C. In the case of Mg–Al–Ca alloys, a distinct
trend is visible: as the combined content of Al and Ca
increases, the creep resistance decreases. Nevertheless, Mg–
Al–Ca alloys exhibited notably high creep resistance across
all tested nominal stresses, whereas AZ31 showed inferior
performance. At 100 MPa, the time to reach 1% plastic
elongation is nearly two orders of magnitude higher for
AX01 and AX11 compared to AZ31. Under a stress of
100 MPa, AX01 reached 1% plastic elongation after

66.6 � 103 s. AX11, which is the alloy with the second-best
creep resistance, endured 49.8 � 103 s at the same stress
level, and AX55 only 6.0 � 103 s. By comparison, the Mg–
Al–Zn alloy AZ31 would withstand such high stresses at
150 °C for only 143 s.

The minimum creep rate of the investigated alloys at
different applied stresses is shown in Fig. 4. Analogous to
the creep limits, AX01 shows the lowest minimum creep rate
at all applied stresses, whereas AZ31 shows the highest
minimum creep rate. However, all the investigated alloys
displayed a similar trend in the minimum creep rate with
respect to stress for the tested stress range. Consequently, the
Norton–Bailey exponent varies between 6.34 and 6.81,
which is an indicator for dislocation creep under the tested
stress/temperature conditions.

Figure 5 shows micrographs of (a) AX11 and (b) AX22
after conducted creep tests in the vicinity of the fractured
surface. Banded structures of broken and fractured inter-
metallic phases aligned in extrusion direction are visible for
both alloys and are well-known features from the extrusion
process. These IMPs are significantly larger in AX22, most
likely stemming from the higher amount of alloying elements.

Alloy α-Mg [at. %] C14 [at. %] C15 [at. %] Al8Mn5 [at. %]
AX01 98.66 0.42 0.71 0.22
AX11 97.88 0.50 1.41 0.22
AX22 95.52 0.89 3.24 0.35
AX55 90.88 1.64 7.11 0.36

α-Mg + β-Mg17Al12

α-Mg + β-Mg17Al12 + C15

α-Mg + C15

α-Mg + C14 + C15

α-Mg + C14

AX01
AX11

AX22

AX55

Fig. 1 Isothermal section of
ternary Mg–Al–Ca phase diagram
at 150 °C with investigated
Mg–Al–Ca alloys marked and
corresponding phase fractions at
150 °C given in the table
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(a) AX01 (b) AX11

(c) AX22 (d) AX55

(e) AZ31

Fig. 2 Microstructures (OLM) of
AX alloys and AZ31; extrusion
direction (ED) horizontal
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Discussion

It is well-established that when the grain size decreases, the
material's susceptibility to creep increases. This is primarily
due to the fact that grain boundaries facilitate grain boundary
sliding [14]. Conversely, particles that act as barriers to
dislocation glide can increase the creep resistance. Suzuki
et al. [15] showed that the precipitation of Al2Ca plates in
the a-Mg matrix can enhance the creep resistance in an

Mg–5Al–2–Ca alloy by the factor of * 1.5–2. Homma
et al. showed the positive effect of an Mn addition (0.3 wt%
Mn) to Mg–2Al–2Ca (in wt%) and attributed this to the
increased formation of ordered GP zones on the basal plane
during creep deformation [16]. Zhu et al. have shown that
the addition of 0.32 wt% Mn to an Mg–Al–RE alloy
increases the creep resistance significantly due to the for-
mation of nanoscale Al–Mn particles [17]. Zhu et al. [5]
implicated that the creep resistance of Mg alloys can be
significantly increased by strengthening the a-Mg matrix by
solid solution and/or precipitation hardening. However, they
indicated that in Mg-RE alloys, the creep resistance is more
dependent on the level of solute RE supersaturated in the
a-Mg, compared to the effect of intermetallic phases rein-
forcing the grain boundaries.

Chu et al. [18] conducted a study on extruded Mg–Al–
Ca–Mn alloys, including a Mg–5.1Al–5.2Ca–0.7Mn alloy,
comparable to the AX55 investigated in our work. At 150 °C
their material achieved a YS of 152 MPa, an UTS of
187 MPa, and an ef of 13%. While their YS is comparable to
our measurements, their UTS and ef are noticeably lower.
However, analysis of the creep rate (90 MPa and 150 °C)
showed a distinct improvement when compared to our
material, 26.5 � 10–8 versus 59.8 � 10–8 s−1. These differ-
ences, i.e., the lower elongation, UTS, and creep rate, can be
a result of the higher grain size (* 4.5 µm) in this material,
which is caused by differences in processing (higher extru-
sion temperature and lower extrusion ratio) compared to our
approach.

Although the thermodynamic calculations shown in this
work indicate that all the Ca and Al are bound into inter-
metallic phases, it is plausible that to some extent these two
elements were also dissolved in the a-Mg solid solution. The
differences in creep resistance shown in this work can be
attributed to a combination of the described effects, as
extensively discussed in previous studies [5, 15–17],
including grain size, solute content, particle type, and par-
ticle size. An allocation of the contributions to the individual
effects was not attempted; however, some observations were
made:

Even though AX01 and AZ31 share a similar grain size,
they exhibit notably different creep behaviors. This disparity
can be solely attributed to the varying types and quantities of
intermetallic phases present in each respective alloy.

Table 2 Results of the elevated
temperature tensile tests of
Mg–Al–Ca alloys performed at
150 °C

Alloy YS (MPa) UTS (MPa) ef (%)

AX01 165.7 ± 1.9 211.6 ± 1.6 28.3 ± 2.1

AX11 174.3 ± 2.1 205.1 ± 5.9 35.3 ± 2.8

AX22 151.8 ± 3.0 220.8 ± 2.6 37.9 ± 1.5

AX55 157.6 ± 1.9 220.2 ± 1.4 31.8 ± 1.9
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In contrast to the investigations performed by Zhu et al. in
[19], our investigations show that the creep resistance
decreases with the increasing amount of intermetallic parti-
cles, and the Mg–Al–Ca alloy with the lowest amount of
alloying elements (AX01) showed the highest creep resis-
tance of all examined alloys. This different behavior can
potentially be attributed to the different processes used:
While the authors in [19] investigated die-casting alloys, we
used extruded material. Due to the deformation during
extrusion, the original phases are broken, leading to micro-
crack formation. These cracks tend to grow at applied
stresses and elevated temperature conditions, therefore
leading to increased creep. The higher the alloying content,
the larger the intermetallic phases in the microstructure. An
example for this can be found in the comparison of micro-
graphs of AX11 and AX22 after creep testing (Fig. 5),
where the phases in AX22 are larger and therefore provide
larger microcracks causing increased crack growth and void
coalescence during testing. This trend can be assumed to
continue also for the alloys with higher combined Al and Ca
content.

Conclusions

Despite their potential, Mg alloys face challenges, particu-
larly in applications involving elevated temperatures. This is
primarily due to their susceptibility to creep, an effect where
materials deform under constant stress at elevated tempera-
tures. To address this challenge, we investigated a series of
extruded Mg–Al–Ca alloys with varying Al and Ca content
and compared the results with an extruded AZ31 magnesium
alloy. Our study revealed the following key findings:

1. With increasing alloying content, the quantity and size of
the Ca-containing intermetallic phases in the Mg–Al–Ca
alloys also increased.

2. Despite the very different chemical compositions, all
alloys show similar tensile strengths at 150 °C.

3. The intermetallic phases (IMPs) found in the Mg–Al–Ca
alloys are arranged along the extrusion direction, stabi-
lizing the grains, and therefore contributing to improved
creep behavior.

4. Remarkably, the creep resistance increased with
decreasing Al and Ca content in the alloys. This is likely
attributed to the larger size of IMPs resulting in the for-
mation of larger microcracks in the higher alloyed
materials.

5. The Mg–Al–Ca alloys demonstrated superior creep
resistance when compared to AZ31.

In summary, our study highlights the influence of alloy
composition, microstructure, and grain size in determining
the creep resistance of magnesium alloys. While traditional
Mg–Al–Zn alloys are constrained in their application due to
limited creep resistance, our findings suggest that tailored
Mg–Al–Ca alloys, especially those with lower alloying
content, offer improved creep performance and promise for
high-temperature applications.
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Cryogenic Deformation Behavior
of a Dual-Phase Mg–Li Alloy Investigated
by In-Situ Neutron Diffraction

Wu Gong, Reza Gholizadeh, Takuro Kawasaki, Kazuya Aizawa,
and Stefanus Harjo

Abstract

Mg and its alloys commonly exhibit inadequate forma-
bility due to the limited availability of deformation modes
in hcp phase. The addition of Li can stabilize a bcc phase
in Mg alloys at room temperature, resulting in dual-phase
(hcp + bcc) Mg–Li alloys that possess excellent forma-
bility. However, these Mg-Li alloys exhibit poor
work-hardening ability due to the dislocation recovery
resulting in the low strength at room temperature.
Considering that the dislocation recovery can be sup-
pressed at cryogenic temperatures and the deformation
mechanisms may vary with temperature, we tried to
investigate the deformation behavior of a commercial
LZ91 alloy (Mg–9Li–1Zn, wt%) at cryogenic tempera-
tures. In-situ neutron diffraction experiments during
tensile deformation at 20, 77, and 298 K were performed
by a time-of-flight engineering neutron diffractometer
“TAKUMI” at J-PARC. The temperature-dependent
deformation mechanisms in LZ91 alloy will be discussed
based on the evolutions of phase stress, peak width, and
texture during deformation.

Keywords

Cryogenic deformation behavior � Mg–Li alloys �
Neutron diffraction

Extended Abstract

Mg and its alloys generally exist as a single hcp crystal
structure at room temperature. It is widely recognized that
the application of Mg alloys is hindered by their limited
formability at room temperature, primarily attributable to the
scarcity of readily activated deformation modes within the
hcp phase. The addition of Li in Mg alloy can stable the bcc
phase at room temperature [1], and these dual-phase
(hcp + bcc) Mg–Li alloys exhibit excellent formability [2].
The Li-enriched bcc phase has been frequently considered as
the origin for improving formability. However, these Mg-Li
alloys show poor work-hardening ability and the resultant
low strength at room temperature [3]. Considering that the
dislocation recovery can be suppressed by decreasing the
deformation temperature and the activity of deformation
mode may be changed with temperature, we investigated the
deformation behavior of a commercial LZ91 magnesium
alloy at cryogenic temperatures using in-situ neutron
diffraction.

The commercial LZ91 alloy (Mg–9wt%Li–1wt%Zn) in
the extruded condition was used in this study. Cylindrical
tensile specimens with a gage diameter of 6 mm and a length
of 12 mm were cut from the as-extruded rods with the
loading direction parallel to the extrusion direction for
in-situ neutron diffraction experiments. In-situ neutron
diffraction during monotonic tensile deformation at 20, 77,
and 298 K with an initial strain rate of 2.2 � 10–5 s−1 was
performed by a time-of-flight engineering neutron diffrac-
tometer “TAKUMI” at J-PARC [4]. Strains were evaluated
precisely by the extensometer and the temperatures were
monitored by two Cernox temperature sensors fixed at the
two ends of the specimen.

Figure 1a shows the true stress–strain curves of the
specimens deformed at 298 K, 77 K, and 20 K, respectively.
Decreasing the deformation temperature resulted in an
increase in yield stress (90 MPa ! 130 MPa ! 189 MPa).
Moreover, a remarkable work hardening occurred at 77 and
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20 K improved the ultimate stress and uniform elongation
simultaneously as compared to 298 K. Figure 1b shows the
stress partitioning between hcp and bcc at various temper-
atures, demonstrating the features as follows:

• The hcp phase shared higher stress than bcc phase,
indicating the hcp phase to be the hard phase in LZ91
alloy, while the bcc phase played as the soft phase for
accommodating more plastic strain.

• The stress partitioning occurred at the stress lower than
the macroscopic yield stress at all temperatures.

• After macroscopic yielding, the phase stress of bcc phase
hardly increased at 298 K, but increased consistently at
77 and 20 K. This suggests that the macroscopic work
hardening can be attributed to the work-hardening
capacity of bcc phase at cryogenic temperature.

The deformation temperature dependence of macroscopic
stress–strain response can be attributed to the changes in

lattice stress partitioning and evolutions of dislocation den-
sity and texture, which will be shown and discussed in the
presentation.
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Fig. 1 a True stress–strain curves and b stress partitioning between hcp and bcc phases in LZ91 alloy deformed at 298, 77, and 20 K

90 W. Gong et al.



Experimental Observation of cþ ah i
Dislocations on 1211

� �
Plane

in Submicron Magnesium

Fei Liu, Yu-Han Tian, Yao-Feng Li, Bo-Yu Liu, and Zhi-Wei Shan

Abstract

Pyramidal cþ ah i dislocation slip is the major deforma-
tion mode for accommodating plastic strain along c-axis
in magnesium. Understanding its fundamental behaviors
is crucial for revealing the plastic deformation mecha-
nisms of magnesium and its alloys. Pyramidal cþ ah i
dislocations are usually considered to glide on 1011

� �

and 1122
� �

planes. By conducting in-situ compression
test on submicron single-crystal magnesium pillars and
three-dimensional image reconstruction, we find that the
configurations of cþ ah i dislocations are complicated,
even for a single dislocation, its different segments can
locate on multiple planes. We also find that some
segments of the cþ ah i dislocations can locate on
1211

� �
planes, indicating 1211

� �
possible slip planes

for cþ ah i dislocations in magnesium.

Keywords

Magnesium � Dislocation � TEM � 3D reconstruction �
Slip plane

Extended Abstract

In HCP metals, the major slip system for accommodating c-
axis strain is cþ ah i dislocation slip, which can provide five
independent slip systems and coordinate the strain along the
c-axis [1, 2]. However, cþ ah i dislocations always exhibit
very complicated structures, making the study on this
important slip system difficult [3–6]. As we know that slip
plane is one key element of a slip system, so precisely
knowing the slip plane of cþ ah i dislocations is important
for us to understand the fundamental behaviors of these
dislocations. During the past decades, many efforts have
been made to determine whether cþ ah i dislocation locates
(or glides) mainly on 1011

� �
plane (Pyramidal I) or

{ 1122
� �

plane (Pyramidal II).
In the early work, according to TEM and slip trace

analysis, cþ ah i dislocations were confirmed in magnesium
under c-axis compression and considered as slipping on
1122

� �
plane [3, 7], which was supported by an in-situ

neutron diffraction experiment in AZ31 Mg alloys [8].
Whereas for the same experimental results [3], Fan et al. [4]
reanalyzed and thought that the slip plane is actually 1011

� �

plane. Pyramidal I slip was also observed in single-crystal
magnesium compressed along the c-axis [9] and supported
by simulations based on molecular dynamics (MD) [4],
multiscale dislocation dynamics plasticity (MDDP) [10], and
three-dimensional discrete dislocation dynamics (3D-DDD)
[11]. Additionally, there were also some works thought that
cþ ah i dislocation probably cross-slip from Pyramidal I to
Pyramidal II [12–14]. More interestingly, a recent atomistic
simulation, by using the LAMMS code [15] and the revised
MEAM potential [16], observed that cþ ah i dislocations slip
on 1121

� �
, which has a low Peierls stress and generalized

stacking fault energy (GSFE), indicating that the slip system
might be an easy mode [17]. It was found that cþ ah i dis-
locations on Pyramidal I or II not only cross-slip to Pyra-
midal I, but cross-slip to 1121

� �
planes under stress [17].
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However, 1121
� �

slip systems and their cross-slip have

hitherto 1121
� �

not been considered and absence of direct
experimental evidence. In addition, the mobility of cþ ah i
dislocations on 1121

� �
is also unclear.

By conducting in-situ TEM tests on submicron magne-
sium pillars and 3D image reconstruction, we find that the
configurations of cþ ah i dislocations are very complicated.
Even for a single cþ ah i dislocation, its different segments
can locate on different planes. More surprisingly, some
segments of the cþ ah i dislocations are found to locate on
1211

� �
planes, indicating that 1211

� �
plane can be a pos-

sible slip plane for cþ ah i dislocations, which has never
been experimentally observed in magnesium before.

Our findings can help to build a clearer image of this
important slip system, and to better understand the compli-
cated structure of cþ ah i dislocations. Our methods com-
bining in-situ TEM and 3D image reconstruction can be
generalized to study the dislocation slip behavior in other
materials, the dislocation-precipitate interaction, the
dislocation-twinning interaction, or the dislocation-grain
boundary interaction (Fig. 1).
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In-Situ Dynamic Investigation of Plastic
Deformation Carriers in Magnesium
and the Effects of Multifield

Bo-Yu Liu, Fei Liu, Jin Zhang, Yao-Feng Li, and Zhi-Wei Shan

Abstract

The processing of magnesium and its alloys, as well as
the deformation and damage during service, are closely
related to the behavior of plastic deformation carriers,
such as dislocation nucleation and slip, twinning forma-
tion and growth, interface formation and migration, and
the interaction between various deformation carriers.
Meanwhile, the behavior of these deformation carriers is
also significantly influenced by alloying elements, pre-
cipitates, as well as various environmental factors
involved in processing and service, such as high temper-
ature, atmosphere, and electric fields. In this study, in-situ
transmission electron microscopy with quantitative
nanomechanical testing was employed to investigate the
behavior of dislocations, twins, and grain boundaries in
magnesium, as well as their response to alloying
elements, precipitates, temperature, hydrogen, and elec-
tric fields. The aim is to provide fundamental data for
understanding of the deformation and damage mecha-
nisms of magnesium and to contribute to the development
of high-performance magnesium alloys.

Keywords

Magnesium � In-situ TEM � Multifield � Plastic
deformation � Mechanical properties

Extended Abstract

Magnesium is the lightest metal structural material with
broad applications in fields such as aerospace, transportation,
and electronics [1–5]. The manufacturing and processing of
magnesium and magnesium alloy products often involve
deformation processes, and during service, deformation and
damage are also commonly involved [6–11]. The deforma-
tion and damage of magnesium, as well as other metal
structural materials, are closely related to the behavior of
internal plastic deformation carriers, such as dislocation
nucleation and glide [12], twin formation and growth [13,
14], interface/grain-boundary formation and migration [15],
and interactions between various deformation carriers.
Additionally, the behavior of these deformation carriers can
be significantly influenced by alloying elements [16–18],
precipitates [19, 20], and various environmental factors
encountered during preparation and service, such as high
temperature [21, 22], atmosphere [23], electric fields [24, 25]
and their combinations.

In recent years, our research team has employed in-situ
transmission electron microscopy with quantitative
nanomechanical testing (based on Bruker Hysitron
PicoIndenter series) to study the behavior of dislocations and
twins, and other plastic deformation carriers in magnesium,
and their responses to alloying elements, precipitates, high
temperature, atmosphere, and electric fields. In the follow-
ing, we demonstrate several typical examples.

For the effects of alloying elements on dislocation and
twinning behaviors, we chose Mg–Y as model materials
because Y is a typical alloying element that is believed can
enhance plasticity but the underlying mechanism still
requires further exploration, especially through experiment.
By compressing Mg–Y nanopillars along c-axis that is the
hardest orientation of Mg crystal, we found that the pyra-
midal ≺c + a≻ dislocations exhibit higher mobility and a
more significant multiplication behavior compared to that in
pure Mg, leading to increased strength, plasticity, and work
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hardening. For 1012
� �

twinning that is always largely
activated under quite low stress and leads to low yield
strength, we found that the stress required for the formation
of 1012

� �
twins and twin boundary migration in Mg–Y

pillar is higher than that in pure Mg, suggesting that Y can
suppress deformation twinning in Mg.

Another typical result is about electric-pulse enhancing
the plasticity of pure Mg. The application of electricity can
significantly improve the formability of metals with limited
room-temperature plasticity, which is known as
electro-plasticity. For Mg, which has limited plasticity at
room temperature, its processing can be benefited by
electro-plasticity. However, there is still a lack of under-
standing on the behaviors of deformation carriers under
electric current. The present work investigated the
electro-plasticity of Mg by in-situ TEM compression along
its c-axis. We found that electrical-pulses can facilitate the
smooth and continuous glide of pyramidal ≺c + a≻ dislo-
cations, both for the edge and screw type dislocations. Those
edge type pyramidal dislocations are difficult to move at
room temperature without electrical-pulses. As a result, the
yield strength and flow stress are reduced. Controlled
experiments demonstrated that Joule heating and electron
wind force are not the primary causes of dislocation motion,
suggesting the existence of other electrical effects that
require further investigation.

The results of the present study are expected to provide
insights into the understanding of the deformation and damage
mechanisms of magnesium, thereby contributing to the de-
velopment of high-performance magnesium alloys Fig. 1.
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Investigations on the Forging Behavior
of Mg–Ca–Al Alloys

Nikolaus Papenberg and Stefan Gneiger

Abstract

Mg parts for modern transport applications must com-
pete with high performance materials such as 7xxx series
Al alloys, making superior strength an important factor.
Mg–Ca wrought alloys have shown promising results in
this regard, exhibiting high strength and adequate ductility
over a broad range of alloying contents. These properties
originate from the forming process, creating a fine-grained
microstructure in combination with stabilizing intermetal-
lic phases. While extruded profiles made from these alloys
have been well investigated, no studies on the forging
behavior ofMg–Ca alloys have been published yet. There-
fore, the forgeability of two Mg–Ca–Al alloys, XA22 and
XA55, has been analyzed for extruded and cast stock alike.
The processing steps and resulting material properties,
based on microstructural analysis and mechanical testing
at room temperature, are discussed in this work.

Keywords

Magnesium • Mechanical properties • Characterization

Introduction

The aim to reduce weight in transport applications causes
raised interest in lightweight materials. Mg alloys, with their
inherent low density, are good candidates for this purpose,
i.e. cast parts have nowadays established a solid base of prod-
ucts and applications in the transport sector [1, 2]. Wrought
alloys on the other hand are often at a disadvantage in the com-
petition with established materials such as Al alloys and high
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strength steels. The material requirements in these applica-
tions regarding corrosion behavior and mechanical properties
are high, but also other aspects such as forming and process-
ing behavior as well as mechanical anisotropy make the use
of Mg wrought alloys a challenging topic [3].

In recent years multiple Mg wrought alloys with high
mechanical properties have been developed, especially alloys
containing Ca combine a multitude of advantages [4]. The
mostly discussed group of these alloys are part of the Mg–
Ca–Al system (XAalloys), which show high strength and
adequate ductility over a wide range of alloy compositions
after processing by extrusion [5, 6]. As heat-treatments can be
omitted in these alloys, time and energy consumption during
production can be reduced. Forming operations are possible in
a large temperaturewindow, but caremust be taken as process-
ing temperature is known to influence the resulting mechan-
ical properties [7]. Mg–Ca–Al high strength alloys usually
show a bi-modal microstructure consisting of large deformed
and small (dynamically) recrystallized grains, created during
the forming operations [5].

Besides Mg itself Mg–Ca–Al alloys consist of three alloy-
ing elements, showing a good synergy: (i)Ca which improves
slip behavior, increases the oxidation resistance and pro-
vides hardening phases in combinationwithMg and/or Al [8];
(ii)Al is well known for solid solution strengthening and
phase formation in Mg alloys [9]; (iii)Mn is used to improve
the corrosion behavior and stabilize the microstructure by
phase formation, e.g. β-Mn and AlMn phases [10].

As investigations on these alloys are near exclusively done
on extruded material, this work investigates the forgeability
of both as-cast as well as cast & extruded Mg–Ca–Al forging
stock. Additionally, the suitability of the forging process to
produce high strength Mg parts is discussed.

Material andMethods

Two differentMg–Al–Ca alloys, XA22 andXA55, with nom-
inal compositions as provided in Table1 were produced at
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Table 1 Nominal composition of the used Mg–Ca–Al alloys in weight percent (wt%)

Alloy Ca Al Mn Mg Ca/Al ratio

XA22 2.20–2.40 2.10–2.40 0.35–0.45 Bal. 0.98

XA55 4.50–5.00 4.40–5.00 0.35–0.47 Bal. 0.99

Ca/Al ratio was calculated from average contents

Fig. 1 Comparison of as-forged connecting rods made from different alloys (XA22 and XA55) and stock materials. The parts are designated as
cast & forged (-CF) and extruded & forged (-EF), respectively. To provide a better overview, halved parts, separated by their alloy are shown

LKR Ranshofen. The material was gravity cast in the shape
of round billets (∅ 63 × 240mm) using a pre-heated steel
mold and cooled at air. The billets were machined to round
extrusion stock (∅ 48.5 × 180mm) and square forging stock
(90 × 12 × 25mm) without any homogenization heat treat-
ment. Extrusion took place on a 1.5 MN extrusion press
(NEHP 1500.01, Müller Engineering), producing square pro-
files (12 × 25mm) at 400 ◦C and 0.5mm/s ram speed (extru-
sion ratio 1:6.5).

Forgings resembling the center part of a connecting rod
were produced on a 160 t hydraulic forming press (NEFFDZP
160), using an isothermal two step forming process at 400 ◦C
and a crosshead speed of 10mm/s. After final forging the
samples were cooled at air. The used part geometry allows for
easy analysis of the microstructure, with varying degrees of
local deformation, andmeasurement ofmechanical properties
via tensile testing.

The microstructure was characterized via optical
microscopy (OM), on an Olympus BX60. Mechanical prop-
erties were analyzed by tensile testing at room temperature,
using a Zwick Z100 testing machine with flat specimen
(DIN 50125, E 3 × 8 × 25mm).

Results and Discussion

In this Section the results of the forming trials and subse-
quent analyses are described and discussed. To avoid confu-
sion concerningmaterial and processing state, the samples are
designated as follows: as-cast material (XA22-C, XA55-C),

as-extruded material (XA22-E, XA55-E), forged parts made
from cast stock (XA22-CF, XA55-CF) and forged parts made
from extruded stock (XA22-EF, XA55-EF).

FormingTrials

Isothermal forging of the rods was done at 400 ◦C, corre-
sponding to the production temperature of the as-extruded
stock material. While forming might have also been possible
at lower temperatures, this temperature was chosen to ensure
an adequate forming behavior of the as-cast material during
the forging process. Furthermore, the temperature related dif-
ferences between extrusions and forgings were thereby mini-
mized. Subsequent to pre-heating of the square forging stock
(1h at 400 ◦C) forming was done in a two-step forging die.
This process takes ∼ 30 s for both forging steps and has been
described in Ref. [11], using a comparable setup.

Both types of stock material, i.e. as-cast (-C) and as-
extruded (-E), were successfully forged to the desired part
geometry. While the connecting rods where fully formed in
all cases, the extruded stock material showed better forming
behavior for both alloys (XA22-EF and XA55-EF). This is
evident in the rough flash surface and slight skewers visible
in the XA22-CF and more obvious in the XA55-CF parts, see
Fig. 1. It has been shown repeatedly [11, 12], that as-cast forg-
ing stock exhibits lower ductility and reduced performance
when compared to extruded stock. This is confirmed by the
forging trials done in this work, even though the processing
parameters, i.e. isothermal forging at 400 ◦C, were chosen
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Fig. 2 Microstructure (OM-image) of as-cast XA22-C and XA55-C samples

Fig. 3 Microstructure (OM-image) of XA22-CF samples of the center and rim areas

to ensure adequate forming behavior of all stock materials.
When taking into account that industrial processes tend to
use lower die temperatures as well as higher local deforma-
tions, which would further exacerbate the shortcomings of
the cast material, the superior performance of extruded stock
material is thereby affirmed.

Microstructural Investigations

The microstructure of all samples was analyzed via opti-
cal microscopy. The main difference between the investi-
gated alloys is their combined Ca and Al content, which is
∼ 4wt% and ∼ 10wt% for XA22 and XA55, respectively.
This markedly increases the formation of Ca and Al con-
taining intermetallic phases (IMPs) in XA55, resulting in a
higher fraction and larger size of the formed IMPs, which
further influences the recrystallization behavior and mechan-
ical properties.

The as-cast material of both alloys shows Ca-containing
lamellar eutectic phases on the grain boundaries. These

increase corresponding to the rising alloying content of Ca
and Al in XA55. The size of the cast grains decreases at
the same time [6]. The combination of Al and Mn can form
blocky (primary-) phases, which can be found throughout
both materials. Images of the XA22 and XA55 alloys in
as-cast (-C) state are given in Fig. 2.

The microstructure of the cast & forged (-CF) rods is
strongly dependent on the local degree of deformation applied
during the forging process. Only the sections of a XA22-CF
part are exemplarily shown in Fig. 3, as the XA55-CF sample
shows similar behavior. While the sample center has a bi-
modal grain structure, consisting of large deformed and small
dynamically recrystallized grains, the rim areas still show
the remnants of the original cast microstructure. These large
grains are deformed and pervaded by twins, but the degree
deformation was too low to facilitate widespread recrystal-
lization.

The extruded material, XA22-E and XA55-E, mostly con-
sists of large deformed grains, separated by dynamically
recrystallized (DRX) grains, see Fig. 4. The nucleation of
DRX grains is enhanced in the vicinity of particles and
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Fig. 4 Microstructure (OM-image) of extruded samples, showing XA22 and XA55 alloys

Fig. 5 Microstructure (OM-image) of the center area of extruded & forged samples, showing XA22 and XA55 alloys

twinned areas. This is visible in the XA55-E samples, which
show a higher amount ofDRXgrain structurewhen compared
to XA22-E.

While the low degree of deformation during the extrusion
process (1:6.5) was not sufficient to provide a largely recrys-
tallized microstructure, the subsequent forging process prof-
ited nevertheless. The combined deformation, applied during
extrusion and forging, enhanced the amount of fineDRXgrain
markedly, see XA22-EF and XA55-EF in Fig. 5. The cen-
ter areas of the investigated connecting rods predominately
consist of fine DRX grains in banded structures. These are
punctuated by remnants of large, deformed grains, stemming
from the initial microstructure. Again XA55-EF shows an
increased fraction of DRX areas and smaller deformed grains,
which can be attributed to the already described interaction
of particles and recrystallization behavior in this alloy.

Mechanical Properties

Tensile testing of the connecting rods was done at room tem-
perature, using flat specimen of 3mm thickness. As evident

from the tensile curves illustrated in Fig. 6 the cast & forged
samples (-CF) of both alloys exhibited lower performance, in
both strength and elongation, when compared to the extruded
& forged parts (-EF). The alloy XA22 showed better ductility
in general, both for uniform elongation (εu) and elongation at
break (ε f ), while XA55 samples achieved a higher yield (YS)
and ultimate strength (UTS). In case of the XA55-EF parts
∼ 285MPa and ∼ 320MPa are reached for YS and UTS,
respectively.

The sub-par mechanical properties from cast & forged
(-CF) material is not surprising, as this type of alloy achieves
its good mechanical properties mainly by a fine grained
microstructure, which is prevalent neither in the XA22-CF
nor XA55-CF samples. It is therefore of high interest to assess
the performance of XA22-EF and XA55-EF samples in com-
parison to extruded material.

To increase the comparability of the -EF forgings with
existing literature, round profiles were used as a bench-
mark. The profiles were extruded at a processing temper-
ature of 400 ◦C with an extrusion ratio 1:25, based on the
process described in [6]. Table2 provides an overview of
the tensile properties of both the -EF rods and the extruded
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Table 2 Tensile properties ofMg–Ca–Al alloys processed at 400 ◦C comparing as-extrudeda round profiles and extruded& forged (-EF) connecting
rods

Alloy YS (MPa) UTS (MPa) εu (%) ε f (%)

as-extrudeda XA22 284.5 ± 4.9 312.4 ± 2.0 6.9 ± 0.2 12.3 ± 0.8

XA55 280.2 ± 3.6 310.9 ± 1.9 3.8 ± 0.7 5.6 ± 1.6

extruded & forged XA22 268.6 ± 5.6 303.2 ± 2.5 5.7 ± 0.3 6.7 ± 1.2

XA55 284.7 ± 1.8 319.7 ± 1.7 4.3 ± 0.5 4.3 ± 0.5
aProfile and sample production was based on [6]

Fig. 6 Overview of the tensile measurements of the forged connecting
rods, showing exemplary stress-strain curves

profiles. The performance of the analyzed samples varied
slightly, the largest differences were noticeable in the mea-
sured elongation, where the XA22 alloy performed better,
for both the profiles and the forgings. It can be assumed
that this is a consequence of the substantially higher amount
of intermetallic phases in the XA55 alloy, which contains
∼ 10wt% of alloying elements. The extruded profiles made
fromXA22 had the best overall values, i.e. good YS and UTS
as well as the highest elongations (εu and ε f ). Interestingly
the XA55-EF samples showed the highest strength (YS and
UTS) of all tested materials, at still adequate elongations of
∼ 4%.This clearly shows the potential of forgingsmade from
extruded stock. The combination of low complexity extru-
sion with the high variability of subsequent forging processes
allow the production of complex parts with good mechanical
properties.

Conclusion

In this work the forging behavior and mechanical properties
of high-strength Mg–Ca–Al alloys were investigated. Forg-
ings in the shape of connecting rods were used to analyze

the performance of two alloys, XA22 and XA55, as well as
different forging stock, i.e. extruded and cast material.

• The cast stock (-C) showed reduced forgeability compared
to extruded material (-E). This is also reflected in the
forgings themselves. The samples from extruded &
forged (-EF) rods performed markedly better than the
cast & forged (-CF) parts during tensile testing. This can
be attributed to the higher amount of fine recrystallized
grains in the both the extruded stock and the extruded &
forged samples.

• The large difference in alloying content causes a substan-
tial increase ofAl andCa containing intermetallic phases in
the XA55 alloy. Thereby XA55 achieved higher strengths,
while the alloy XA22 provided better ductility throughout.

• An assessment of extruded round profiles and forged
parts(-EF) showed comparable tensile properties for both
alloys, with XA55-EF rods achieving the highest overall
strength.

It can be concluded, that the used forgingprocess is not able
to create the desired mechanical properties and microstruc-
ture when using cast stock. On the other hand, a good synergy
can be achieved by using extruded stock material in the forg-
ing process. This combination allows for the production of
complex Mg–Ca–Al parts with high mechanical properties.
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Ultrafine-Grained Magnesium Alloys
Manufactured by Multi-axial Forging:
Elucidating Mechanisms of Achieving Both
High Strength and High Ductility

A. J. Maldonado, M. Weaver, and R. D. K. Misra

Abstract

Warm processing of magnesium (Mg) alloys is a
challenge because Mg has a hexagonal close-packed
(HCP) lattice with limited slip systems, which makes it
difficult to plastically deform at low temperature. To
address this challenge, a concept of combining annealing
of as-cast alloy and multi-axial forging (MAF) was
adopted for Mg alloys to obtain texture-free ultrafine-
grained (UFG) structure with high strength-high ductility
combination. We describe here the initial findings that
indicated a distinct and fundamental transition in the
deformation behavior of low strength coarse-grained
(CG) rare earth element containing Mg alloy from
twinning to strong and ductile UFG Mg alloy with basal
and pyramidal dislocation slip. This implied the role of
specific grain boundary states (grain boundary character
distribution), grain orientation, and dislocation activity in
governing the deformation mechanisms.

Keywords

Ultrafine-grained magnesium alloys � Multi-axial
forging � Deformation behavior

Extended Abstract

Currently, there is a significant interest in magnesium alloys
for structural and functional applications. Magnesium
(Mg) alloys are light-weight materials (1.7–2.0 g/cm3),
whose density is significantly less than titanium alloys and
stainless steels. Furthermore, from the perspective of
biomedical devices, they are biodegradable, bioresorbable,

and biocompatible. Irrespective of these characteristics,
warm processing of magnesium alloys is a pressing chal-
lenge because Mg has a hexagonal close-packed (HCP) lat-
tice with limited slip systems, which makes it difficult to
plastically deform. To address the challenge of warm pro-
cessing of magnesium (Mg) alloys, an ingenious concept of
combining annealing of as-cast alloy and multi-axial forging
(MAF) was adopted for Mg alloys to obtain texture-free
ultrafine-grained (UFG) structure with high strength-high
ductility combination (yield strength: * 227 MPa)—high
ductility (% elongation: * 30%) combination. This com-
bination of strength and ductility is excellent for the lean
alloy, enabling an understanding of deformation processes in
a formable high strength Mg-rare earth alloy [1–3].

The deformation behavior was studied via nanoindenta-
tion and electron microscopy and the behavior compared
with its low strength (yield strength: * 46 MPa)—low
ductility (% elongation: * 7%) coarse-grained (CG) coun-
terpart. In the UFG alloy, extensive dislocation slip was an
active deformation mechanism, while in the CG alloy, me-
chanical twinning occurred. The differences in the defor-
mation mechanisms of UFG and CG alloys were reflected in
the discrete burst in the load–displacement plots. The
deformation of Mg–2Zn–2Gd alloys was significantly
influenced by the grain structure, such that there was change
in the deformation mechanism from dislocation slip
(non-basal slip) to nanoscale twins in the CG structure. In
summary, distinct and fundamental transition occurred in the
deformation behavior of low strength coarse-grained
(CG) rare earth element containing Mg alloy from twin-
ning to strong and ductile UFG Mg alloy with basal and
pyramidal dislocation slip. The high plasticity of UFG Mg
alloy involved high dislocation activity and change in acti-
vation volume. This implied the role of specific grain
boundary states (grain boundary character distribution),
grain orientation, and dislocation activity in governing the
deformation mechanisms. The grain size of UFG alloy was
416 ± 140 nm, which is smaller than the plastic zone size,
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while the grain size of CG alloy was significantly larger at
44 ± 5 µm. The UFG alloy exhibited multiple dislocation
slips because of the need for compatibility near the grain
boundaries. In the CG alloy, deformation twinning com-
pensated for the lack of dislocation slip. However, less fre-
quent observation of twinning in the CG alloy implied
reduced elongation of * 7% as compared to the high
elongation of * 30% in the UFG alloy. The UFG alloy with
large number of grain boundaries promoted dislocation slip.

Thus, the deformation mechanism of UFG Mg–2Zn–2Gd
alloy with “high strength-high ductility combination” was
distinctly different from the CG counterpart, as documented
via nanoindentation deformation experiments and transmis-
sion electron microscopy and is related to the grain size
effect. In UFG alloy, extensive dislocation slip was attrib-
uted to excellent ductility, whereas ductility in the CG alloy
was governed by the degree of twinning activity. The
multi-axial forging of magnesium alloys is a potential and
viable approach to process other hcp alloys with a limited
number of slip systems, enabling superior mechanical
properties to be obtained (Figs. 1 and 2).Fig. 1 Schematic of the multi-axial forging (MAF) process

Fig. 2 Transmission electron
micrographs and selected area
diffraction patterns (SAD) of
as-cast and as-cast+annealed
+multi-axial forged Mg–2Zn–
2Gd alloy
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Enhancement of Mechanical Properties
of Rolled AZ31 Alloy by Utilizing Ultrasonic
Nano-crystalline Surface Modification
(UNSM) Treatment and Heat Treatment

Hyun Ji Kim, Sumi Jo, Auezhan Amanov, and Sung Hyuk Park

Abstract

Mg alloys have great potential as lightweight structural
materials due to their low density, but their application is
limited due to lower mechanical properties compared to
other lightweight alloys. The Ultrasonic Nano-crystalline
Surface Modification (UNSM) technique, which induces
severe plastic deformation on the material surface using
ultrasonic impacts, can result in a gradient microstructure
with a refined surface consisting of nano-sized grains, and
an intermediate microstructure with residual strain, ulti-
mately enhancing mechanical properties. While the
nano-crystalline surface contributes to improved strength
and ductility, the residual strain in the intermediate
microstructure brings about a significant reduction in
ductility. However, the residual strain can be beneficial
for both strength and ductility through recovery and
recrystallization, achieved through an appropriate anneal-
ing treatment. In this study, we applied the UNSM-
treatment, followed by subsequent annealing at 200 °C,
to a homogenized rolled AZ31 alloy to simultaneously
improve strength and ductility by generating a gradient
microstructure.

Keywords

AZ31 alloy � Ultrasonic Nano-crystalline Surface
Modification (UNSM) � Gradient microstructure � Heat
treatment

Introduction

Mg and its alloys are highly regarded as lightweight mate-
rials in various industries, including automotive and aero-
space [1–5]. Mg offers excellent properties such as low
density, high strength-to-weight ratio, castability, damping
capacity, machinability, and recyclability, making it essen-
tial for the production of lightweight products. However, Mg
and its alloys have weaknesses such as lower hardness,
strength, formability, and corrosion resistance when com-
pared to other lightweight materials, which can make their
use challenging in certain industrial applications. Recently,
the surface severe plastic deformations (SSPD) method,
which imposes strong plastic deformation on the specimen
surface, has been widely used as a way to overcome this
problem [6–10]. Recently, a specific SSPD method known
as Ultrasonic Nano-crystalline Surface Modification
(UNSM) has been developed. This method not only signif-
icantly improves material strength but also offers advantages
like ease of production, cost-effectiveness, and precise load
control compared to conventional methods [11, 12]. Nev-
ertheless, research conducted to date on the application of
UNSM-treatment in Mg alloys is scarce. Therefore, in this
study, we investigated the impact of UNSM-treatment on the
mechanical properties of a commercial AZ31 Mg alloy.
Furthermore, we applied post-UNSM heat treatment to in-
duce recrystallization, aiming to eliminate the intense com-
pressive residual strain formed on the surface and enhance
ductility.

Materials and Experimental Methods

Sample preparation involved using a 3 mm thick rolled
AZ31 plate (Mg–3.0Al–0.8Zn, wt%), which underwent
homogenization heat treatment at 420 °C for 10 h, followed
by air-cooling. The specimen was machined to dimensions
of 125 mm (length) � 25 mm (width) � 3 mm (thickness)
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for UNSM-treatment, and the UNSM-treatment was per-
formed in the normal direction. Then UNSM-treated speci-
mens were annealed at 200 °C. Samples treated with UNSM
in the as-rolled state and annealed after UNSM-treatment are
referred to as UNSM and UNSMA samples, respectively.
Microstructural observations were performed on each sam-
ple using optical microscopy (OM) and electron backscatter
diffraction (EBSD). Samples were prepared by grinding and
polishing, followed by etching with an acetic-picral solution
(10 ml acetic acid, 3.0 g picric acid, 10 ml distilled water,
and 100 ml ethanol). EBSD measurements were carried out,
and the data was analyzed using Tex-SEM Laboratories
orientation imaging microscopy (TSL OIM) analysis soft-
ware. Mechanical testing included measuring Vickers hard-
ness of surface for as-rolled, UNSM, and UNSMA samples.

Results and Discussion

Figure 1 shows the optical micrographs and SEM micro-
graphs of the ND-RD plane of as-rolled, UNSM, and
UNSMA samples. The as-rolled sample exhibits an equiaxed
recrystallized grain structure with uniform grain size from
the surface to the center. In contrast, after UNSM-treatment,
a gradient microstructure is observed. The surface region
shows significantly refined grain structure due to the strong
severe plastic deformation applied, with nanoscale-sized
grains observed near the surface and extending to
* 650 µm depth. For the annealed UNSMA sample, newly
recrystallized grains are observed on the surface, and
residual twinned regions are observed from the region
* 250 µm away from the surface to * 650 µm depth. The

Fig. 1 Microstructural characteristics of a as-rolled, c UNSM, and e UNSMA samples: a, c, and e optical micrographs and b, d, and f SEM
micrographs at positions A and B in each sample
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twin observed in UNSM and UNSMA samples is the most
readily occurring {10–12} twin in Mg, as reported in pre-
vious studies [13, 14]. This is confirmed through analysis of
the EBSD boundary map (Fig. 2).

The internal residual strain within the material subjected
to the UNSM-treatment and subsequent annealing is indi-
cated in Fig. 3 using the kernel average misorientation
(KAM) values obtained from EBSD measurements. The
KAM, employed in EBSD technique, quantifies the extent of
localized deformation or misorientation within a crystalline
material [15, 16]. A higher residual strain within the material
is represented by green color, while a low strain is indicated
by blue in the KAM map. Both UNSM and UNSMA sam-
ples exhibit a drastic increase in the KAM value of 0.95 and
0.73 respectively, comparing to the KAM value of 0.41 in
the as-rolled sample. Surface area of the UNSM material was
not indexed as indicated by the black-colored area, signify-
ing that the UNSM-treatment causes highly concentrated
internal strain on the surface. On the other hand, the con-
centrated strain on surface was distinctly relaxed through the
annealing treatment at 200 °C, as confirmed by the recrys-
tallized grains in blue color. Even though the UNSMA

sample underwent annealing at a low temperature of 200 °C,
recrystallization occurred readily due to the high residual
strain in the surface region. These results indicate that the
residual strain at the surface was significantly reduced after
annealing, which is expected to improve the ductility
degradation caused by high residual strain.

To investigate the mechanical properties of each sample,
a Vickers hardness test was performed, and the corre-
sponding hardness values on the surfaces of the three sam-
ples are shown in Fig. 4a. The results show that the as-rolled,
UNSM, and UNSMA samples exhibit hardness values of
58.7 Hv, 112.2 Hv, and 78.1 Hv, respectively. After the
UNSM-treatment, the hardness value was significantly
increased by 91%. This is attributed to the high residual
strain and twin induced by the UNSM-treatment. On the
other hand, after annealing, the hardness value decreased
compared to the UNSM sample; however, it exhibited a 33%
increase when compared to the as-rolled sample. Recrys-
tallization induced by the annealing reduces the internal
strain on the surface and results in smaller grains compared
to the as-rolled sample. As a result, the UNSMA sample
exhibits lower hardness compared to the UNSM sample,
while demonstrating higher hardness in contrast to the
as-rolled sample. Figure 4b shows the grain size measure-
ments from the surface to the center. The as-rolled sample
exhibited a consistent grain size of 15 µm from the surface
to the center, showing minimal variation across regions. In
the UNSM sample, the grain size near the surface was too
fine to measure, but at * 200 µm, the grain size was
2.8 µm. Toward the center region, the grain size becomes
gradually larger until it is comparable to the grain size of the
as-rolled sample. The UNSMA sample possessed the surface
grain size of 8 µm and gradually approached the grain size
comparable to that of the as-rolled sample in similar manner
to the UNSM sample. These differences in grain size from
the surface to the center in each sample are corresponded to
the differences in hardness.

Conclusions

In this study, we investigated the effects of UNSM and
subsequent annealing treatment on the microstructure and
mechanical properties of AZ31 Mg alloy. After the utiliza-
tion of UNSM-treatment, the gradient microstructure con-
sisted of high residual strain and twin at the surface and
intermediate layer was formed. This microstructural change
significantly contributed to the remarkable surface hardness
improvement by 91%. Meanwhile, the annealing treatment
conducted as a post-UNSM-treatment resulted in the relax-
ation of internal strain and formation of fine recrystallized
grains on the surface. This refined microstructure is advan-
tageous for mitigating ductility degradation resulting from

Fig. 2 EBSD grain boundary map of the UNSM sample. High-angle
grain boundaries and {10–12} twin boundaries are shown in black and
red, respectively
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the concentrated strain induced by UNSM-treatment, while
also enhancing strength compared to the as-rolled sample.
These findings highlight the potential of UNSM and

subsequent annealing treatments in tailoring the
microstructure and properties of Mg alloys, which are con-
trollable depending on the various applications.

Fig. 3 EBSD results of kernel average misorientation (KAM) maps of a UNSM and b UNSMA samples

Fig. 4 a Vickers hardness of the surface and b grain size variation according to depth from the surface for as-rolled, UNSM, and UNSMA
samples
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Research Toward Sintering Improvement
During Press and Sinter Processing of Mg
and Mg Alloy Powders

Steven C. Johnson and William A. Caron

Abstract

Consolidation of magnesium (Mg) alloy powders by near
shape forming methods offers significant opportunity for
structural material light weighting. Experimental results
to date indicate that Mg/Mg alloy powders can be
consolidated using press and sinter processing to some
extent. Attaining full density of Mg/Mg alloy powders
using solid and liquid phase sintering is difficult appar-
ently due to the presence of surface oxide layers impeding
interparticle sintering. In this work, thermodynamic
modeling was applied to determine the equilibrium
phases formed at varying oxygen (O2) concentrations
for pure Mg and several Mg powder alloys. Complimen-
tary sintering experiments in relatively O2 free inert
atmospheres were subsequently performed to investigate
densification and interparticle neck formation during
sintering. Additionally, all sintered powder compacts
were characterized for density, microstructure, phase
development, and microstructure composition. Results of
this work are intended to increase understanding of solid
and liquid state sintering of Mg/Mg alloy powders.

Keywords

Mg and AZ91D powder � Press and sinter processing �
Thermodynamic modeling� Solid state sintering� Liquid
phase sintering � Supersolidus liquid phase sintering �
Surface oxide layer

Extended Abstract

Near and net shape fabrication of light alloy materials for
potential structural applications represents critical materials
and component fabrication methods for efficient and sus-
tainable materials processing. Magnesium (Mg) alloys are
exemplary light alloy structural materials with a density of
* 1.8 gm/cm3. However, near and net shape fabrication of
Mg alloys specifically using conventional press and sinter
processing is challenging primarily due to the presence of a
powder particle surface magnesium oxide (MgO) layer. This
surface oxide layer functions as a diffusion barrier to inter-
particle mass transport and impedes densification of Mg
alloys when using conventional sintering. Methods other
than conventional press + sintering of Mg, Mg alloy, and
Mg alloy composite powders have been applied towards
achieving full density. Vacuum hot pressing, high frequency
spark plasma sintering, and susceptor assisted microwave
sintering have all been applied to these powders and attained
final densities approaching full density most likely due to
disruption of the powder particle surface MgO layer during
sinter processing [1–4]. For susceptor assisted microwave
sintering of Mg alloy and Mg alloy composite powders,
significant reduction in sintering time and increased sinter
densification kinetics are achieved due to the mechanism of
microwave coupling with green powders compacts. Results
of * 93–95% theoretical density (qTh) in the as-microwave
sintered condition for solid state sintering have been
achieved [4]. The work presented here combines thermo-
dynamic modeling with complimentary sintering experi-
ments in relatively O2 free inert atmospheres to better
understand and progress conventional, atmospheric pressure
sintering of Mg and Mg alloys.

Modeling of the effect of trace O2 content on equilibrium
phase formation in Mg and Mg alloy AZ91D was performed
using the thermodynamic modeling software Pandat™ and
the associated Mg thermodynamic database PanMg2023.
For the formation of equilibrium phases, Gibb’s free energy

S. C. Johnson (&) � W. A. Caron
Central Connecticut State University, 1615 Stanley Street,
New Britain, CT 06050, USA
e-mail: scjohnson@ccsu.edu

© The Minerals, Metals & Materials Society 2024
A. Leonard et al. (eds.), Magnesium Technology 2024, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-50240-8_25

117

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_25&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_25&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_25&amp;domain=pdf
mailto:scjohnson@ccsu.edu
https://doi.org/10.1007/978-3-031-50240-8_25


and fraction of phase(s) present were calculated from 0 to
1000 °C for O2 contents of 1 (0.0001 wt%), 10, 100, and
1000 (0.1 wt%) parts per million (ppm). Modeling results
are summarized as plots of Gibb’s free energy versus tem-
perature and phase fraction versus temperature. In this
approach, the formation of the thermodynamically most
stable phase(s) can be identified and the fractional quantity
of these phase(s) determined.

Mg and AZ91D powder experimental characterization
and compaction processing was previously described as in
[5]. Based partially on thermodynamic modeling results,
sintering of Mg and AZ91D powder compacts was per-
formed using vacuum evacuation of the sintering tube fur-
nace environment in an attempt to minimize any residual air
or O2 in the sintering atmosphere and high purity Argon
(Ar) for inert furnace atmosphere. Specifically, 99.999% Ar
(5-9Ar) containing less than of 1 ppm O2, 3 ppm H2O, and
0.5 ppm total hydrocarbons was used for the inert furnace
atmosphere [6]. Prior to initiating the furnace sintering
program, the sintering furnace chamber was sealed, back-
filled and purged with 5-9Ar for * 5 min and subsequently
a vacuum of * 10 Torr pulled on the sintering furnace
chamber for * 5 min. This procedure of Ar back-
fill + vacuum pump was repeated 3 times to remove any
residual air or O2 and ensure that the furnace sintering
atmosphere was relatively the purity of the 5-9Ar gas used.
Mg and AZ91D green compacts were heated at 10 °C per
minute for all sintering program ramps, a compaction
lubricant removal dwell of 20 min. at 400 °C was performed
for all samples, and sintering was performed for 60 min at
temperatures below and above the melting temperature (Tm)
or solidus temperature (Ts) to facilitate both solid state and
liquid phase or supersolidus liquid phase sintering. After
sintering, all samples were cooled within the furnace to
400 °C in the inert furnace atmosphere by shutting the

furnace off and increasing the flow of Ar. Sintered samples
were subsequently sectioned using a low speed Diamond
saw with the sample for density determination removed from
approximately the center of the sintered 30 mm diameter
disc and of approximately 1800 mm3 in volume. Density
was determined following ASTM standard B962-17 [7].

Thermodynamic modeling results for Mg and AZ91D
were reasonably similar in that for each of the O2 contents
modeled, MgO had the lowest modeled Gibb’s free energy
and was present from room temperature (TR) to Tm of Mg or
Ts of AZ91D in very small phase fractions. Figure 1a shows
the phase fractions for AZ91D with 1 ppm O2 from TR to
700 °C with the fraction of MgO 0.0003%, shown as the red
line along the x-axis of the plot. Similarly, Fig. 1b shows the
phase fractions for AZ91D with 1000 ppm O2 from TR to
700 °C with the fraction of MgO 0.3%.

Modeled results clearly indicate that for any O2 content at
or above 1 ppm, MgO is the most thermodynamically stable
phase for AZ91D and will be present in small quantities.
Similar modeling results were obtained for pure Mg again
with MgO present in small quantities for any O2 content at
or above 1 ppm. For modeled phase fractions of pure Mg,
solid hexagonal closed-packed (HCP) Mg transitions to
liquid Mg as a step function at the Tm of Mg as expected for
a pure element. These results clearly imply that to eliminate
the formation of MgO in Mg-based systems, a sintering
atmosphere O2 content of below 1 ppm must be achieved.

Experimental sintering of Mg and AZ91D samples was
performed at temperatures below and above the Tm for Mg
(Tm,Mg = 645 °C) and the Ts for AZ91D (Ts,AZ91D = 561 °
C) to affect both solid and liquid phase sintering in a rela-
tively low O2 content Ar atmosphere. Experimental results
of this effort are shown in Table 1. For both Mg and AZ91D,
solid state sintering * 10 °C below Tm or Ts was ineffective
in achieving 100% qTh. Sintered density decreased

Fig. 1 a Modeled phase fractions for AZ91D with 1 ppm O2 from TR to 700 °C. b Modeled phase fractions for AZ91D with 1000 ppm O2 from
TR to 700 °C
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compared to green density with a maximum sintered density
of 91.67% qTh. Similarly, liquid phase and supersolidus
liquid phase sintering at * 10 and * 25 °C above Tm or Ts
were also ineffective in achieving 100% qTh again resulting
in a decrease in density with a maximum sintered density of
90.16% qTh. For solid state sintering, MgO occurs as a thin
surface film on powder particles and functions as a diffusion
barrier impeding solid state Mg transport and sinter densi-
fication of Mg and AZ91D [8]. For liquid phase and
supersolidus liquid phase sintering, the mechanism of poor
sinter densification appears to be due to a high contact angle
and therefore poor wetting of any liquid formed with the
surrounding solid [9]. For all samples liquid or supersolidus
liquid phase sintered, liquid was observed to exude from the
solid sample thus decreasing sample density.

Results of this work better define two fundamental
impediments to atmospheric pressure sintering of Mg and
Mg alloy powders. One impediment is the contribution of
ppm level quantities of O2 in sintering atmospheres. Ther-
modynamic modeling has shown that even these small
quantities of O2 result in formation of MgO specifically as a
surface oxide layer on powder particles. This surface MgO
layer functions as a diffusion barrier which impedes solid
state diffusion and prevents solid state sinter densification of
Mg. For example, Wolff and coworkers used very detailed
processing methods such as glove box processing of Mg
powders, use of a 99.9999% pure Ar sintering atmosphere,
active gettering within the sintering atmosphere, and more
but achieved only 85% qTh sintered density for pure Mg
which is lower than achieved in work presented here [10].

A second impediment is the presence of a pre-existing
MgO layer that must be reduced or disrupted to facilitate
solid or liquid phase sinter densification. In this work, liquid
and supersolidus liquid phase sintering was performed to
overcome any pre-existing MgO layer for sinter densifica-
tion and was unsuccessful. The autogenous formed liquid
phases were insufficient to cause sinter densification and
some of the formed liquid exuded to the sample surfaces
resulting in a decrease in sintered density.

From this work, approaches at successful conventional
atmospheric pressure sintering of Mg and Mg alloy powders
can be offered.

• Practice high levels of sample and sintering atmosphere
cleanliness during handling and processing of Mg and
Mg alloy powder compacts to minimize additional O2

sources to the pre-exiting MgO layer. This practice will
limit surface oxide growth and enhance sinterability of
Mg and Mg alloy powders.

• Approach alloying Mg base alloys that form surface
oxide layers more stable than MgO and better facilitate
solid and liquid phase densification. Burke and Wolff
have both approached alloying pure Mg with Ca or Y
with varying levels of success and additional research of
this approach is warranted [11, 12].
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Low Anisotropy and High Ductility
of Mg–Zn–Ce Alloy Achieved
by the Optimized Thermo-mechanical
Process

Xiaoying Qian, Zhihua Dong, Bin Jiang, Cuihong Wang,
Zhiying Zheng, and Fusheng Pan

Abstract

The effect of thermo-mechanical process involving
different cold rolling reductions along extrusion direction
combined with annealing treatment on plastic deforma-
tion and its anisotropy of Mg–1Zn–0.2Ce (wt%) alloy is
studied. The results show that low anisotropy and
exceptional ductility with the elongation up to 41.6%
along rolling direction (RD) and 45.4% along perpendic-
ular |direction (TD) are achieved by one-passed cold
rolling reduction of 19% in combination with the
annealing at 350 °C for 1 h. The microstructure charac-
terization by electron backscattered diffraction indicates
that the mechanism behind this is closely related to the
preferred nucleation and growth of grains characterized
by the TD texture component during the annealing
process, which contributes to the texture transformation
from bimodal to ring-like type. The weakened anisotropy
and improved ductility obtained by the optimized
thermo-mechanical process can significantly increase the
plastic deformation capacity and promote wider engi-
neering applications of the alloys.

Keywords

Magnesium alloys � Plastic deformation �
Thermo-mechanical process � Texture evolution

Introduction

The strong basal texture is generally observed in commercial
wrought magnesium (Mg) alloys due to the hexagonal
closed-packed structure, leading to relatively low ductility
and formability at room temperature and further restricting
the engineering applications of Mg alloys [1–3]. Weakened
basal texture and even double peak texture could be obtained
in Mg–Zn–Re alloys [4], such as Mg–Zn–Gd [5, 6], Mg–Zn–
Ce [7–9], and Mg–Zn–Y [10] via high-speed extrusion or
multidirectional impact forging. It contributes to their
improved ductility and formability at room temperature.
Nevertheless, the Mg–Zn–Re alloys generally exhibit evident
plastic anisotropy when tension is conducted along various
directions, because of numerous grains in one favourable
orientation for basal slip and tensile twinning [11, 12].

Extensive processing technologies, such as multiple
rolling [13, 14] and equal channel angular extrusion [15–17],
have been proposed to reduce plastic anisotropy. For
instance, Hoseini-Athar et al. [18] introduced the new
1211
� �

component texture to form non-basal extrusion
direction-perpendicular direction (ED-TD) double split tex-
ture in Mg–Zn–Gd alloy by the constrained groove pressing.
Shi et al. [19] revealed that the basal pole was tilted from ND
(normal direction) toward TD by five-pass rolling with final
heavy reduction rolling and the planar anisotropy in the
mechanical response of Mg–Zn–Y–Zr alloy was signifi-
cantly reduced. Nevertheless, these processes are relatively
complex and costly for engineering applications [20]. In
addition, the processing parameters highly depend on
chemical composition and need to be optimized for different
alloy systems. For the plastic Mg–Zn–Ce alloy, the influence
of the one-passed cold-rolled process on its microstructure,
plastic anisotropy, and ductility remains unclear.

In the present work, the effect of thermo-mechanical
process involving different cold rolling reductions along
extrusion direction combined with annealing treatment on
texture modification, ductility, and anisotropy of as-extruded
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Mg–Zn–Ce alloy is investigated. The mechanisms behind
the improved mechanical properties are elaborated with de-
tailed microstructure characterizations.

Experimental Procedures

The chemical composition of the studied alloy is shown in
Table 1. As-extruded sheets with a thickness of 3 mm and a
width of 56 mm were obtained by hot extrusion at 450 °C
with an extrusion ratio of 30. Then, the as-extruded sheets
were subjected to the one-passed cold rolling with different
reductions of 5, 8, and 19%. The annealing treatment of the
rolled sheets was conducted at 350 °C for 1 h.

The mechanical properties of samples were tested at a
tensile rate of 1.5 mm/min at room temperature. The tensile
tests were performed along ED or rolling direction (RD) and
TD, and three repeated measurements were carried out for
accuracy. The tensile specimens with a cross-sectional area
of 6 mm � 3 mm and a gauge length of 12 mm were used
in the test. The microstructure characterization was con-
ducted using electron backscattering diffraction (EBSD,
JEOL JSM-7800F) after electrolytically polished by AC2 at
− 20 °C with a voltage of 20 V and a current of 0.03 A.

Results and Discussion

Mechanical Properties

Figure 1 shows the engineering stress–strain curves along
ED/RD and TD of as-extruded alloys and cold-rolled alloys
with annealing. As can be seen, as-extruded Mg–Zn–Ce alloy

Table 1 Chemical composition of studied Mg alloy (wt%)

Mg Zn Ce

ZCe10 Bal 1.06 0.19

Fig. 1 Engineering stress–strain curve of alloys tension along a RD and b TD, with c critical mechanical parameters at different rolling reductions.
A comparison of average elongation and plastic anisotropy among various rolled Mg alloys is shown in panel (d)
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exhibits the elongation of 48.7 and 28.4% along ED and TD,
respectively, indicating the large difference in terms of duc-
tility, i.e., an obvious anisotropy in plasticity. After being
subjected to the one-passed cold rolling reduction of 5% and
the annealing process, the elongation decreases to * 32%
along RD. With further increasing the rolling reduction to 8
and 19%, the elongation increases again to * 42%. For the
tension along TD, the elongation decreases to 23.2% at 5%
reduction and then gradually increases to 45.4% at annealing
from the cold-rolled reduction of 19%. Accordingly, Mg–
Zn–Ce alloy with the elongation of 41.6 and 45.4% along RD
and TD, which is achieved at 19% cold-rolled reduction with
annealing, shows a low anisotropy and high ductility.
A comparison of ductility and anisotropy between the present
findings with the available reports of the rolled Mg alloys [6,
21–31] is shown in Fig. 1d. It is clear that the studied alloy
subjected to the extrusion and rolling process exhibits rela-
tively high ductility and low plastic anisotropy, indicating an
improved formability in engineering applications.

Microstructure Characterization

To understand the improvement of anisotropy and ductility,
microstructure at as-extruded, cold-rolled, and annealed
states are examined. Figure 2 shows the inverse polar figures
(IPF), twin maps (TM), complete Kernel average misorien-
tation (KAM) maps, and polar figures (PF) of as-extruded
alloy and one-passed cold-rolled alloy with 5, 8, and 19%
reduction. The as-extruded alloy shows complete dynamic
recrystallization with the ED-split double peak texture. The
average grain size of the dynamically recrystallized grains is
estimated to be * 14 lm. Many high-angel grain bound-
aries are observed in twin maps without any twin variants. In
addition, the KAM map exhibits that the strain is relatively
homogeneous. After subjecting to a cold-rolled reduction of
5%, the number of tension twins increases, along with which
a certain degree of low-angel grain boundaries appears. It is
indicated that tension twinning is induced at small
cold-rolled strains. With increasing the reduction to 8 and

Fig. 2 Inverse pole figure, twin map, KAM, and pole figure of alloys at different rolling reductions: a–d 0%, e–h 5%, i–l 8%, and m–p 19%
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19%, most grains exhibit a completely twinning structure.
Namely, non-basal-orientated grains are rotated around 86°
with the c-axis paralleling to normal direction, which ulti-
mately leads to the enhanced basal texture component.
Furthermore, the density of low-angel grain boundaries in
the twin maps and geometrically necessary dislocation
density in the KAM maps increase noticeably, indicating
that dislocations slip also contributes to plastic deformation.

Furthermore, microstructure at annealing after different
cold rolling reductions is shown in Fig. 3. It is observed that
after annealing at 350 °C for 1 h, complete dynamic
recrystallization occurs. The density of low-angel grain
boundaries and the number of twins decrease significantly.
Importantly, the type and component of texture are changed
compared to the one of the as-extruded alloy. After
annealing with 8 and 19% cold-rolled reduction, the double
peak texture at the as-extruded state transforms to a ring-like
texture with the maximum polar density decreasing from
10.72 m.r.d to 5.51 and 3.59 m.r.d. Basal slip in Mg alloys
tends to be dominated in the process of plastic deformation
at room temperature due to its low critical shear stress [32].
Grains with non-basal orientation effectively improve the
Schmid factor of basal slip. Namely, the weakened texture of
as-annealed alloy is favourable for the improvement of
ductility. The alloy annealing with 19% cold-rolled reduc-
tion contains comparable RD and TD-orientated grains and
exhibits high ductility and low anisotropy.

Static Recrystallization Behaviours

The low anisotropy and high ductility of the as-annealed
alloy are closely related to the ring-like texture characteristic
according to the above EBSD observations. It is well-known
that static recrystallization behaviours primarily contribute to
the formation of texture. In the following, the influence of
static recrystallization during annealing is elaborated. Fig-
ure 4 shows the inverse polar figure and polar figure, twin
map, KAM, and distribution of grain boundary misorienta-
tion of alloys after 19% cold-rolled reduction and annealing
at 350 °C for 10 min. The high density of low-angel grain
boundaries can be observed. The grain boundary misorien-
tation shows relatively frequent proportions at 86 ± 5° and
56 ± 5°, indicating that tension twins and few compression
twins remain after short-time annealing. Nevertheless, partial
static recrystallization has been triggered as evidenced by the
low-strain energy within the grains.

To get insight into the influence mechanism of static
recrystallization, two representative grains are extracted, as
shown in Fig. 5. Parent grains P1 and P2 with high-strain
stored energy exhibit RD orientation in Fig. 5a and b, while
a misorientation of * 86° between grain M1, M2, M3, and
M4 and parent grains is observed. It indicates that these
grains belong to tension twins, which are orientated toward
TD. Tension twin boundary is characterized by good
coherency and high mobility [33]. During annealing, the

Fig. 3 Inverse pole figure, twin map, KAM, and pole figure of alloys at different rolling reductions with annealing: a–d 5%, e–h 8%, and i–l 19%
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high-stress concentration accumulation is replaced by the
region of low stored energy and tension twins are easy to
grow. Therefore, the RD-orientated parent grains would
gradually transform into TD-orientated recrystallized grains.
In addition, it can be seen in Fig. 5d that TD-orientated
grains (M6–12) with low stored energy are preferable to
nucleate at the grain boundary of basal-orientated parent
grain (P3). The basal-orientated grain with the c-axis paral-
leling the external force shows hard orientation for basal slip
and tension twinning so that the plastic deformation is dif-
ficult to be accommodated. It results in high-strain energy
stored in basal-orientated grains, which can provide the
required driving force for recrystallization during annealing.
The high proportion of ED-orientated grains is beneficial to
tension twinning when cold rolling is conducted along ED.
With the increase of rolling reduction, some completely
twinning grains exist in basal orientation grains, and
TD-orientated tension twins form in random and

ED-orientated grains. The easy growth of tension twins and
preferable nucleation of TD-orientated grains around
basal-orientated grains during static recrystallization pro-
mote the formation of TD-split texture components. There-
fore, at 19% cold-rolled reduction and annealing, the
proportion of TD-orientated grains is significantly improved
and even higher than that of RD-orientated grains, which
ultimately results in the formation of ring-like texture and
improves the ductility along TD to reduce plastic anisotropy.

Conclusion

The influence of thermo-mechanical process involving dif-
ferent cold-rolled reductions along extrusion direction
combined with annealing treatment on plastic deformation
and its anisotropy of Mg–1Zn–0.2Ce (wt%) alloy is studied.
The primary results are summarized as follows:
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Fig. 4 Microstructure examination after short-time annealing: a inverse polar figure and polar figure, b twin map, c KAM, and d distribution of
grain boundary misorientation
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1. Low anisotropy and excellent ductility with the elonga-
tion up to 41.6% along RD and 45.4% along TD are
achieved by one-passed cold-rolled reduction of 19% in
combination with the annealing at 350 °C for 1 h.

2. The microstructure characterization indicates that texture
transformation from bimodal to ring-like type improves
the TD-split texture component and contributes to low
anisotropy.

3. The formation of a ring-like type texture during anneal-
ing is closely related to the static recrystallization
mechanism including easy growth of TD-orientated ten-
sion twins and preferable nucleation of TD-orientated
grains around basal-orientated grains with high stored
energy.
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Optimization of Bead Morphology for Cold
Metal Transfer Wire Arc Additive
Manufacturing of AZ31 Magnesium Alloy
Wires

Suresh Goka, Manjaiah Mallaiah, and M. J. Davidson

Abstract

Wire arc additive manufacturing (WAAM) is a direct
energy deposition additive manufacturing technology
used for creating medium to large-scale components.
This process involves the deposition of multiple layers of
beads to fabricate a component from 3D CAD data. By
controlling various process parameters, the fabrication of
a component can be achieved through the deposition of
multiple beads and layers. Therefore, the selection of
suitable process parameters for efficient bead geometry,
and bead-on substrate trials were conducted for the
magnesium alloy (AZ31) using Taguchi L9 orthogonal
array of experiments and a cold metal transfer
(CMT) T400i welding power source. The input param-
eters chosen were wire feed, arc length correction, and
travel speed, while the response parameters chosen were
bead width, bead height, wetting angle, and dilution. The
results were analyzed using analysis of variance
(ANOVA) and regression equations. The R2 and Adj R2

values were both found to be above 90% for all the
responses demonstrating the fitness of the model. Mean
response optimization was employed to optimize the
process parameters. To address the conflicting nature of
the multiple responses, a Grey relation approach was
applied to provide a unique solution for all responses. The
validation of optimum process parameters was also
conducted to determine the ability and suitability of the
Grey relation approach. It was found that the predicted
optimum process conditions were feasible settings for
multi-layer deposition, with a deviation of less than 5%
for experimental trials.

Keywords

WAAM � CMT � Magnesium alloy � Optimization �
ANOVA � Desirability function

Introduction

Direct energy deposition (DED) is an additive manufactur-
ing (AM) process that has been used to produce single-unit,
complex-shaped components with less manufacturing lead
time and more buy-to-fly ratios in various fields, viz. aero-
space and automobile industries. Hence, the technology is
moved to the next level by overcoming the conventional
manufacturing process. During the last three decades,
arc-based additive manufacturing has been exploring man-
ufacturing large components enormously because the tech-
nology provides higher deposition rates, enlarged build
envelop, lower capital cost, etc. The leading industry aero-
space sector appears to be good at working with low-density
and high-specific strength materials such as aluminium and
magnesium alloys over the top usage of steel and other metal
alloys. The wire feed-stock systems are useful in encour-
aging the arc welding process by supplying the wire-shaped
raw material to the welding machine. Thus, the wire arc
additive manufacturing (WAAM) process is a unique term
that stormed the market as well as drawing the huge atten-
tion of users to work.

There are various WAAM processes that emerged in the
industries due to their capability of producing components
with high deposition rates and ensuring near-net shapes.
Those are gas metal arc welding (GMAW), gas tungsten arc
welding (GTAW), and plasma arc welding (PAW)-based
layer-wise fabricating processes. Interestingly, cold metal
transfer (CMT) is a modified technique of the GMAW
process, which has attracted large-scale industries and many
researchers because it is a phenomenal process that provides
special benefits such as no spatter and low heat input [1].
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The process has played a significant role in producing
WAAM-based components [2]. MIG-based WAAM process
was also used for thin wall preparation with ER70S-6 carbon
steels [3], 316L steels [4], alloys H08Mn2Si [5] at variable
layer width control. A second-order Hammerstein model is
established to deal with the layer width and travel speed.
A multi-material layered MIG/MAG-based WAAM welding
has been carried [6] to investigate the material properties
such as hardness and bond strength. Here, the materials used
are YS308L and Ni6082, deposited alternatively one after
another to make the thin walls. Hence, these methods are
hugely appreciable in processing almost all the metals avail
for industrial applications.

Among the materials, the lightest metals like aluminium,
magnesium and their alloys are predominantly used due to
their good specific strength and excellent machinability.
Specifically, the magnesium-based WAAM components
have been used in the aerospace and transportation fields.
So, there is a need to analyse the basic operational param-
eters, other measurable factors, and their effect on the
response parameters. Thus, the preliminary study is to be
carried out in the contest of the weld deposition phenomenon
(termed as cladding) to quantify the quality in the manu-
facturing process.

Firstly, it is important to know how the optimal operating
conditions of the machine lead to depositing accurate bead
profiles, which in turn decides the proper welding phe-
nomenon and that implies the proper fabrication of the
components. Many authors have followed the same phe-
nomenon and got succeeded in producing favourable fabri-
cated welded components [7, 8]. Therefore, the current work
is focusing on optimizing the operating parameters using
various sets of experiments. Subsequently, a relation
between input and output parameters can be formed, and it
can quantify the most appropriate parameters.

Secondly, in wire arc additive manufacturing deposition,
focus on identifying the optimal deposition-related parame-
ters and characterizing them. For that, conducting the design
of experiments (DOE) is a crucial step before fabricating the
bead geometries or components. These techniques are used
in optimizing geometric parameters [9], machining param-
eters [10–12] welding parameters [13], topology optimiza-
tion [14], and WAAM process parameters [15] also. Thus,
statistical studies through the design of experiments also
play a vital role in many areas such as design and
manufacturing.

Experimental Procedure

Method and Material

In the process of simplification of the computed parameters,
the experiments are carried out using the cold metal transfer
(CMT)-based welding process (model type: Fronius
TPS400i). The welding machine used is Trans Puls Synergic
type, where the current, voltage, and wire feed used for
operating the machine are correlated to each other. The
feed-stock system is supplied with AZ31 type magnesium
wire with a 1.2 mm diameter, which is used for depositing
the preliminary beads. The beads of approximate length each
100 mm are deposited over a substrate of the same material,
i.e., AZ31 type of plate with a thickness of 6 mm.

Table 1 illustrates the composition of the raw material, in
terms of percentage of the weight. A high ultra-purity of
99.99% Argon gas is served as shielding gas operated at a
flow rate of 15 l/min. During deposition, the nozzle
tip-to-work piece distance (NTWD) is maintained at 16 mm.
Bead samples of 10 mm in length are cut down using a wire
electric discharge (EDM) machine (model type:
EZEEWIN EW 300).

The bead deposition process is carried out using a CMT
gun that is retrofitted to a gantry X–Y motion table. The
arrangement of the experimental setup is shown in Fig. 1.
The basic trail experiments are conducted to produce the
simple single pass beads by using the input parameters over
a certain range, namely current in the range of (90–126) A,
voltage (13.2–15.1) V, and the torch travel speed maintained
over (0.4–0.6) m/min. The consistency of arc stability is
used to produce the proper cladding occupancy over the flat
surface of AZ31-based magnesium alloy samples is tried to
produce.

The input parameters used for the preliminary bead
geometry analysis are wire feed, arc length correction, and
travel speed. Table 2 is formulated with the parameters and
their levels. For analyzing the bead geometry and proper
coalescence of the welding phenomenon, the output
parameters considered are bead height, bead width, contact
angle, and dilution. These are treated as the main responses
for optimizing analysis. The response values corresponding
to input parameters are detailed in Table 3.

Here, dilution is representing the amount of material
penetrated into the base plate. Dilution is one of the
important parameters in estimating the fused weld quality. It

Table 1 Constituents of the raw
material (as per AWS 5.19)

Wire particulars Chemical composition

Element type Al Mn Zn Si Cu Ni Fe Mg

Weight (wt%) 3.06 0.31 0.99 0.02 0.0023 0.0009 0.0026 Bal
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results in change of weld metal chemistry due to mixing of
the filler wire and base metal after fusion. The dilution
percentage represents the amount of base material gets
diluted due to depositing a bead on its surface. It is given by
the following formula, as depicted in Fig. 2.

Dilution ¼ Area of BOCFB
Area of BOCFBþArea of BACOB

� �
� 100

ð1Þ

Hence, optimal results are observed by producing
well-constructed beads for which the spatter formation is
very less and an almost perfect bead profile is obtained
without crater and any other weld defects.

Study of Design of Experiments

For precise weld outcomes quality, it is required to explore
the optimizing techniques. Taguchi method and Grey

Fig. 1 Welding method a setup of CMT machine and b welding gun fixed to X–Y gantry table c deposited beads

Table 2 Factors and levels of the
L9 orthogonal array

Input parameters Levels of parameters

Level 1 Level 2 Level 3

Wire feed (m/min) 6.4 7.4 8.4

Arc length correction − 2 0 + 2

Travel speed (m/min) 0.4 0.5 0.6

Table 3 Input and output
parameters corresponding to
CMT bead deposition

S.
No.

Input parameters Output parameters

Wire feed
(m/min)

Arc length
correction

Travel speed
(m/min)

Height
(mm)

Width
(mm)

Contact
angle (°)

Dilution
(%)

1 6.4 − 2 0.4 4.44 4.65 64.35 4.035

2 6.4 0 0.5 3.97 4.07 66.79 3.115

3 6.4 + 2 0.6 3.96 3.99 65.35 5.388

4 7.4 − 2 0.5 4.14 5.47 75.96 4.711

5 7.4 0 0.6 4.01 4.98 72.15 4.183

6 7.4 + 2 0.4 4.77 6.32 60.06 4.929

7 8.4 − 2 0.6 3.71 6.16 68.83 9.814

8 8.4 0 0.4 5.1 6.9 67.75 11.69

9 8.4 + 2 0.5 4.45 6.22 59.58 16.83
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relational analysis are used to analyse and optimize the input
process parameters based on the responses. The collected
data is transferred into mean values and quantified as per-
centage of contribution. In our context, mean values, lower
the better and higher better options are considered to opti-
mize the data. The process parameters were analyzed using
Minitab software.

ANOVA Method
The ANOVA test is used to figure out the percentage of
impact of control factors/output parameters. Table 2 repre-
sents the actual L9 orthogonal array for the basic bead
geometry analysis. The response of means of ANOVA is
given in Table 4. The mean values is calculated using the
following formula [11].

Mean ¼ �10 log
1
n

� �
:
Xn
i¼1

y2i ð2Þ

where

yi; . . .; yn Response data
n Number of observations.

Grey Relational Analysis (GRA) Method
For some cases, combined response of the output parameters
is to be calculated to assess the effect of input parameters. In

that case, GRA method is suitable with the design of
Taguchi method. For determining the mean values, both
higher the better and lower the better strategies are used.
Higher the better is used to produce higher bead height,
whereas lower the better is used to produce lower means of
bead width, contact angle, and dilution also. Basically, three
steps are involved in GRA method. First one is to normalize
each output function. Secondly, the finding the deviation
sequence. Then finally, acquiring Grey relational coefficient
is to be done. In this way, both methods are used to identify
and confirm the optimum process parameters. The following
Eqs. (3) and (4) are used perform the first step.

In case of smaller the better,

zij ¼ maxðxijÞ � xij
maxðxijÞ �minðxijÞ ð3Þ

In case of larger the better,

zij ¼ xij �minðxijÞ
maxðxijÞ �minðxijÞ ð4Þ

here

xij Experimental data obtained
maxðxijÞ Maximum of the experimental data obtained
minðxijÞ Minimum of the experimental data obtained
zij Normalized value for ith and jth experiments.

Fig. 2 Cross section of a bead:
AO = bead height; BC = bead
width; OF = penetration;
h = ∠DCE = contact angle
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Grey relation coefficient is given by

a z0j; zij
� � ¼ dmin þ cdmax

dij þ cdmax
ð5Þ

where

dij jz0j � zijj
dmin MinðdijÞ
dmax MaxðdijÞ
i 1, 2, 3, …, m
j 1, 2, 3, …, n
dij The deviation sequence of the mentioned and the

analogy sequence
c Distinguish coefficient in the range 0–1

0.5 (in this study).

The smaller the value c, the more distinct it is. The
summation of Grey relation coefficients is the Grey relational
grade and it is given by below formula.

^ Z0; Zið Þ ¼
Xn
i¼1

Yja z0j; zij
� � ð6Þ

wherePn
j¼1 Yjj 1 (for i = 1, 2, …, m)

^ðZ0; ZiÞ The Grey relational grade between mentioned
sequence Zi and analogy sequence Z0.

Table 4 Analysis of variance for means for a bead height, b bead width, c contact angle, and d dilution

Source DF Seq SS Adj SS Adj MS F P Contribution (%C)

(a)

Wire feed (m/min) 2 0.13447 0.13447 0.06723 1.42 0.414 8.50

Arc length correction 2 0.15847 0.15847 0.07923 1.67 0.375 10.01

Travel speed (m/min) 2 1.19487 1.19487 0.59743 12.58 0.074 75.49

Residual error 2 0.09500 0.09500 0.04750 6.00

Total 8 1.58280

R2 = 94.00% Adj (R2) = 76.00%

(b)

Wire feed (m/min) 2 7.32762 7.32762 3.66381 83.88 0.012 82.85

Arc length correction 2 0.05642 0.05642 0.02821 0.65 0.608 0.64

Travel speed (m/min) 2 1.37296 1.37296 0.68648 15.72 0.060 15.52

Residual error 2 0.08736 0.08736 0.04368 0.99

Total 8 8.84436

R2 = 99.01% Adj (R2) = 96.05%

(c)

Wire feed (m/min) 2 31.20 31.20 15.60 0.81 0.553 13.98

Arc length correction 2 117.79 117.79 58.90 3.05 0.247 52.77

Travel speed (m/min) 2 35.58 35.58 17.79 0.92 0.521 15.94

Residual error 2 38.63 38.63 19.31 17.31

Total 8 223.20

R2 = 82.69% Adj (R2) = 30.77%

(d)

Wire feed (m/min) 2 140.853 140.853 70.426 16.30 0.058 82.78

Arc length correction 2 15.619 15.619 7.809 1.81 0.356 9.18

Travel speed (m/min) 2 5.049 5.049 2.525 0.58 0.631 2.97

Residual error 2 8.643 8.643 4.321 5.08

Total 8 170.164

R2 = 94.92% Adj (R2) = 79.68%
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Results and Discussion

It is important to understand the influence of process param-
eters in achieving good weld quality. The summarized results
of the L9 arrayed bead geometry are analyzed and discussed in
this section in detail. The experimental values are tabulated for
cross sectional geometry of each single bead. Figure 2 rep-
resents the sectional view of a bead and the corresponding
terminology used for further analysis. The output parameters
and their notations are mentioned in detail here.

The experimentally obtained output parameters corre-
sponding to the welding operating input parameters are
tabulated in Table 3.

ANOVA Analysis

The experimental information calculated from the geometry
of beads can be analysed and optimized using ANOVA. This
analysis makes possible to estimate how the input factors
affect the bead height, width, contact angle, and dilution
individually. The influence of input parameters and their
interactions is studied in terms of percentage of contribution
(%C). The information is given in Table 4, where DF stands
for degree of freedom, Seq SS stands for sequential sums of
squares, Adj SS stands for adjusted sum of squares, Adj MS
stands for adjusted mean squares, F stands for statistics of
test, and P stands for probability of the test.

The performance of ANOVA test in finding the interac-
tions between the input parameters and the output parame-
ters is presented in Table 4a–d, respectively. The observed
data is quantified as mean values data so that it can be useful
for estimating how successfully the process parameters
being influenced the response values. Based on the calcu-
lated mean values for the bead height, width, contact angle,
and dilution, their correlation is depending on the various
levels of process parameters as mentioned above. The
information is obtained using the Minitab software. As a
result, the obtained numerical for individual output param-
eter is explained in detail.

The most influenced parameter in estimating the bead
width is wire feed (82.85%), then followed by travel speed
(15.52%) and arc length correction (0.64%). Similarly, in
estimating the dilution, the most influenced parameter is wire
feed (82.78%), then followed by arc length correction
(9.18%) and travel speed (2.97%). That means, wire feed has
to be focused more while selecting the operating process
parameters. In addition, travel speed had significant effect
(75.49%) in estimating the bead height. Here, the contribu-
tion of wire feed is 8.5%, and arc length correction is
10.01%. Subsequently, to estimate the contact angle, the arc
length correction factor had 52.77% influence followed by

the contribution of travel speed is 15.94% and wire feed is
13.98%.

Therefore, wire feed had the highest effect on the response
factors, in terms of percentage of contribution, whereas the
arc length correction and torch speed have significant effect.
It is obvious that the wire feed had the most influence on the
response factors such as bead width and dilution of base
plate. The calculated results are converted to mean values to
represent the effectiveness of the process parameters. The
same information can be analyzed in better way by consid-
ering the plots made for input parameters versus mean values
of the output parameters as shown in Fig. 3.

Figure 3 depicts the impact of multiple test input
parameters (plot for main effects for mean) on the output
parameters. If a specific parameter line is close to the hori-
zontal reference line, that means, the parameter has no
influence. Otherwise, in case the parameter line is greatly
inclined to the horizontal reference line, then the parameter
has good enough influence/impact. With the existing evi-
dence, the travel speed has greatest impact on bead height,
arc length correction has the greatest impact on contact
angle, whereas other parameter wire feed has greatest impact
on bead width and dilution. Nevertheless, the subsequent
impact of the other input parameters on bead geometry,
contact angle, and dilution is observed measurably.

In response to the bead height, parameter line is highly
inclined to reference line in the range of 4.8–3.8 mm, with
the change in travel speed from 0.4 to 0.6 m/min. Thus, travel
speed is most influencing factor of the responses, followed by
wire feed and arc length correction. In case of bead width, the
parametric line is more inclined to the mean reference line in
the range of 4.2–6.45 mm, with the change in wire feed 0.64–
0.84 m/min, further followed by arc travel speed and arc
length correction. Similarly, in case of dilution the parametric
line is more inclined to the mean reference line in the range of
4–13% approximately, with change in wire feed 0.64–
0.84 m/min, followed by arc length correction and torch
speed. Whereas for the response of contact angle, the mean
response line is more inclined in the range of 69.5–61.5° with
the change in arc length correction in the range of − 2 to 2
and is more than the effect of wire feed and travel speed.

Thus, from the analysis of variance (ANOVA), it can be
concluded that wire feed is the most influencing input
parameters among the considered three parameters. Then,
travel speed is preferred to arc length correction.

GRA Study of Experimental Data

This study results in finding the best combination of the three
input factors by treating the combined influence of all the
four output parameters. The process is initiated with
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considering L9 array to represent the input data. Then after,
the normalization, deviation sequence, Grey relational coef-
ficient values followed by the Grey relational ranks are found
out and tabulated the values corresponding to the values of
each level and factor. Tables 5 and 6 are formed with com-
plete calculation procedure involved in the GRA method.

The smaller the better performance and larger the better
performance are two options used for the further step anal-
ysis in this optimization process. The overall process steps
are considered and calculated the corresponding values to
the 9 array combinations. The bead height is assigned to
larger the better performance category, whereas the bead
width, contact angle, and dilution are assigned to smaller the
better performance category.

From the obtained results by following the three steps of
GRA method, the calculated Grey relation grade is con-
firming that the 2nd combination is preferred as best com-
bination of the three input factors. Further, the analysis can
be extended to draw the best input parameters among the
three factors.

The above response table is formed by considering the
Grey relation grade of the three input parameters and their

combinations. From the obtained (max–min) values and cor-
responding rankings, it can be confirmed thatwire feed (0.172)
is the most affecting input parameter, followed by arc length
correction and travel with nearly stood with same values.

By conducting the GRA test, it is proved that wire feed is
one of the most affecting operating parameters. And the best
combination of input process parameters is obtained as the
second combination. Hence, the second combination
experiment is the optimal result. The combination is formed
with wire feed is 6.4 m/min, arc length correction zero, and
the travel speed is 0.5 m/min. The corresponding voltage
and current are 90 A and 13.2 V, respectively.

Conclusion

CMT welding is one of the safe and comfortable welding
processes, which can produce complex geometries to meet
the industry requirements of near net shaping. Optimizing
process parameters plays a vital role in conducting prelimi-
nary study of bead deposition. ANOVA offers a statistical
framework for examining and measuring the impact of

Fig. 3 Plots of input data means versus mean values: a for bead height, b for bead width, c for contact angle, and d for dilution
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different variable factors on welding quality in terms of bead
geometry, contact angle, and dilution. In this study of
AZ31-based cladding process, the following conclusions are
made:

• Form the ANOVA results, it is concluded that the wire
feed had the highest effect on the both the bead width and
dilution of base plate, respectively. Secondly, travel speed
has significant effect on bead height, thirdly, arc length
correction has moderate effect on contact angle.

• ANOVA method is concluded that the predicted optimum
process conditions were feasible settings for depositing
preliminary beads, with a deviation of less than 5%
except for the mean values of contact angle response.

• GRA method confirms that the response is in good
agreement with the ANOVA results.

• The optimal input process parameters obtained are wire
feed as 0.64 m/min, arc length correction as zero, and
travel speed as 0.5 m/min.
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Development of High-Strength Mg–Gd–Y
Alloy Based on Machine Learning Method

Yunchuan Cheng, Zhihua Dong, Yuan Peng, Zhiying Zheng,
Xiaoying Qian, Cuihong Wang, Bin Jiang, and Fusheng Pan

Abstract

A machine learning model is established to efficiently
describe the relationship between mechanical properties
and chemical composition and processing parameters of
magnesium alloys. Among the implemented machine
learning algorithms, the random forest model is demon-
strated to show the high accuracy for the studied Mg–Gd–
Y alloy family. By adopting the model, the optimal
composition, thermal, and extrusion process parameters
of a high-strength Mg–Gd–Y-based alloy are obtained.
The ultimate tensile strength and elongation of the
designed Mg–Gd–Y alloy are predicted to be 394 MPa
and 8.7%, respectively, which is experimentally found to
closely correlate to the formation of long period stacking
ordered structure. Comparing with the experimental
results, the prediction model gives relatively small error
of 5.7% and 1.0% for the yield strength and ultimate
tensile strength, respectively, and the poor prediction
error of elongation is related to the quality of the prepared
alloy. The findings are expected to provide helpful
guidance for the intelligent design of advanced magne-
sium alloys.

Keywords

Magnesium alloys � Machine learning method �
Mechanical properties

Introduction

Magnesium (Mg) alloys have broad application prospects in
aerospace, transportation, electronic products, and other
fields due to their low density, high specific strength, and
stiffness [1–3]. However, its low strength and plasticity
hinder the large-scale development and application of
magnesium alloys [4, 5]. Developing high strength Mg
alloys thus has been attracting the increased research inter-
est. Alloying addition is one of the most effective methods to
improve the mechanical properties of Mg alloys. Among
them, rare earth elements such as Gd and Y are widely used
to strengthen Mg alloys due to their exceptional solid solu-
tion strengthening and aging strengthening effects [6, 7].
With the development of Mg-RE alloys, a series of
high-performance Mg–Gd–Y alloy families with multiple
alloying elements such as Mg–Gd–Y–Zn–Zr and Mg–Gd–
Y–Zn–Mn have been developed in recent years [8, 9]. In
addition, the mechanical properties of Mg alloys can be
further improved by different thermo-mechanical treatments
such as hot extrusion, multiple rolling [10, 11], and equal
channel angular extrusion [12, 13].

Nevertheless, extensive experimental efforts are usually
required to optimize the chemical composition and pro-
cessing parameters of Mg alloys to achieve the desirable
properties, since the proper description of the complicated
relationship between material composition, structure, pro-
cess, and performance is generally missing. The machine
learning (ML) method is a powerful tool to describe this type
of complex relationships, which can effectively link the
mechanical properties of the alloy with the composition and
process based on data set [14]. In recent years, ML method
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has been widely used in material property analysis and
prediction [15], microstructure prediction [16], quantum
chemistry, and discovery of new materials [17]. Neverthe-
less, there are few studies on the application of ML in Mg
alloys, and the performance of different ML algorithms is
also lack of in-depth research.

In the present work, four ML algorithms, i.e. bp-neural
network (BP-NN), support vector machine (SVM), random
forest (RF), and extreme gradient boosting tree (XGBoost),
are implemented and their prediction accuracy are system-
atically compared based on the data set of Mg–Gd–Y alloys.
The mapping model of alloy composition, process, and
mechanical properties is established. The prediction of
mechanical properties of high-performance Mg–Gd–Y alloy
is realized, which is consistent well with the experimental
measurement. The present findings are beneficial to the ef-
ficient development high-performance Mg alloys.

Machine Learning and Experimental Method

Data Preparation

The data set used in this paper is derived from the available
publications of Mg–Gd-based alloys. It includes * 500
available data sets. In addition to the main alloying com-
ponents, the solution temperature (ST), solution treatment
time (St), and extrusion temperature (ET), and extrusion
ratio (ER) are considered. The upper and lower limits of
each feature variable in the data set are given in Table 1.

Model Method

In the present work, four ML algorithms including SVM
[18], RF [19], XGBoost [20, 21], BP-NN [21–23] are con-
sidered, which were reported to be applicable for relatively
small data set [24]. Four ML algorithms were established by
Python programming language combined with Scikit-learn
ML tool. The prediction model of mechanical properties of

Mg–Gd–Y alloy was then established by comparing the
prediction accuracy of different models.

The construction of ML model mainly includes data
preprocessing, feature engineering, model training, model
selection and evaluation, and model preservation [25]. In the
present work, data processing methods such as missing value
processing, outlier and repeated value removal were adopted
to clean the Mg–Gd–Y alloy data [26]. In addition to
eliminate the influence of feature inhomogeneity, the
high-order features were scaled in the form of segmented
coding. Specifically, the solution and extrusion temperatures
starting from at 400 °C and 290 °C are coded every 20 °C
and 30 °C, respectively. Then, the data are normalized.

The data set is divided into training set and testing set
with the ratio of 8:2. The model is trained and selected using
the training set combined with grid search and
cross-validation; the model is evaluated using the testing set
at the end [27]. The accuracy of the model is evaluated using
R2 and MAE, as follows:

R2 ¼ 1�
P

yi � ŷið Þ2
P

yi � ŷð Þ2 ð1Þ

MAE ¼ 1
N

XN

i¼1

jyi � ŷyj ð2Þ

where yi is the actual value in the data set; ŷi is the predicted
value of the model; N is the total sample. The model with the
highest accuracy is selected for the prediction of mechanical
properties.

Experimental Method

The alloy designed using the ML method was prepared by
gravity casting method, composition of which was deter-
mined by inductively coupled plasma analyzer (ICP).
According to the designed thermo-mechanical process, the
cast ingot was homogenized at 520 °C for 12 h and quen-
ched into water. The homogenized ingot was preheated at

Table 1 Upper and lower limits
of characteristic variables in Mg–
Gd–Y alloy data set

Variables Min Max Variables Min Max

Gd (wt%) 0 17.99 ST (°C) 0 550

Y (wt%) 0 9.11 St (h) 0 48

Zn (wt%) 0 10.6 ET (°C) 260 505

Zr (wt%) 0 2 ER 3.9 89

Mn (wt%) 0 2.23 UTS (MPa) 76 447

Nd (wt%) 0 6.48 YTS (MPa) 171 474

Er (wt%) 0 9.13 EL (%) 1.3 52
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420 °C for 30 min and extruded into ingots with a diameter
of 25 mm at the extrusion ratio of 12:1. Mechanical prop-
erties of the extruded alloys were measured by tensile tests
performing at a CMT5105 test machine at room temperature
(RT) with a crosshead speed of 1.5 mm/min. The
microstructure was studied by scanning electron microscopy
(SEM, TESCAN VEGA3 LMH SEM).

Results and Discussion

Data Analyzing

Figure 1 shows the distribution histogram of each charac-
teristic variable in the adopted Mg–Gd–Y alloy data set. The
results show that the distribution of Gd, Y, Zn, and Zr is
relatively uniform owing to the relatively large data sets
related to Mg–Gd–Y–Zn–Zr alloy system. In contrast, the
data set containing other alloying elements are relatively
small. For solution treatment, the temperature and time of
the process are concentrated in the range from 500 °C to
540 °C and from 10 to 20 h, respectively. Similarly, the
extrusion temperature is mainly concentrated at 430 °C, and
the extrusion ratio is less than 20.

The Pearson correlation coefficient (PCC) is an effective
measurement of the linear correlation between continuous
variable pairs (x, y) [28]. It can reflect the dependence
between different data features. Figure 2 is the PCC matrix
between different data features for the Mg–Gd–Y alloy. The
results show that the interdependence between the charac-
teristics of the alloy is relatively weak, which reduces the
possibility of feature confusion in the model. In addition, the
relationship between the composition, process, and
mechanical properties of Mg–Gd–Y alloy is characterized by
a complex nonlinear relationship. The ML algorithms
adopted thus should have the capability to deal with non-
linear processing.

Model Training, Evaluation, and Selection

After hyper-parameter optimization, the ML model was
retrained on the entire training set to obtain a mapping model
between chemical composition, process, and mechanical
properties for Mg–Gd–Y alloy. The generalization perfor-
mance of the model is verified using the test data set, which
describes the ability to predict unknown data.

The comparison of prediction accuracy of the four
established ML models is shown in Fig. 3. The results show
that for the yield strength and tensile strength, the predicted
values from the RF and XGBoost models are concentrated

on the diagonal line, i.e. y = x (Fig. 3g–l), the R2 of which is
as high as 0.91 and 0.89, relatively. The MAE is below
* 23 MPa, indicating the higher prediction accuracy than
those of SVM and BP-NN model for YTS and UTS. Fur-
thermore, the RF model exhibits the best predictive perfor-
mance for elongation (Fig. 3i), with a high R2 of 0.87 and
low MAE of 3.2%. Therefore, based on the predicted results
of the three critical mechanical properties in the test data set,
RF model is selected as the final prediction model for the
mechanical properties of Mg–Gd–Y alloy.

Alloy Design and Model Prediction Performance
Verification

With the target properties of UTS = 400MPa and EL =
10%, the chemical composition and processing parameters
of Mg–Gd–Y–Zn–Zr alloy were screened by the established
ML model. The results are given in Table 2. It is clear that
combined the predicted chemical composition and
thermos-mechanical properties, the UTS and EL are pre-
dicted to be in perfect line with the target properties, which
will be further verified with the experimental measurements.

According to the prediction of the ML model, the target
Mg–11.15Gd–5.41Y–1.05Zn–0.45Zr (wt%) alloy is pre-
pared, and its tensile properties at room temperature were
tested for the extruded samples. The engineering stress–
strain curves are shown in Fig. 4. The yield strength, tensile
strength, and elongation of the alloy are determined to be
* 316 MPa, 398 MPa, and 3.2% (see Table 3), which are
close to the prediction of the ML model except the relatively
large deviation of elongation. Nevertheless, according to the
ICP measurement, the actual composition of the prepare
alloy is Mg–11.0Gd–5.4Y–1.0Zn–0.46Zr (wt%), which is
slightly different from the designed one. To clarify, the
actual alloy composition and process parameters are used as
the input of the RF model to predict the mechanical prop-
erties of the alloy. The results in Table 3 show that the
prediction error of yield strength, tensile strength, and
elongation are 5.7% and 1.0% and 171.9%, respectively.
Namely the established RF model has a good prediction
ability on the strength for Mg–Gd–Y alloy, and the predic-
tion of elongation is relatively poor, which the reason will be
analyzed later.

Microstructure Characterization

To understand the mechanical properties of the designed
alloy, microstructure at different states are investigated.
Figure 5a, e shows the BSE-SEM image at as-cast state.
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Fig. 1 Distribution histogram and density curve of each characteristic variable in Mg–Gd–Y data set. a–g Gd, Y, Zn, Zr, Mn, Nd, and Er,
h–i solution treatment temperature and time, j–k extrusion temperature and ratio, l–n YTS, UTS, and EL
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Combined with the EDS results (Table 4), it can be seen that
the white phase (A point) and the white ash phase contain
Mg, Gd, and Y elements, which should be Mg5RE phase
according to the thermodynamic calculations shown in
Fig. 6. There is also a gray phase (C point) in the alloy.
According to EDS, its composition is close to Mg12 (Gd, Y)
Zn, which should be 14H-LPSO (Long period ordered
stacking) phase [29]. As shown in Fig. 5b, f, after solution
treatment, the second phase is significantly reduced, and a
gray block LPSO phase appears. In addition, a rare earth-rich
cubic phase composed entirely of Gd and Y is formed in the
solid solution alloy. After extrusion at 420 °C, the broken
block LPSO is distributed along the extrusion direction, and
there are also some lamellar LPSO phases. In addition, some
Mg-RE phases are precipitated along the extrusion direction
[30]. Therefore, the relatively high strength of the designed
alloy could be ascribed to the formation of LPSO phase.
However, there are many large-sized second phases in the
as-extruded alloy (Fig. 5h), and there are impurities in the
alloy (Fig. 5d), which may be the reason for the low actual
elongation of the alloy.

Conclusion

In the present work, through the construction and application
of ML intelligent prediction model, the mechanical proper-
ties prediction of Mg–Gd–Y alloy based on alloy chemical
composition and process parameters is realized. Firstly, the
generalization performance of four ML algorithms is sys-
tematically compared, and the RF algorithm with the best
comprehensive generalization performance is selected to
construct the prediction model of mechanical properties of
Mg–Gd–Y alloy. Secondly, the mechanical properties and
microstructure of the designed alloy is measured experi-
mentally. The yield strength, tensile strength, and elongation
of the alloy are determined to be * 316 MPa, 398 MPa,
and 3.2%, respectively. The microstructure analysis showed
that the high strength of the alloy may be related to the
formation of LPSO phase. Finally, a comparison of
mechanical properties of the alloy from the established RF
model and experimental measurement is made to verify the
prediction accuracy. The prediction error of yield strength,

Fig. 2 PCC matrix heat map
between the characteristics of
Mg–Gd–Y alloy data set
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Fig. 3 Comparison of prediction accuracy of the four ML algorithms. a–c BP-ANN, d–f SVM, g–i RF, and j–l XGBoost

Table 2 Compositions and
processing parameters designed
by the established model

Gd Y Zn Zr ST St ET ER UTS EL

11.15 5.41 1.05 0.45 520–540 11.50 420–450 13.00 400.01 10.00
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Fig. 4 Engineering stress–strain curves of the designed alloy

Table 3 Comparison of
mechanical properties from the
established RF model and
experimental measurement

YTS/MPa UTS/MPa EL/%

Experimental mean value 316 398 3.2

RF predicted value 298 394 8.7

Error = |Prediction − True| 18 4 5.5

Fig. 5 BSE-SEM images of the alloys at different states: a, e as-cast, b, f solid solution, c, g as-extruded, and d the fracture morphology after
tensile deformation
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tensile strength, and elongation is determined to be 5.7%,
1.0%, and 171.9%, respectively, showing a high prediction
accuracy, and the large prediction error of elongation is
related to the doping of impurities in the alloy.
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A Succinct Method to Recycle WE43 Mg
Alloys—From Wasted Chips to Consolidated
Billets

Xingjian Zhao, Yanheng Xie, Joao Gandra, Matthew Murphy,
William M. Rainforth, and Dikai Guan

Abstract

Spark plasma sintering (SPS) and friction stir processing
(FSP) were used to recycle waste WE43 Mg alloy turning
them into consolidated billets. Billets were firstly pro-
duced from machining chips using SPS. Metallurgical
bonding between chips was achieved during the process,
yet large second phase network and pores were observed.
Then FSP was further applied to refine microstructures
and remove pores confirmed by using electron backscat-
tered diffraction (EBSD) and 3D X-ray computed
tomography (3D XCT). Most of the large second phases
were refined to 100 nm. The average grain size was
reduced from around 30 lm to around 1–3 lm. The
hardness of FSPed material reached HV0.2 = 83.5, which
is comparable against commercial extruded bar (T5,
HV0.2 = 90.2).

Keywords

Mg alloys � Recycling � Spark plasma sintering �
Friction stir processing

Extended Abstract

A novel recycling method integrating spark plasma sintering
(SPS) and friction stir processing (FSP) has been developed
to rapidly turn WE43 (Mg-4Y-3RE, wt%) Mg alloy chips to
consolidated billets. The entire flow of this recycling method
is shown in Fig. 1. The chips were waste produced during
machining process, and no pre-treatment was applied before
the SPS. SPS and FSP were used in sequence, and an ageing
treatment was carried out afterwards.

X-ray computed tomography (XCT) scanning (Fig. 2)
indicates that pores (i.e., dark regions in Fig. 2) existed in
the as-SPSed billet. Although the volume fraction of these
pores was only about 1%, some of them were over 500 lm
and had relative sharp tips. There were also some large
inter-connected second phase particles as shown in Fig. 2b.
The scanning electron microscopy (SEM) image and energy
dispersive spectroscopy (EDS) maps in Fig. 3 reveal more
detailed microstructure information of as-SPSed material.
Two major second phases were identified, yet various other
second phases were also observed. One of the major second
phases has a network structure of a thin layer formed at the
original chip surface. This type of second phase is rich in Y,
Zr, and O. The other one has a eutectic structure and is rich
in rare earth elements of Nd and Gd.

SEM images of FSPed material (Fig. 4a) show that the
aforementioned second phase particles can no longer be
observed. Instead, fine second phase particles were observed
at both grain boundaries and within grains. In addition,
electron backscattered diffraction images illustrate a gradient
grain structure from the bottom to the top of the processed
zone, with an average grain size ranging from 1 to 3 µm
developed during FSP. No pores were identified in the
as-FSPed material. Although the Vickers microhardness
tests show that the hardness value of the billet after FSP was
83.5 HV, slightly lower than 90.2 HV of the commercial
extruded T5 material, further ageing at 200 °C for 40 h
successfully increased the hardness value to 94.6 HV, as
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Fig. 1 Flow of the WE43 chip recycling method

Fig. 2 a 2D XCT slice of as-SPSed WE43 (low resolution), b a 2D XCT slice of as-SPSed WE43 (high resolution)

Fig. 3 a SEM image of as-SPSed WE43, b–f EDS maps of alloying elements in as-SPSed WE43
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shown in Fig. 4b. This indicates that by using this method,
the recycled WE43 alloy can have equivalent or even better
mechanical properties than commercial prime products.

In the SPS stage, although a vacuum condition was ap-
plied, porosity is inevitable due to the relatively big size and
irregular geometry of waste WE43 alloy chips, compared to
metallic powder which are usually used for SPS [1, 2]. The
difference of affinity and diffusion rate between elements
leads to the formation of diverse large second phases [3]. In
the FSP stage, the strong material flow generated by the
rotational tool plays a key role in the pore closure. With the
assistance of heat generated by friction and deformation,
dynamic recrystallisation enables the refinement of grains
[4]. Most of the large second phases were broken, redis-
tributed, partly re-dissolved, and precipitated again. The FSP
can generate some effects of solid solution treatment, con-
sidering the processing temperature and cooling rate. Several
factors are believed to contribute to the high hardness after
ageing compared with the commercial alloy. Firstly, grains
were refined to 1–3 µm. Secondly, higher cooling rate
allows more alloying elements to dissolve in the matrix, and
thus, a higher fraction of precipitates can form. Thirdly, the

lower ageing temperature redistricted growth and further
phase transformation of the effective precipitates.
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A New Method to Produce High-Purity
Magnesium with a Low Aluminum Content

Rui Zheng, Bo Yang, Wei-Yi Yang, Bo-Yu Liu, Yue-Cun Wang,
and Zhi-Wei Shan

Abstract

Magnesium is commonly used as a reducing agent to
produce sponge titanium. And the aluminum impurities in
magnesium will contaminate titanium, increasing the
difficulty of producing high-purity electronic-grade tita-
nium. Although our previous research has shown that
eliminating the use of fluorite can effectively reduce
aluminum impurities in the magnesium produced by
silicothermic process, it also causes an increase in cost.
Therefore, it is crucial to explore a new method to
produce low aluminum magnesium in a cost-effective
way. Since removing the sticking slag on the retort outlet
is a long-standing challenge in industry, we analyzed its
composition and found a substantial presence of
Ca-Al-F-O compounds. Inspired by this observation, we
propose a novel method that utilizes CaO to induce the
deposition of aluminum impurities. Thermodynamic
analysis confirms the feasibility, and experimental results
demonstrate aluminum removal rates exceeding 90%.
These findings pave the way for the cost-effective
production of low aluminum high-purity magnesium.

Keywords

High-purity � Magnesium � Titanium � Aluminum
impurity � Silicothermic reduction

Extended Abstract

Magnesium is a crucial reductant in sponge titanium pro-
duction due to its strong reducing property [1, 2]. We found
that almost 100% of the aluminum impurities in magnesium
will be inherited to the sponge titanium [3] and are difficult
to be removed in the subsequent titanium purification pro-
cess [4–6]. Consequently, producing electronic-grade
high-purity titanium requires low aluminum-containing
magnesium as a reductant. Unfortunately, magnesium pro-
duced by silicothermic reduction process has long grappled
with high and fluctuating aluminum impurity content [7]
even though approximately 90% of the world's magnesium
is produced by this method [8]. In our previous work, we
have elucidated that CaF2 is the chief culprit of the pest
aluminum impurity in silicothermic magnesium, and AlF is
the primary form of gaseous aluminum impurity [7].
Although reducing or abandoning the use of CaF2 can sig-
nificantly minimize aluminum impurity, it also reduces the
yield of magnesium and therefore increases its costs. As a
result, it remains a pressing need to discover new
cost-effective solutions to produce magnesium with low
aluminum impurities.

In this work, we first analyze the condensing behavior of
AlF at temperature and pressure ranges where impurities
commonly deposit. We found the AlF gas undergoes dis-
proportionation reactions and finally condenses as Al and
AlF3 (Fig. 1) in the temperature range of 796–568 °C. This
partly overlapped with the condense temperature of mag-
nesium, i.e., 650–450 °C. As a consequence, the aluminum
impurities are prone to condense together with magnesium.
In order to minimize the aluminum impurities in magnesium,
one potential solution is to remove AlF at a higher temper-
ature range.

Considering that reducing the product concentration can
enhance the equilibrium constant for a specific temperature,
we propose to promote the disproportionation reaction of
AlF as much as possible by eliminating its products, Al. This
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is expected to increase the temperature required for the
complete condensation of AlF. The substances for Al
removal need to meet the following criteria: First, they
should either react with Al or allow Al to dissolve into them;
second, they would not react with magnesium under oper-
ating conditions; and third, they should be cost-effective.
Then a batch of low-cost filter materials for aluminum
removal was screened. We found that Al can react with C
and CaO and has a significant solubility in Fe/Ni. To analyze
whether the aforementioned materials can raise the temper-
ature at which AlF gas transforms into condensed states, we
performed thermodynamic calculations to examine the
behavior of AlF in the presence of these filter materials. This
involved calculating phase-temperature (P–T) phase dia-
grams for AlF-C (excess), AlF-Fe/Ni (excess), and AlF-CaO
(excess). We found that after using the aforementioned filter
materials, all the phase boundaries, which correspond to the
complete condensation of AlF gas, shift to the bottom left
corner (as depicted by arrows in Fig. 1). Meanwhile, Al4C3,

Fe/Ni (Al) solid solutions, Ca-Al-F-O and Al2Ca compounds
appeared, respectively. This means AlF can be eliminated at
higher temperatures or lower pressure, benefiting from the
formation of the aforementioned aluminum-containing
substances.

To validate the aluminum removal ability of the afore-
mentioned method, we designed and established an experi-
mental apparatus that enables us to mimic the silicothermic
reduction process. We chose CaO as filter material because it
results in the highest temperature elevation for aluminum
removal (Fig. 1). It is surprising to find that the CaO filter
can reduce aluminum impurity by more than 90% (Table 1).
At the same time, other impurity elements are also reduced
slightly. Our work offers a new and cost-effective approach
to produce high-purity magnesium with low aluminum
content.

Acknowledgements This work is supported by the National Natural
Science Foundation of China (No. 52031011).

AlF (g) 

Al (cond) + AlF3 (s) 

AlF+CaO (excess) 

AlF + Fe/Ni (excess)

AlF + C (excess)

Phase boundary corresponding to the complete 
condensation of gaseous aluminum impurities

AlF 

Fig. 1 Phase diagram of AlF, AlF-CaO, AlF-Fe/Ni, and AlF-C
systems. Only phase boundaries corresponding to the complete
condensation of gaseous aluminum impurities are shown here. During
the cooling process, AlF undergoes disproportionation reactions,
forming the Al and AlF3 with condensed states. By introducing C,

Fe/Ni, and CaO, the temperatures at which gaseous aluminum
impurities completely condense are elevated, accompanied with the
formation of Al4C3, Fe/Ni(Al) solid solution, as well as Ca-Al-F-O
compound, respectively

Table 1 Main impurities in pure
magnesium before and after using
CaO filter material (wt.%, ppm)

Al Mn Si Fe Zn

Without CaO 109.50 ± 5.36 12.00 ± 0.71 30.00 ± 6.71 9.50 ± 4.82 33.50 ± 6.10

With CaO 6.33 ± 0.47 10.67 ± 0.47 24.33 ± 14.01 8.67 ± 2.62 33.00 ± 1.63
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Recycling of Magnesium Alloy Using
the Gravity-Driven Multiple-Effect Thermal
System (G-METS)

Daniel Mc Arthur Sehar, Armaghan Ehsani Telgerafchi,
Artem Iurkovskyi, Emmanuel Opoku, and Adam Powell

Abstract

Magnesium metal has been significantly used in com-
mercial applications from automobiles to aluminum
alloys to defense weaponry. The surge in structural usage
of magnesium over the past years has been due to high
strength and excellent stiffness-to-weight ratio. Recycling
magnesium scrap is a crucial aspect of the sustainability
of the economy and environmental welfare. G-METS is
an advanced distillation system used in the conversion of
low-grade magnesium scrap into high-purity magnesium
metal. This multiple-effect system uses the weight of
magnesium as a compressor, to build pressure differences
between each effect of the condenser-evaporator, modi-
fying boiling points, and enabling transfer of vaporization
enthalpy. This system is exceptionally efficient compared
to the energy-intensive conventional distillation tech-
nique. This study compares experiments and models of
one- and two-effect distillers.

Keywords

Magnesium � Distillation � Recycling � Extraction and
processing

Introduction

Magnesium (Mg) is the fourth most commonly abundant
structural metal ion available in the ocean and its various
resources in the hydrosphere (encompassing the prominent

sources of the Earth’s water bodies and playing a vital role in
sustaining Earth’s natural ecosystem). Also, its been found
that Mg is the eighth most copious element in the Earth’s
crust (lithosphere-underlining the presence of geological
formations) [1]. Mg is remarkably noteworthy in the field of
automotive and aeronautical transportation field due to its
enhanced fuel efficiency. In comparison with aluminum (Al),
magnesium is lighter in density and has the status of
exceptional high specific strength. Additionally, Mg has a
tremendous increase in the property in the strength-to-weight
ratio [2]. It has been reported that from the 1990s, the Mg
had a prominent role in the industrial application. Further-
more, Mg is considered to have low specific gravity which is
the ultimate ground and foundation for the tremendous
growth in the automobile industry, due to the advantage of
lightweight. With the increase in Mg production, it has led to
instantaneous growth in Mg die castings in the automobile
market in recent years [3].

The Mg usage is increasing considerably with the
increase in economic, technological, and environment
impact in industrial growth and application [4]. According to
the article International Magnesium Association, Mg alloy is
used in fabricating most of the structural parts of automobile
bodies by die casting method. However, there is a necessary
emergence in the process of recycling the scraps consisting
of Mg alloys into useful products. Also, they mention that
the recycling process of the magnesium scraps into
high-purity Mg requires only 5% of the minimal energy
when compared to the energy-intensive primary production
of Mg alloy. From September 2021, the smelter plant of US
largest magnesium producers, US Magnesium LLC, Row-
ley, UT, was forced to shut down due to the failure of
equipment. However, at recent records from the US Geo-
logical Survey 2023—it was observed that the Mg prices
decreased in the first quarter due to restart manufacturing of
primary production of Mg [5]. However, recycling and
reprocessing have been emphasized constantly around the
globe for the past few years due to environmental concerns.
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The more the materials are recycled, consumption, and
exhaustion of the natural resources will be minimized and
depletion in the filling of the landfills with scraps and
end-of-life waste products [6]. Mg recycling has noticeable
benefit, firstly in reducing the energy demand for producing
new magnesium, wherein results in reduce emissions in
manufacturing. Secondly, it is beneficial in both sustain-
ability and resource efficiency as recycling reduces drilling
raw materials. Thereby mitigating the potential risks and
environmental hazards during the extraction process.
Moreover, there is also an urgent situation of magnesium
and has been listed as critical materials according to the 2022
US Geological Survey report. Therefore, recycling of mag-
nesium is a necessary requisite for reducing the high supply
risk of magnesium metal [7]. Most of the installed Mg
recycling capacity uses remelting, which cannot remove
most of the impurities, Unlike Al, Mg is sensitive to small
concentrations like Fe and Ni, for example AZ91B requires
less than 50 ppmw for both.

As discussed in the previous paper, our technology of
gravity-driven multiple-effect thermal system (G-METS)
serves as the best method for refining and extracting
high-purity magnesium metal from various forms of
low-grade scraps, wastes, and impurities [8–10]. This tech-
nology uses the principle of low-cost vacuum distillation to
distill pure Mg from the scrap alloys. This method and
apparatus of G-METS was designed and patented by Adam
Clayton Powell [11]. The idea of this technology used mul-
tiple effects of vertically stacked evaporator and condenser.
The combined interaction between the evaporator and

condenser is an “effect.” This multiple-effect thermal system
is used to distill the metals with different volatility and effi-
ciently separate the alloys based on the vapor pressure and
densities. This system uses gravity as the medium to initiate
efficient distillation of Mg and other volatile metals by cre-
ating pressure difference between the effects. A detailed
review and insights of this method were discussed in the
previous papers of G-METS design TMS 2021 [9] and our
team’s future plan is to conduct continuous effect of G-METS
systemwas assessed onTMS2022 [8]. Currently, in this paper
we have discussed a series of design changes and experiment
run ofMg alloys using a single-effect of the G-METS distiller.

Experiments

One-Effect Distiller Experiments

The design and fabrication of one-effect distiller consist of
an evaporator and condenser interconnected with a stand-
pipe. The plates used for the experiment are 0.5″ thick car-
bon steel material [A572/A1018 HSLAS G50 Steel, HR] cut
to specified 2-D drawings dimensions. The pipe is 10″
diameter SCH40 WELDED PIPE alloy 2205 from rolled
alloys. The plates and the tube are welded together along
with AZ31 (Al 3 wt.% and Zn 1 wt.%) alloy of 2 kg inside
the evaporator. The design of the distiller has been mostly
consistent with previous experiments, consisting of a con-
denser and evaporator connected by a vapor conduit tube
(standpipe) between them, as shown in Fig. 1.

Fig. 1 10″ AZ91 Mg alloy distiller 2-D diagram
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Some of the changes incurred in these experimental runs
were changes in the design of distiller including the vacuum
tube setup and changes in the thermocouple holders on the
plates, from the grooves to through holes. The stainless-steel
vacuum pressure pipe has been extended in length from 1 to
3 ft. This modification serves a primary purpose: replacing a
previously employed crimped tube, which was a temporary
measure to establish vacuum conditions. The new design
incorporates a vacuum gauge affixed at the pipe’s end,
enabling continuous monitoring of chamber pressure during
the entire experiment. Additionally, it includes a valve for
occasional vacuum pumping in case the background pres-
sure rises during the experiment. The extended length of the
pipe provides protection to both the gauge and valve, safe-
guarding them from the elevated temperature within the
distiller. Figure 2 depicts the elongated tube, the vacuum
gauge, and the valve.

Correspondingly, the team practiced in these experiments
to use leak checking to find problems with distiller vessel
welds which may have caused problems with prior experi-
ments. We figured out certain leaks by creating positive
pressure inside the distiller using argon (Ar) gas. Such
measures led to significant improvement of vacuum inside
the distiller. Also, the ceramic insulation blanket was
inserted in the region between the evaporator and condenser
to initiate the temperature difference.

The team ran four one-effect distiller experiments with
the AZ31 alloy. Wherein three failed to distill Mg, the final
one succeeded. The successful experiment ran for nearly
10 h with the furnace temperature rising to around 1120 °C.
The second experiment included a vacuum gauge, which
indicated a maximum pressure of − 100 kPa. Pressure began
increasing after the temperature rose above about 300 °C.
Our hypothesis is that there may be organic compounds on

the surface of the steel components which volatilized at
elevated temperature, increasing pressure.

In the third experiment, the vacuum pump was attached
once to pump down the chamber when its temperature was
about 600 °C. However, we were not able to recover any
magnesium from the top of the condenser. Figure 3 shows
the distiller apparatus and the complete experimental setup
with the distiller inside the furnace and insulation.

Again, in the third experiment, there was agglomeration
of small globules of magnesium present on the top surface
plate of the condenser, as shown in Fig. 4. Our hypothesis
was that inadequate temperature difference between the top
and bottom temperatures held back distillation.

During the final experiment, the procedure was mostly
the same as that of the previous experiments, with two

Fig. 2 Vacuum gauge and valve setup Fig. 3 10″ distiller setup inside the insulation fiber

Fig. 4 Mg nucleation at the condenser (top plate)—unsuccessful
distillation
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significant changes. First, we used the vacuum pump on the
distiller several times during the experiment when we saw an
increase in the pressure on gauge reading. Second, we
increased the temperature gradient by keeping the top tem-
perature around 600–650 °C and the bottom temperature

was around the working temperature of 1050–1150 °C.
Figure 5 shows the distiller before and during the experi-
ment. These changes resulted in the successful distillation of
magnesium alloy from the evaporator to the top of
condenser.

Fig. 5 10″ AZ91 distiller setup before (left) and during (right) the final successful experiment

Fig. 6 Successful distillation experimental result temperature (y-axis) versus time (x-axis)
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Results

The readings were calibrated of the temperature–time graph
using data logger. Fig. 6 shows measured temperatures
versus time during the experiment run. Our hypothesis is
that distillation occurred mainly during the period high-
lighted with red dashes, when temperature difference
decreased, and that the sudden divergence of temperatures—
with the evaporator temperature rapidly rising and the con-
denser temperature falling—occurred at the end of
distillation.

This time bottom evaporator chamber evaporator shrank
inwards as shown in Fig. 7, likely because of low pressure
inside the distiller due to multiple uses of the vacuum pump
(Fig. 8).

We analyzed the composition of the alloy using X-ray
fluorescence (XRF) analyzer. We planned to execute the
analysis on the cross-sectional layer of the distilled Mg
alloy to get accurate readings without the presence of oxi-
dation. From the XRF results, we procured 97.02% of
pure Mg, 1.34% of Al, and 1.122% of Zn on the top con-
denser. The values of the analyzed XRF are shown in
Table 1.

Also, we performed XRF analysis on the small coating of
black powder formation on the top surface of the distilled
magnesium on the condenser, as shown in Fig. 9. From the
results, there is the presence of strong oxidation on the top
layer of Mg. The indication of light elements in Table 2
shows the presence of oxidation coating at surface.

Discussion

Some of the key highlights discussed for the successful
distillation of magnesium were (i) Initial fast heating of
distiller enabled to create a large temperature difference of
around 300 °C and low temperature at the top condenser
supported condensation of the Mg. (ii) Heating the distiller
for a long time assisted in homogeneous melting of mag-
nesium and volatile inorganics. (iii) Creating vacuum during
the middle of experiment supported in Mg distillation by
expelling the organics out of the distiller. (iv) Partially lifting
the distiller inside the furnace helped in the consistent
pre-melting of AZ31 alloy. (v) The stuffed ceramic fiber
insulation between the evaporator and condenser aided in
creating significant temperature differences to facilitate the
distillation process.Fig. 7 Shrinkage deformation of the evaporator in the final experiment

Fig. 8 Cut open condenser of the one-effect distiller

Table 1 XRF analyzed result

Element Composition

Mg 97.02%

Al 1.34%

Zn 1.122%

Mn 1640 (ppm)

Si 550 (ppm)

Nd 290 (ppm)

Pr 220 (ppm)

S 920 (ppm)

Cu 85 (ppm)

Ni 233 (ppm)

Fe 974 (ppm)
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Conclusion

The team’s efforts during these four experiment run of AZ31
alloy was focused more on formulating hypotheses and
adjusting the design and operation to achieve a successful

distillation process. Additionally, we intend to install a new
furnace that will enable the operation of a two-effect distil-
lation setup. Notably, this upgraded furnace will feature
significantly higher bottom heater power output and
enhanced control capabilities for the experiment. This will
aid in regulating the temperature gradient of both the one
and two-effect distillers. If all proceeds as planned, our team
plans to conduct some two-effect distillation experiments
and validate the results in the future.
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Fig. 9 Black oxidation coating on top surface

Table 2 XRF results of black coating

Element Composition

Mg 57.97%

Light elements 27.23%

Al 8.72%

Si 9930 (ppm)

Fe 2.599%

Nd 270 (ppm)

Cr 4260 (ppm)

Mn 5510 (ppm)

S 5270 (ppm)
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Production of Mg-Mg2Si Composites

Jessica Neuhaus, Björn Wiese, and Norbert Hort

Abstract

Mg2Si is often used to improve creep resistance of Mg
alloys, as an additive for aluminium alloys, as a negative
electrode material in Li-ion batteries or in thermoelectric
applications. In the Mg-Si system, Mg2Si forms in an
equilibrium exothermic reaction. However, during this
reaction, the system is heating up, may overheat within a
short time, and may run out of control. We will report on
a powder metallurgy-based processing route where
mechanical alloying, pressing, and heat treatments are
used to produce Mg2Si in a Mg matrix with different Si
contents in a controlled manner. XRD is used to identify
phases that form during processing.

Keywords

Stable/metastable phase � Cast/wrought processing �
Heat treatments � Surface modification � Phase diagrams

Introduction

Mg2Si is a well-known intermetallic phase in Si containing
Mg alloys [1, 2]. It has a relatively high melting point, and
the stoichiometric composition is fixed. It forms during
solidification and is mostly used to improve creep resistance
of Mg alloys. Unfortunately, the solubility of Si in Mg is low
and has impact on the way castings can be made. However,
besides this, there are also other possible applications,
especially in electronics [3, 4].

Most applications of metallic materials are often pro-
duced by casting either as a feedstock material for further
processing or to get a near net shape component that is ready
for use. Casting is a highly dynamic process where com-
position and solidification conditions can become a chal-
lenge due to the appearance of porosity, shrinkholes,
segregations, and the formation of intermetallic phases.
Especially, Mg2Si formation during solidification can be a
challenge as it changes viscosity and mould filling to a large
extent. If larger volume fractions of Mg2Si in a component
are required, casting might not be the best solution to pro-
duce such components, but powder metallurgical approaches
could solve the problem. Moreover, this approach could also
be transferred to the production of other pure intermetallic
phases. The process used in this contribution is also known
as mechanical alloying and is well introduced in numerous
applications. Pure elements are mixed in high energy milling
processes, consolidated by pressing and then often sintered.
During sintering, the different constituents can react and can
form intermetallic phases in a controlled manner. However,
the question was: can mechanical alloying and sintering be
used to produce Mg2Si in various volume fractions?

Experimental

For the investigation of the PM process, Mg powder is first
produced by mechanical milling in the PM 100 planetary ball
mill from Retsch, Haan, Germany. The grinding container
used is made of hardened steel and has a capacity of 500 ml.
Steel (100Cr6) balls with 10 mm diameter were chosen as
grinding media. After cleaning the grinding container and
grinding media, pure magnesium is ground in one pass so that
the grinding container and grinding media are covered with
magnesium. This prevents contamination by the material of
the grinding container and grinding media. Subsequently,
1 mol each of the respective mixing ratios (99:1, 90:10,
75:25, 67:33; 60:40, 50:50 in at%) was prepared. All

J. Neuhaus
Helmut-Schmid-Universität, Hamburg, Germany

B. Wiese � N. Hort (&)
Helmholtz-Zentrum Hereon, Geesthacht, Germany
e-mail: norbert.hort@hereon.de

N. Hort
Leuphana Universität Lüneburg, Lüneburg, Germany

© The Minerals, Metals & Materials Society 2024
A. Leonard et al. (eds.), Magnesium Technology 2024, The Minerals, Metals & Materials Series,
https://doi.org/10.1007/978-3-031-50240-8_32

165

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_32&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_32&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-50240-8_32&amp;domain=pdf
mailto:norbert.hort@hereon.de
https://doi.org/10.1007/978-3-031-50240-8_32


specimens underwent high energy ball milling with 150 rpm
for 10 h. The powder mixtures were cold pressed in a
hydraulic press (MATRA-Werke, Hainburg, Germany) in a
die with an inner diameter of 30 mm using 450 kN. Figure 1
shows the different components of the experimental setup.

The final heat treatment takes place under an Ar inert gas
atmosphere. The parameters used are based on a patent to
produce magnesium sintered parts [5]. Here, parameter
ranges of 600–642 °C and a process duration of 4–64 h are
used. A temperature of 642 °C and a process duration of 4 h
are used for the experiment. The furnace used is a chamber
furnace from Carbolite Gero, Neuhausen, Germany. XRD

investigations to identify phases were conducted by using a
Bruker D8 Advance (Bruker AXS, Karlsruhe, Germany)
with Cu ka radiation at an angle of 20–70°. The scanning
speed was set to 1° min−1.

Results and Discussion

While Mg reacts with Si in an exothermic reaction, the
volume of the newly formed phase Mg2Si has impact on the
stability of the specimens (Fig. 2). Even when Mg2Si forms,
the specimens are losing their shape and integrity.

Fig. 1 a Retsch PM 100 planetary mill, b MATRA hydraulic press, c die for pressing specimen of 30 mm Ø

Fig. 2 Pressed samples prior
(left) and after (right) heat
treatment, a Mg-Si 99:1, b Mg-Si
90:10, c Mg-Si 75:25, d Mg-Si
67:33, e Mg-Si 60:40, f Mg-Si
50:50

166 J. Neuhaus et al.



From the Mg-Si phase diagram (Fig. 3), it is obvious that
the solubility of Si in Mg is extremely low and that Mg2Si
forms in an early stage. Increasing amounts of Si will lead to
increased amounts of Mg2Si. This is also evident from the
XRD investigations (Fig. 4).

According to the XRD results, all materials show after
sintering the existence of Mg2Si as well as MgO. Due to
the chosen processing route and its parameters, it is not
surprising that MgO forms. This could perhaps be avoided
using vacuum or protective gases during high energy ball
milling, compaction, and sintering. The presence of pure
Mg and Si also indicates that the processing needs to be
optimized for a full reaction of Mg with Si to form
Mg2Si. The results also indicate that the ratio Mg:Si can
be properly varied to adjust the volume fraction of Mg
and Mg2Si with respect to the future application. A

texture was not observed or expected due to the chosen
processing route.

Summary

Mg and Si were successfully processed by high energy ball
milling, compaction with a hydraulic press and sintering.
Mg2Si forms with respect to the different ratio of Mg:Si in
different volume fractions. However, optimization of pro-
cessing parameters is still necessary. It is also likely that this
processing route can be adapted to other intermetallic phase
which are difficult to be produced by standard routes like
casting. However, due to the volume change during heat
treatment, compact specimens are only possible at low vol-
ume fractions of Mg2Si.

Fig. 3 Mg-Si phase diagram
(Thermo-Calc 2021b, PCMg06)
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Recent Advances in PRISMS-Plasticity
Software for Simulation of Deformation
in Mg Alloys

Mohammadreza Yaghoobi, Tracy Berman, Zhe Chen, Aaron Tallman,
Duncan A. Greeley, Michael Pilipchuk, John E. Allison,
and Veera Sundararaghavan

Abstract

An open-source parallel 3D crystal plasticity finite
element (CPFE) software package, PRISMS-Plasticity,
is presented here as a part of the overarching PRISMS
Center integrated framework. A new PRISMS-Plasticity
indentation module is integrated into the framework
which can efficiently model indentation of large
microstructures of Mg alloys. A new rate-dependent
twinning-detwinning model is incorporated into the
framework based on an integration point sensitive scheme
to model Mg alloys. The model includes both kinematic
and isotropic hardening in order to handle cyclic response
of structural metals. PRISMS-Plasticity TM is incorpo-
rated to rapidly simulate the effects of alloying on texture
development in Mg-Zn-Ca alloys. Finally, the
PRISMS-Plasticity software has been integrated with
the PRISMS-PF phase-field framework to model twin-
ning within Mg alloys.

Keywords

PRISMS-Plasticity � Crystal plasticity finite element �
Mg alloys

Extended Abstract

Crystal plasticity finite element (CPFE) is a powerful tool to
simulate Mg alloys response at mesoscale incorporating
several microstructural features such as grain size, texture,
twinning, and precipitates [1]. However, the CPFE simula-
tions are often computationally demanding and require very
efficient numerical implementations. PRISMS-Plasticity [2]
has been developed as a computationally efficient and highly
scalable CPFE software as one of the major software tools of
the PRISMS Center at the University of Michigan to
investigate the Mg alloys response including several
microstructural features. PRISMS-Plasticity is integrated
well with other computational tools and experiments through
a set of pipelines and computational platforms. DREAM.3D
[3] and Neper [4] can be used to generate the microstructure,
Matlab MTEX toolbox [5] can be used to generate pole
figures and inverse pole figures, PRISMS-Fatigue package is
introduced to conduct simulation-based fatigue analysis [6–
11], PRISMS-Plasticity TM [12] is a method for performing
rapid texture evolution analysis, and Materials Commons
can be used as the PRISMS Center information repository.
Different Mg alloys have been calibrated and modeled using
PRISMS-Plasticity including unalloyed Mg, ZK60A [13],
Mg-2.4wt.%Nd [14, 15], WE43 [16–18], and Mg-4wt.%Al
[19–21]. PRISMS-Plasticity software version 1.5.0 will be
released in Fall 2024 which includes new features such as
an indentation module [22], a residual strain feature,
and cell-centered user-defined visualization. A PRISMS-
Plasticity forum has been established which is designed to
answer user’s questions. Additionally, PRISMS-Plasticity
YouTube tutorials cover the basics of the software
instructions.

PRISMS-Indentation module is the newly released fea-
ture which is able to perform indentation on microstructures
of considerable size by implementing the contact using an
efficient primal–dual active set strategy [22]. In the current
work, the developed indentation module is used to indent the
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ZK60A sample with a random texture, which consists
of * 7500 grains generated using DREAM3D as a 903

voxelized microstructure (Fig. 1). Each voxel is modeled
using a hexahedral element. A frictionless spherical indenter
with a radius of 0.2 mm is used. The centers of the sample
and indenter are aligned. Fixed boundary condition is used
for the bottom of the sample. The bottom of the sample is
fixed in all three dimensions. Here, the response of ZK60A
sample is simulated using three slip modes of Basal
a 0001f g1120� �

, Prismatic a 1010
� �

1120
� �

, and Pyrami-

dal cþ a 1122
� �

1123
� �

. Twinning is not included in this
simulation to enhance the convergence of the simulation.
The elastic constants of pure Mg at room temperature are
used here which are C11 = 59,400 MPa, C12 = 25,610
MPa, C13 = 21,440 MPa, C33 = 61,600 MPa, and
C44 = 16,400 MPa. The CPFE parameters of ZK60A
reported by Yaghoobi et al. [13] are used here for different
deformation systems, as summarized in Table 1. In addition
to initial microstructure, Fig. 1 shows the indented sample,
along with the zone of grains with the equivalent strain
larger than 1%. The results show the large ensemble of
grains involved in the indentation response which can be
further studied using the developed framework. The devel-
oped framework can be effectively used to investigate the
response of Mg alloys during the indentation experiment.
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Energetic Terms Associated with Twin
Nucleation in Magnesium

Enver Kapan, Sertan Alkan, C. Can Aydıner, and Jeremy K. Mason

Abstract

Molecular dynamics simulations are performed that
follow the evolution of a tension twin embryo nucleating
from an asymmetrically tilted grain boundary to investi-
gate the energetics of twin nucleation. The line, surface,
and volumetric terms associated with twin nucleation are
identified. A micromechanical model is proposed where
the stress field around the twin nucleus is estimated using
the Eshelby formalism, and the contributions of the
various twin-related structures to the potential energy of
the twin are evaluated. The reduction in the grain
boundary energy arising from the change in character of
the prior grain boundary is found to offset the energy
costs of the other interfaces. The defect structures
bounding the stacking faults that form inside the twin
are also found to possibly have significant energetic
contributions. These results suggest that both of these
effects could be more significant than has been assumed
by many earlier continuum-scale twin nucleation models
and are perhaps critical considerations when predicting
twin nucleation sites in magnesium.

Keywords

Molecular dynamics � Magnesium � Twinning �
Nucleation

Extended Abstract

The tensile twinning mechanism is central to our under-
standing of the deformation behavior of magnesium-based
alloys. However, the development of an accurate deforma-
tion twin nucleation model for magnesium has proven to be
challenging. Experimental studies [1–3] verified the role of
grain boundaries as potential twin nucleation sites, but the
absence of a heterogeneous twin nucleation model which
provides rigorous energetic descriptions of twin-related
structures indicates a need to understand twin energetics
more deeply.

To address this problem, molecular dynamics (MD) sim-
ulations were performed to follow the energetic evolution of
f1012g tension twin embryos nucleating from an asym-
metrically tilted grain boundary. A slab of Mg consisting of
four grains (crystals) with a ½1120� fiber texture (Fig. 1a) was
compressed and, in response to the loading, a twin was
nucleated (Fig. 1b) from a preexisting grain boundary that
separated the twinned grain and a neighboring grain. Areas
of stacking faults inside the twin, areas of interfaces between
the twin and the neighboring grains, and the volume of the
twinned region were all quantified (Fig. 1c), and the evo-
lution of these structures was measured from atomic data as
the twin embryo grew with further straining. A series of
regression analyses is performed for the MD measurements
of potential energy (Fig. 1d) to identify the contribution of
each of these areas or volumes to the total twin energy
(Fig. 1e). A micromechanical model is proposed where the
twin is modeled as an inhomogeneity embedded inside an
elastic medium. The total energy of the twin is expressed as
the sum of major contributions from the twin-related defect
structures in addition to the elastic strain energy from the
presence of the twin inhomogeneity, with the contribution of
the elastic fields around the twin nucleus estimated using the
Eshelby formalism [4].

The energy of the grain boundary between the parent
grain and the neighboring grain is found to be significantly
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reduced during the twin reorientation, with the grain
boundary changing from an asymmetric-tilt to nearly a
symmetric-tilt configuration. This reduction in the energy of
the grain boundary nearly offsets the energy cost of the other
created interfaces (twin boundaries and stacking faults).
However, the twin potential energy (blue curve with markers
in Fig. 1e) must include a contribution from some term that
scales with the twin volume apart from the elastic strain
energy estimated using the Eshelby inhomogeneity theory
(dashed red curve in Fig. 1e). It is proposed that the stacking
faults inside the twin are bounded by line defects with
Burgers vector content (disconnections) embedded in the
twin boundary and the prior grain boundary. These line
defects are expected to have interacting elastic strain fields
that could contribute significant potential energy (dashed

magenta curve in Fig. 1e) to that of the twin. These findings
indicate that both effects could be key considerations when
predicting likely sites for twin nucleation in magnesium.
More generally, the intention is for the micromechanical
model to be suitable as a way to evaluate the likelihood of
observing twin nucleation at a given grain boundary among
the grain boundary population in a polycrystal.
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Thermodynamics of Mg–Y–O Alloys
and Segregation at the Mg/MgO Interface

Rainer Schmid-Fetzer, Shihao Wang, and Zhongyun Fan

Abstract

Elemental segregation driven by the reduction of the total
Gibbs energy of the system has been widely observed at
the melt/substrate interfaces in various Al- and Mg alloys
containing different inoculant particles. This study pro-
vides experimental observations, analyses, and identifi-
cations of the formation of Y-segregation 2DCs at the
Mg/MgO interfaces in a solidified Mg–0.5Y (w%)
sample. From an extended Gibbs adsorption isotherm,
the interfacial segregation of solute Y in a dilute Mg alloy
melt is quantitatively described. The thermodynamics of
the elemental interactions, conditions for the formation of
MgO and Y2O3 particles, and the contributions to the
interfacial energy difference are detailed. A reasonable
atomic segregation factor at the liquid/MgO interface
from the bulk Mg–0.5Y melt is estimated. This changes
the structural and chemical configuration at the interface,
thus the nucleation potency of native MgO particles as
well as the as-cast grain size.

Keywords

Thermodynamics � Nucleation potency � Grain
refinement � ICME

Introduction

This study on elemental segregation driven by the reduction
of the total Gibbs energy provides experimental observa-
tions, analyses, and identifications of the formation of
Y-segregation two-dimensional-compounds (2DCs) at the
Mg/MgO interfaces in a solidified Mg–0.5Y (wt.%) sample.
It is shown that the segregation of Y occurs in the Mg–0.5Y
melt, forming specifically Y2O3 2DC at the liquid-Mg/
{111}MgO interface and Mg(Y)–O 2DC monolayer at the
liquid-Mg/{100}MgO interface. That is proven by dedicated
electron microscopy, and a summary is depicted in
Fig. 1 [1].

This changes the nucleation potency of native MgO
particles as well as the as-cast grain size. That is demon-
strated by grain refinement of commercially pure Mg treated
by high shear melt conditioning, HSMC, before casting (CP
Mg-HSMC), shown as a basis in Fig. 2, left-hand micro-
graphs. Segregation of Y towards the highly dispersed native
MgO particles in the melt after addition of 0.5 wt.% Y is
suggested to improve the observed grain refinement in Mg–
0.5Y–HSMC, Fig. 2, right-hand micrographs. The average
as-cast grain size is reduced from 235 ± 18 µm to
106 ± 4 µm [1]. The grain refining mechanism is attributed
to the enhanced potency of {111} MgO particles (the pre-
dominant oxide in terms of population) modified by Y2O3

2DC, their dispersity and abundant number density, and the
necessary growth restriction provided by 0.5 wt.% Y.

Thermodynamics and Interfacial Energy

The thermodynamics of the elemental interactions, condi-
tions for the formation of MgO and Y2O3 particles, and the
contributions to the interfacial energy difference are detailed
below. From an extended Gibbs adsorption isotherm, the
interfacial segregation of solute Y in a dilute Mg alloy melt
is quantitatively described [1, 2]. It is suggested that
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interfacial segregation is favored by (1) a negative difference
in interfacial energies approximated by Dc ¼ ciYðLÞ=MgO �
ciMgðLÞ=MgO in this case, (2) a positive interaction term X of a

regular solution between solvent and solute atoms related to

a positive enthalpy of mixing DmixH
Liquid
Mg�Y, and (3) a positive

difference in entropies of fusion between pure solvent and
solute DSi ¼ DfusSMg � DfusSY. The three contributions are
considered separately below.

Enthalpy and Entropy Contributions

A strong attractive interaction among Mg and Y in the melt
is proven to exist from a comprehensive CALHAD assess-
ment of that binary system [3] and the following data is
calculated from these thermodynamic parameters using the
Pandat software [4, 5]. A large negative value of the mixing

enthalpy with the minimum value of DmixH
Liquid
Mg�Y ¼

� 10.6 kJ/mol at 41 at.% Y is obtained from the subregular
solution [3]. The approximation by a regular solution
equation to fit the dilute, Mg-rich range results in

DmixH
Liquid;reg
Mg�Y ¼ � 14 kJ/mol at 50 at.% Y, corresponding to

the interaction term X = − 56 kJ/mol. This strong negative
term impedes the interfacial segregation of Y. The

coordination numbers Zl = 9, ZV = 12, Z = 13, in the nota-
tion of Ref. [2], are used for the numerical calculations.
Although the value of the entropy difference, DSi ¼
2:837 J/mol/K calculated from Ref. [3], is positive it only
accounts for a small promotional contribution to the inter-
facial segregation of Y. At 700 °C its contribution is about
18 times smaller compared to the impeding X term.

Interfacial Energy Contributions

The remaining impeding effect can be canceled if the value
of Dc is negatively large enough. The interfacial energies of
pure liquid elements/MgO are not known. However, the
difference Dc can be predicted by solving Eq. (25) in
Ref. [2] with the data given above. At 700 °C the limit is
Dc < − 1.05 J/m2 to result in enrichment of Y. The value of
Dc = − 1.39 J/m2 is obtained for reasonable atomic segre-
gation of factor 10 with 1.37 at.% Y (4.8 wt.% Y) at the
Liquid/{111}MgO interface from the bulk 0.137 at.% Y (0.5
wt.% Y) melt.

The sign of Dc may be estimated to check the plausibility
of assuming Dc < − 1.05 J/m2. Clearly, the interface Mg(L)/
MgO is non-reactive, whereas strong reactions are expected
at the Y(L)/MgO interface as shown later by inspection of

Fig. 1 Graphical sketch of the electron microscopic methods and results to determine and distinguish the Y2O3 2DC at the liquid-Mg/{111}MgO

interface and Mg(Y)–O 2DC monolayer at the liquid-Mg/{100}MgO interface [1]
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the Mg–Y–O phase diagram. If interfacial reactions occur in
metal/oxide systems, the interfacial energies and wetting are
difficult to analyze [6] but, in general, the wetting tendency
and work of adhesion are increased significantly compared
to the non-reactive case [7].

The work of adhesion, Wad
X , is the work against surface

forces required to separate the pure liquid element X from a

ceramic substrate such as MgO. It is related to the three
interfacial energies involved, ciMgO=vapor, ciXðLÞ=vapor, and

ciXðLÞ=MgO [7]:

Wad
X ¼ ciMgO=vapor þ ciXðLÞ=vapor � ciXðLÞ=MgO ð1Þ

and to the experimentally determined contact angle h

Fig. 2 Grain size of commercially pure Mg with highly dispersed
native MgO particles, CP Mg–HSMC, left-hand micrographs (a, b), is
significantly reduced by the addition of 0.5 wt.% Y enabling

segregation of Y in Mg–0.5Y–HSMC right-hand micrographs (c, d).
Both melts were treated by high shear melt conditioning, HSMC,
before casting [1]
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Wad
X ¼ ciXðLÞ=vaporð1þ cos hÞ ð2Þ

Therefore, the difference in work of adhesion of reactive
Y(L), Wad�react

Y , and non-reactive Mg(L), Wad�Non�react
Mg , on

MgO is given as

Wad�react
Y �Wad�Non�react

Mg ¼ ciYðLÞ=vapor � ciMgðLÞ=vapor
þ ciMgðLÞ=MgO � ciYðLÞ=MgO

ð3Þ

Inserting the difference in interfacial energies of the
condensed phases, Dc ¼ ciYðLÞ=MgO � ciMgðLÞ=MgO, we obtain

Wad�react
Y �Wad�Non�react

Mg ¼ ðciYðLÞ=vapor � ciMgðLÞ=vaporÞ � Dc � 0

ð4Þ
Assuming that the difference in surface tensions, the term in

the brackets in Eq. (4), is not dominant compared to Dc we
obtain at least Dc\0, as required to cancel the remaining
impeding effect onY-segregation detailed above. The value of
Dc = − 1.39 J/m2 related to a reasonable atomic segregation of
factor 10may not be quantitatively precise as it depends on the
accuracy of input data and assumptions in the model. It is
emphasized that a significant Y-segregation towards the
Liquid/MgO interface from the bulkMg–0.5Ymelt is verified
experimentally [1]. This changes the structural and chemical
configuration at the interface, thus the nucleation potency of
native MgO particles as well as the as-cast grain size.

Thermodynamics and Phase Diagram

The thermodynamic conditions for the formation of bulk
Y2O3 particles in Mg–0.5Y, are revealed by the isothermal
section at 700 °C and ambient pressure of the Mg–Y–O
ternary equilibrium phase diagram. Figure 3 is calculated
using Pandat and the PanMg database [4]. The oxygen sol-
ubility in liquid-Mg shown in the magnified Mg-rich part in
Fig. 3b was verified by the detailed analysis of the experi-
mental phase diagram and thermodynamic data [8]. It shows
that the bulk Mg–0.5Y liquid alloy is saturated at 0.24 wt.%
O with MgO. This small oxygen content is readily picked up
from the ambient during melting because of the extremely
low partial pressure of O2, p(O2) = 5 � 10–54 bar, calculated
at the tie line Liquid + MgO. Therefore, MgO is the only
stable native oxide in that Mg–0.5Y alloy which is also
observed experimentally. This tie line also proves that the
interface Mg(L)/MgO is non-reactive whereas no tie line
exists from MgO to any Y-rich liquid indicating that strong
reactions are expected at the Y(L)/MgO interface, as stated
above. More than 3.9 wt.% Y in the liquid alloy is required
to expect Y2O3 as the stable bulk oxide. The liquid phase
from 3.9 to 46 wt.% Y is in equilibrium with Y2O3. It is
interesting to note that under the assumed segregation of
factor 10 with 4.0 wt.% Y in the liquid monolayer at the
Liquid/{111}MgO interface one could obtain a local
three-phase equilibrium with Y2O3 at that interface.

Fig. 3 Isothermal section at 700 °C of the Mg–Y–O equilibrium phase diagram calculated by Pandat and PanMg: a complete composition range
and b Mg-rich corner with Y content up to 8 wt.%
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Solidification Simulations

Finally, solidification simulations of the Mg–0.5Y–0.24O
(wt.%) alloy, which is just saturated with MgO at 700 °C
according to Fig. 3b, reveal the expected solid phases. The
results obtained using the Pandat software are shown in
Figs. 4 and 5.

Under equilibrium conditions, Fig. 4a, a tiny phase
fraction of up to 0.2% of MgO grows from 700 to 647 °C
due to the retrograde oxygen solubility in Liquid. From 647
to 643 °C, the bulk of (Mg) solid solution (Hcp) is formed
(phase fraction from 0 to 99.27%) together with the growth

of MgO from 0.2 to 0.73%. Solidification terminates in this
monovariant eutectic reaction, Liquid ! (Mg) + MgO at
643 °C without reaching an invariant ternary eutectic.

The distribution of solute Y between Liquid and (Mg) in
Fig. 4b starts at the initial 0.5 wt.% in Liquid and increases
rapidly from 0.5 to 2.3 wt.% Y during the bulk crystalliza-
tion of (Mg). The (Mg) solid solution hosts from 0.1 to 0.5
wt.% Y in that secondary step from 647 to 643 °C. Only the
two-phase equilibrium (Mg) + MgO exists from 643 to
490 °C. At 490 °C the solubility of 0.5 wt.% Y at the apex
of the three-phase equilibrium (Mg) + MgO + Y2O3 is
attained. Here we have a similarity to the 3.9 wt.% Y in the

Fig. 4 Solidification simulation of the Mg–0.5Y–0.24O (wt.%) alloy under equilibrium conditions: a phase fractions shown up to 1% to reveal the
minority phases, b distribution of solute Y between liquid and (Mg) phases

Fig. 5 Solidification simulation of the Mg-0.5Y-0.24O (wt.%) alloy
under Scheil conditions: a phase fractions shown up to 1%, b distri-
bution of solute Y between liquid and (Mg) phases; note that the

average (total) wt.% of Y solute in (Mg) is plotted, ranging from 0.1 to
0.42 wt.% Y in the assumed layered growth of (Mg) under Scheil
conditions
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liquid alloy at the apex of the three-phase equilibrium Liq-
uid + MgO + Y2O3 at 700 °C in Fig. 3b. Below 490 °C the
solubility of Y at the three-phase equilibrium (Mg) +
MgO + Y2O3 decreases as shown in Fig. 4b and the liber-
ated Y forms Y2O3 at the cost of MgO in a solid-state
reaction as given in Fig. 4a. The solubility of oxygen in
(Mg) is negligibly small and both oxides MgO and Y2O3 are
stoichiometric phases in this ternary system.

The results of solidification simulation of the same alloy
under Scheil conditions, explained in Ref. [9], are given in
Fig. 5. Initially the phase development in Fig. 5a is exactly
the same as under equilibrium because there is no solid
solution in the primary crystallizing MgO. At 647 °C the
bulk of (Mg) starts crystallizing in the same monovariant
eutectic reaction, Liquid ! (Mg) + MgO. However, since
back-diffusion of Y into the growing (Mg) phase is blocked
the Y-enrichment in Liquid is huge, as shown in Fig. 5b.
Below 640 °C Y2O3 starts growing while the phase fraction
of MgO is frozen-in at 0.7%; the reaction switches to Liq-
uid ! (Mg) + Y2O3 until the ternary invariant eutectic
reaction Liquid ! (Mg) + Y2O3 + Y5Mg24 terminates
solidification at 576.4 °C. The solidified non-equilibrium
constitution comprises four phases, the phase fractions are
also plotted for better readability down to the arbitrary
cut-off at 550°C in Fig. 5b: 99.17% (Mg) + 0.70% MgO +
0.10% Y5Mg24 + 0.03% Y2O3. That is considered a good
approximation of the as-cast microstructure of that alloy.
The very small fraction of 0.1% Y5Mg24 may be too small to
be detected. Also, the initial alloy is certainly not
single-phase Liquid at 700 °C but contains more oxygen in
the form of MgO which was observed experimentally as
highly dispersed native MgO particles after treatment by
high shear melt conditioning before casting [1]. That phase

fraction of MgO already present at 700 °C is simply added
as inert basis to the MgO formed during the solidification
simulations in Figs. 4a and 5a, at the cost of (Mg). This will
reduce the tiny fraction of Y5Mg24 even below 0.1%.
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Part VI

Biomedical Applications



Assessment of Magnesium Wire Coatings
for Absorbable Medical Devices

Adam J. Griebel, Cody J. David, Jeremy E. Schaffer, Weilue He,
and Roger Guillory II

Abstract

Absorbable magnesium (Mg) wires have the potential to
replace many permanent medical devices. Permanent
devices endure as an unnatural material in the body
whereas eventual staples, stents, and sternal wires made
from absorbable magnesium can enable complete tissue
healing by elimination of most long-term foreign mate-
rial. Due to magnesium’s relatively rapid degradation
rate, thin devices may not provide adequate mechanical
support during the entire healing phase without surface
modifications or coatings to delay the onset of corrosion.
This study aimed to assess the feasibility and effective-
ness of absorbable coatings which could be suitable for a
range of Mg-based biomedical devices, spanning cardio-
vascular, orthopedic, and wound closure implants. Mg
alloy LZ21 wire was drawn to 0.3 mm and annealed to
impart high ductility. A portion of the wire was then
anodized in an experimental electrolyte. Anodized wire
was then coated with an absorbable polymer jacket of
polycaprolactone (PCL). Bare, anodized, and PCL-coated
wire were then subjected to both in vitro and in vivo
degradation testing to assess coating impact.

Keywords

Absorbable � Magnesium � Wire � Corrosion �
Coating � Anodization � PCL � IVIVC

Introduction

Many medical devices such as stents, staples, sutures, and
ligation clips are comprised of wires with diameters less than
one millimeter. Often, these devices only serve a temporary
purpose and their continued presence is unnecessary, and in
some cases even harmful. Magnesium alloys, with an
inherent ability to degrade and absorb into the body harm-
lessly, are an attractive material for new iterations of these
medical devices. However, the relatively rapid degradation
rate of magnesium may not allow for sufficient mechanical
strength for a sufficient length of time, especially in these
fine diameters [1].

Many studies have explored extending the lifetime of
magnesium alloys with surface modification in the form of
conversion coatings (e.g., anodization, plasma electrolytic
oxidation (PEO), MgF2) and polymeric coatings (e.g., PLA,
PLLA, PLGA, PCL) with some success [2–4], though data
on coated Mg wire is sparse. Ali et al. showed promising
results with a continuous PEO coating on Mg wire [5, 6], but
relatively hard and thick oxide layers may not be suitable in
applications requiring flexural deformation of the wire.
There is also some evidence that dual layer comprising a
conversion coat and a polymer performs better than either
coating alone [7]. An ideal coating would be pliable enough
to withstand large wire bends, tough enough to withstand
mild abrasion, and protective enough to delay corrosion past
some critical time point, which will be application-specific.

A promising Mg alloy candidate, LZ21 [8, 9], possesses
excellent ductility and moderate strength, properties which
could lend it well to the aforementioned medical devices.

However, like most magnesium alloys, the degradation
rate may not be sufficient without a coating.

The aim of the present study is to (1) determine the
influence of anodization and polymer coating on the degra-
dation of LZ21 wire, (2) determine for the first time an
in vivo degradation rate of LZ21, and (3) establish an
in vitro in vivo correlation (IVIVC) factor.
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Materials and Methods

Magnesium alloy LZ21 wire preparation has been described
previously [8]. In this study, wire was cold drawn to a final
diameter of 0.3 mm and annealed. The wire was then divi-
ded into one of three surface conditions. Bare wire was left
in the as-drawn, bright state. Anodized wire was prepared
through a proprietary process which induced a thin surface
layer containing Mg, F, O, and P. PCL wire was produced
by melt extruding a thin layer (approximately 20 lm) of Mn

80,000 PCL (MilliporeSigma, Burlington, MA) onto the
anodized wire.

Baseline mechanical properties of the three conditions
were assessed via tensile testing (127 mm gauge length,
25.4 mm/min crosshead speed, N = 3).

In vitro corrosion properties of the wire were tested by
using custom PVC and Nylon “kitewinder” test fixtures, in
which multiple lengths of wire were wrapped across
250 mm spans. The wire sections experiencing bending
stresses around the ends of the fixture were masked with
paraffin wax, to prevent premature fracture at these locations
during corrosion. Loaded kitewinders were fully submerged
in 2 L of a modified Hanks’s balanced salt solution, held in
an incubator at 37 °C and 5% CO2 to buffer the pH to
7.4 ± 0.2. Samples were then allowed to corrode for 3, 7,
14, and 28 days with 4 samples for each time point. Of the
four samples, three were tensile tested as described above to
determine residual mechanical strength while one sample
was designated for cross-sectional analysis.

In vivo corrosion properties of bare and PCL wires were
assessed via subcutaneous implantation of 10 mm lengths in
mice for 7 and 33 days. Briefly, a subcutaneous pouch was
created via blunt dissection after a midline abdominal inci-
sion. Materials were inserted into the pouch, and they would
close with surgical staples. After euthanasia at the designated
time points, the wires were carefully removed from the
pouches and placed into 200 proof ethanol and desiccated
overnight in a ventilated fume hood. The animal study was
approved by the Michigan Technological University Insti-
tutional Animal Care and Use Committee (IACUC) and in
accordance with guidelines set by the Panel on Euthanasia of
the American Veterinary Medical Association. After each
time point, the wires were explanted, and corrosion was
assessed via cross-sectional analysis.

Cross-sectional analysis was conducted by mounting wire
sections in a cold-curing epoxy and then progressively
grinding and polishing to 4000 grit sandpaper with isopropyl
alcohol lubricant. For each in vitro condition and time point,
11 sections were imaged. For each in vivo condition and
time point, 16–26 sections were imaged. Residual area and
pitting factor were measured for each cross section using

ImageJ. Residual areas of both in vitro and in vivo samples
were compared to establish a preliminary IVIVC.

Results

Representative tensile properties of the three wire conditions
prior to corrosion are shown in Fig. 1. The triplicate testing
revealed high consistency between samples. The bare wire
exhibited an ultimate tensile strength of 245 MPa, a yield
strength of 189 MPa, and an elongation of 15%. Neither
coating process impacted the strength properties but the
elongation to fracture did decrease slightly.

In vitro corrosion testing showed marked differences
between coating types. As shown in Fig. 2, bare wire fell to
18% of its original strength within 7 days while anodized
wire retained 60% of its original strength over the same time
period. The PCL wire still had over 90% of its original
strength out to 14 days. These strength values largely cor-
responded with cross-sectional area loss (R2 = 0.945),
illustrated in Figs. 3, 4, and 5 with representative images at
each of the time points for which intact wire specimens
remained. In the case of bare wire, no wires were intact at the
14 and 28 day time points. No anodized wire specimens
were intact at the 28 day time point.

In vivo degradation testing of bare wires indicated a much
slower degradation rate than the in vitro test (Fig. 6), with
84% of the metal cross section remaining after 7 days in the
mouse as opposed to only 37% in Hank’s solution. After
33 days in vivo, 60% of the cross section remained on av-
erage. The PCL wire showed almost no sign of corrosion at
both 7 and 33 day time points (Fig. 7). Residual area over
time for all 5 condition sets is shown in Fig. 8.

Taking the residual area measurements and assuming a
uniform loss, average corrosion rates for the bare wire were
2.1 and 3.0 mm/yr at 3 and 7 days in Hank’s solution,
respectively, and 0.63 and 0.37 mm/yr at 7 and 33 days in
mice, respectively. Taking the 7 day time point, we calculate
an IVIVC factor of 8.1.

Fig. 1 Representative tensile curves of the three conditions prior to
corrosion
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Fig. 2 Residual strength of wire over time after degrading in vitro.
Data shown is mean values with standard deviation error bars

Fig. 3 Representative transverse cross sections of bare wire degraded
3 and 7 days in vitro

Fig. 4 Representative transverse cross sections of anodized wire
degraded 3, 7, and 14 days in vitro

Fig. 5 Representative transverse cross sections of the PCL wire
degraded 3, 7, 14, and 28 days in vitro

Fig. 6 Representative transverse cross sections of the bare wire
degraded 7 and 33 days in vivo

Fig. 7 Representative transverse cross sections of the PCL wire
degraded at 7 and 33 days in vivo
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Discussion

The aim of this study was to (1) determine the influence of
anodization and polymer coating on degradation of LZ21
wire, (2) determine for the first time an in vivo degradation
rate of LZ21, and (3) establish an in vitro in vivo correlation
factor. The data presented here substantially addresses each
of these aims.

The in vitro testing clearly indicates that anodization
surface treatment of Mg wire can offer some corrosion
protection and extend functional lifetime. Incorporating a
PCL jacket on top of this anodization layer can provide even
further corrosion delay. The present results indicate that the
PCL jacket used in this study might be too protective for
some applications, as little to no degradation of the wire was
seen in vitro or in vivo. It is possible that corrosion delay
could be tuned by using a thinner layer of PCL or a different
PCL grade [10]. Other polymer coatings might offer opti-
mized degradation rates as well.

The in vivo degradation data indicate a relatively low and
uniform corrosion rate for the LZ21 alloy, with no visible
adverse histological effects. Lithium is primarily added to
the alloy to enhance bending ductility, but it may be the case
that this relatively small amount of Li is able to increase the
passivity of the corrosion layer through the formation of a
Li2CO3 film [11], inhibition of MgO to Mg(OH)2 conversion
[12], or some other mechanism. Additional work to elucidate
the elemental composition and evolution of corrosion
products on LZ21 wire is warranted.

The establishment of an IVIVC is an important step for
the development of medical devices containing the LZ21
alloy. The factor of 8.1 determined here using 7 day time
points is substantially higher than that reported by Bowen
[1]. That study calculated an IVIVC factor of 1.2–1.9 for
pure Mg, but the in vitro testing was conducted in DMEM

rather than Hank’s solution. This indicates that in vitro
testing in Hank’s can allow for effective accelerated corro-
sion testing. The high correlation between measured area
and measured tensile strength of these wires aligns with
other studies by Bowen [13, 14], and suggests that residual
mechanical strength of a partially corroded device can be
inferred by the remaining metallic cross-sectional area,
provided corrosion is sufficiently uniform.

There are several areas of inquiry which are ripe for
investigation. Future work should seek to understand the
influence of thermomechanical processing on LZ21 degra-
dation behavior. As many medical devices will undergo
plastic deformation during implantation, testing corrosion
properties of the coated materials after experiencing a rele-
vant amount of plastic deformation may provide additional
insights into the limitations of these coating strategies.
Finally, a more in-depth investigation of the corrosion layer
could explain the relatively low corrosion rate seen in this
mouse model.
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Processing and Characterization of Mg
Microtubes for Biodegradable Vascular
Stents

Joung Sik Suh, Chang Dong Yim, Byeong-Chan Suh, Ha Sik Kim,
Sang Eun Lee, and Hwa-Chul Jung

Abstract

Magnesium (Mg) alloys have attracted increasing atten-
tion as potential metallic biomaterials for temporary
biodegradable implants in orthopedic and vascular appli-
cations due to their mechanical, electrochemical, and
biological properties. However, Mg scaffolds still face
some challenges such as high degradation rate, low
mechanical properties, difficult fabrication method. Pro-
cessing and alloying are key approaches to improving the
comprehensive properties of Mg alloys for biomedical
applications. This study investigated the microstructure,
texture and mechanical properties of Mg-Zn-Ca (MZ01)
microtubes fabricated by two-step extrusion for
biodegradable vascular stents. Direct two-step extrusion
at 400 °C produced seamless MZ01 microtubes with
outer diameters of 3.5 and 2.5 mm, wall thickness of
250 µm, and maximum length of 2 m. Dimensional
accuracy based on roundness improved as outer diameter
decreased. Increasing the extrusion ratio made grains
refiner and weakened texture intensity. The mechanical
behavior of MZ01 microtubes was analyzed with respect
to changes in microstructure and texture. Grain boundary
strengthening and texture hardening were involved in the
plasticity of as-extruded MZ01 microtubes.
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Introduction

Cardiovascular disease (CVD) is the leading cause of death
worldwide, and the number of deaths is expected to increase
to 23.6 million by 2030, according to the World Health
Organization (WHO) report [1]. Currently, more than three
million angioplasty procedures, primarily stent implantation,
are performed annually to reopen blocked arteries [2, 3].
Bare metal stents are widely used in the treatment of arterial
diseases to physically open stenosed blood vessels. How-
ever, these stents are proven to cause a long-term risk of
in-stent restenosis and thrombosis [4, 5]. To overcome these
side effects, biodegradable stents have been proposed and
received intensive attention over the past decade [6, 7].
Biodegradable Mg alloys are of increasing interest as
potential metallic biomaterials for temporary implants in
vascular and orthopedic applications due to their mechani-
cal, electrochemical, and biological properties [8–10].
However, Mg scaffolds still face some challenges such as
high degradation rate, low mechanical properties, difficult
fabrication method. Plasticity is especially important for
biodegradable vascular stents, which need to crimp on a
balloon and then expand with large deformation during
implantation [11]. However, Mg alloys exhibit poor forma-
bility at room temperature due to the hexagonal close-packed
crystal structure. This poses a serious challenge for fabri-
cating Mg microtubes with high plasticity for biodegradable
stent applications [11]. Processing and alloying are key
approaches to improving the comprehensive properties of
Mg alloys for biomedical applications. For instance, Li et al.
[11] reported that Mg-Nd-Zn-Zr microtubes with high
plasticity were successfully fabricated by double extrusion
with large plastic deformation due to enhanced activation of
non-basal slips by significant grain refinement.

In the present study, we focus on manufacturing tech-
nology necessary to realize patient-customized
ultra-precision shapes and secure required physical proper-
ties for biodegradable vascular stents. For this purpose, a
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two-step extrusion manufacturing process was developed
involving extruded rods, hollow billets, and extruded
microtubes. Direct two-step extrusion is applied to
Mg-Zn-Ca (MZ01) alloy, which consists only of biocom-
patible alloying elements excluding Al and rare earths. This
study investigates the microstructure, texture and tensile
properties of MZ01 microtubes in terms of extrusion ratio.

Materials and Methods

Figure 1 presents the manufacturing process of two-step
extrusion involving as-extruded rod, hollow billet, and
as-extruded microtubes. MZ01 alloys were supplied by
Innosys Co., Ltd. (Korea) in the form of rods with a diameter
of 15.9 mm. The as-extruded rods were further machined
into hollow billets with a diameter of 13.9 mm, a height of
30 mm, and a central hole size of 3.1 mm. These hollow
billets were heat-treated at 400 °C for 1 h. Finally, direct
two-step extrusion successfully fabricated seamless MZ01
microtubes using a 500-ton horizontal extruder at 400 °C.
The dimensions of the MZ01 microtubes were 3.5 and
2.5 mm in outer diameter (OD), 250 µm in wall thickness
(WT), and 1.3 and 2 m in length. Hereinafter, MZ01
microtubes with OD of 3.5 and 2.5 mm are denoted as
OD35 and OD25, respectively. The second extrusion ratio
for OD35 and OD25 is about 57:1 and 82:1, respectively.

That is, this indicates that manufacturing microtubes
involves large plastic deformation.

Microstructures and textures of as-extruded rod and
microtubes were characterized by optical microscopy (OM,
OLYMPUS GX51) and electron backscatter diffraction
(EBSD, JEOL JSM-7800F). EBSD measurements were
implemented with a step size of 0.3 µm over an area of 180
µm2 � 180 µm2 at an accelerating voltage of 15 kV.
EDAX OIM analysis™ v8.6 processed EBSD data with a
confidence index of above 0.08. Tensile tests were carried
out at room temperature with a quasi-static strain rate of
1 � 10–3 s−1 using a universal testing machine (INSTRON
5982). Based on ASTM E8, tensile specimens with a gauge
length of 25 mm were prepared from the as-extruded rod
and microtubes. Testing was performed at least three times
in the extrusion direction (ED) for each condition.

Results and Discussion

Figure 2 compares the dimensional accuracy of two
geometries of MZ01 microtubes. The comparison results are
detailed in Table 1. The cross section of OD35 and OD25
was measured and analyzed to determine how accurately it
was implemented. In principle, all diameters and thicknesses
should be measured along the circumference, but in practice,
the outer diameter, inner diameter (ID), and wall thickness

Fig. 1 Two-step extrusion for manufacturing MZ01 microtubes
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were measured at four points: north (N), south (S), east (E),
and west (W), as shown in Fig. 2. Based on this,
out-of-roundness for OD and ID is defined as ODR = (ODNS

− ODEW)/ODavg and IDR = (IDNS − IDEW)/IDavg, respec-
tively, where ODavg = (ODNS + ODEW)/2 and IDavg = (
IDNS + IDEW)/2. WTavg is the average of the wall thickness
at four points. As a result, for OD35, ODR and IDR were
1.13 and 1.05%, but for OD25, ODR and IDR were slightly
improved to 0.81 and 0.94%. Furthermore, WTavg for OD35
and OD25 was 250.0 ± 15.8 µm and 249.8 ± 10.6 µm,
respectively. Therefore, it can be seen that as OD decreases,
the dimensional accuracy improves. Nevertheless, the vari-
ation in wall thickness needs to be significantly reduced to
make more precise. Moreover, it is required to check the
dimensional uniformity in the longitudinal direction.

Figure 3 shows the microstructures of the as-extruded rod
and microtubes of MZ01 alloy utilizing inverse pole figure
maps from EBSD measurements. In the cross section per-
pendicular to the ED, the microstructure of MZ01 rod is
twin-free, but has a bimodal structure consisting of dynam-
ically recrystallized (DRXed) fine grains and non-DRXed
coarse grains. Therefore, the average grain size (GS) is
10.5 ± 10.1 µm, which shows a very large deviation. On
the other hand, the microstructures of OD35 and OD25
exhibit fully DRXed grains. As the extrusion ratio increases,
GS of OD35 and OD25 decreases from 18.4 ± 6.8 to
14.3 ± 5.8 µm. Despite severe plastic deformation, the
grains of MZ01 microtubes become larger compared to
MZ01 rod. The (0001) pole figures indicate that as stress is
applied to the microtube from both the left and right sides at
the measurement region, the c-axis of each grain rotates left

and right to distribute the basal plane. The maximum pole
intensity (Imax) also depends on process conditions. The
basal texture was strengthened from 8.0 to 10.2 multiple
random distribution (m.r.d.) for OD35 and weakened to
7.5 m.r.d. for OD25. As a result, the weighted average
Schmid factor for basal <a> slip is 0.163 for the rod,
increases to 0.279 for OD35, and decreases again to 0.241
for OD25. In two-step extrusion, increasing the extrusion
ratio results in finer grains and weaker texture intensity.

Figure 4 presents the tensile properties at room temper-
ature in the as-extruded rod and microtubes of MZ01 alloy.
The as-extruded rod has superior tensile properties compared
to OD35 and OD25. For MZ01 rod, tensile yield strength
(TYS) is 209 ± 14 MPa, ultimate tensile strength (UTS) is
252 ± 6 MPa, and fracture strain (FS) is 23.7 ± 3%. On the
other hand, the tensile properties of MZ01 microtubes rather
deteriorate after two-step extrusion. For OD35, TYS and
UTS decreased to 58% and 87% of MZ01 rod, respectively.
As the extrusion ratio increased, TYS increased from
121 ± 3 to 139 ± 1 MPa, UTS increased from 121 ± 3 to
139 ± 1 MPa and FS decreased from 21 ± 3 to 18 ± 2%.
The outstanding mechanical properties of MZ01 rod are
attributed to the combined effects of grain boundary
strengthening by fine DRXed grains and strain hardening by
severely deformed grains. The reason why the strength of
MZ01 microtubes decreased compared to MZ01 rod was
fundamentally due to the coarsening of the grain structures
of OD35 and OD25. Moreover, this is related to the fact that
the basal <a> slip was more activated based on the Schmid
factor calculated above rather than the pole intensity. To
determine the mechanism of these results, it is necessary to

Fig. 2 Comparison of dimensional accuracy of MZ01 microtubes: a OD35 and b OD25

Processing and Characterization of Mg Microtubes … 195



further investigate the mechanical behavior in terms of
microstructure, texture and reproducibility. Based on this,
parametric studies on extrusion conditions, such as low
extrusion temperature to induce grain refinement, should be
conducted to improve the tensile properties of MZ01
microtubes.

Conclusions and Outlook

The present study has performed direct two-step extrusion of
Mg microtubes for biodegradable vascular stent applications.
The effect of extrusion ratio on tensile properties at room
temperature of the as-extruded MZ01 alloys was investi-
gated in terms of microstructure and texture development.
Direct two-step extrusion at 400 °C produced seamless
MZ01 microtubes with outer diameters of 3.5 and 2.5 mm,
wall thickness of 250 µm, and maximum length of 2 m. The
second extrusion ratio for OD35 and OD25 is about 57:1 and
82:1, respectively. Dimensional accuracy based on round-
ness improved as outer diameter decreased. Increasing the
extrusion ratio made grains refiner and weakened texture
intensity. As the extrusion ratio increased, TYS increased
from 121 ± 3 to 139 ± 1 MPa, UTS increased from
121 ± 3 to 139 ± 1 MPa and FS decreased from 21 ± 3 to
18 ± 2%. Grain boundary strengthening and the degree of
the activation of basal <a> slip in the ED were involved in
the plasticity of as-extruded MZ01 microtubes.

Table 1 Comparison of
dimensional accuracy of MZ01
microtubes

In µm ODNS ODWE ODR (%) IDNS IDWE IDR (%) WTavg

OD35 3528 3488 1.13 3024 2992 1.05 250.0 ± 15.8

OD25 2478 2458 0.81 1978 1959 0.94 249.8 ± 10.6

Fig. 3 Microstructure and texture of as-extruded rod and microtubes of MZ01 alloy: a rod, b OD35, and c OD25

Fig. 4 Engineering stress–strain curves at room temperature of
as-extruded rod and microtubes of MZ01 alloy

196 J. S. Suh et al.



So far, we have focused on realizing the shape of Mg
microtubes. Systematic study is currently underway to
determine how much smaller and more precise it can be
made through two-step extrusion. The variation in wall
thickness must be significantly reduced to make more pre-
cise. Moreover, it is required to check the dimensional
uniformity in the longitudinal direction. Above all, it is
essential to investigate the mechanical behavior in detail in
terms of microstructure, texture and reproducibility. Based
on this, parametric studies on extrusion conditions, such as
low extrusion temperature to induce grain refinement, should
be conducted to improve the tensile properties of MZ01
microtubes.

Acknowledgements This research was supported by the Nano and
Material Technology Development Program through the National
Research Foundation of Korea (NRF) funded by Ministry of Science
and ICT (2022M3H4A1A0408529).

References

1. Alfonso F, García J, Pérez-Vizcayno MJ, Hernando L, Hernan-
dez R, Escaned J, Jiménez-Quevedo P, Bañuelos C, Macaya C
(2009) New Stent Implantation for Recurrences After Stenting for
In-Stent Restenosis: Implications of a Third Metal Layer in Human
Coronary Arteries. J Am Coll Cardiol 54(8):1036–1038. https://
doi.org/10.1016/j.jacc.2009.04.082

2. Van Beusekom HM, Serruys PW (2010) Drug-Eluting Stent
Endothelium: Presence or Dysfunction. JACC Cardiovasc Interv 3
(1):76–77. https://doi.org/10.1016/j.jcin.2009.10.016.

3. Li S, Lei L, Hu Y, Zhang Y, Zhao S, Zhang J (2014) A fully
coupled framework for in silico investigation of in-stent restenosis.
Comput Methods Biomech Biomed Eng 22(2):217–228. https://
doi.org/10.1080/10255842.2012.716830

4. Nordmann AJ, Briel M, Bucher HC (2006) Mortality in random-
ized controlled trials comparing drug-eluting vs. bare metal stents
in coronary artery disease: a meta-analysis. Eur Heart J 27
(23):2784–2814. https://doi.org/10.1093/eurheartj/ehl282

5. Ota H, Mahmoudi M, Torguson R, Satler LF, Suddath WO,
Pichard AD, Waksman R (2015) Safety and efficacy of
everolimus-eluting stents for bare-metal in-stent restenosis. Car-
diovasc Revasc Med 16(3):151–155. https://doi.org/10.1016/j.
carrev.2015.02.005

6. Hermawan H, Dubé D, Mantovani D (2010) Developments in
metallic biodegradable stents. Acta Biomater 6(5):1693–1697.
https://doi.org/10.1016/j.actbio.2009.10.006

7. Witte F, Hort N, Vogt C, Cohen S, Kainer KU, Willumeit R,
Feyerabend F (2008) Degradable biomaterials based on magne-
sium corrosion. Curr Opin Solid State Mater Sci 12(5–6):63–72.
https://doi.org/10.1016/j.cossms.2009.04.001

8. Staiger MP, Pietak AM, Huadmai J, Dias G (2006) Magnesium
and its alloys as orthopedic biomaterials: A review. Biomater 27
(9):1728–1734. https://doi.org/10.1016/j.biomaterials.2005.10.003

9. Xin Y, Hu T, Chu PK (2011) In vitro studies of biomedical
magnesium alloys in a simulated physiological environment: A
review. Acta Biomater 7(4):1452–1459. https://doi.org/10.1016/j.
actbio.2010.12.004

10. Li D, Zhang D, Yuan Q, Liu L, Li H, Xiong L, Guo X, Yan Y,
Yu K, Dai Y, Xiao T, Li Y, Wen C (2022) In vitro and in vivo
assessment of the effect of biodegradable magnesium alloys on
osteogenesis. Acta Biomater 141(15):454–465. https://doi.org/10.
1016/j.actbio.2021.12.032

11. Lu W, Yue R, Miao H, Pei J, Huang H, Yuan G (2019) Enhanced
plasticity of magnesium alloy micro-tubes for vascular stents by
double extrusion with large plastic deformation. Mater Lett 245
(15):155–157. https://doi.org/10.1016/j.matlet.2019.02.114

Processing and Characterization of Mg Microtubes … 197

http://dx.doi.org/10.1016/j.jacc.2009.04.082
http://dx.doi.org/10.1016/j.jacc.2009.04.082
http://dx.doi.org/10.1016/j.jcin.2009.10.016
http://dx.doi.org/10.1080/10255842.2012.716830
http://dx.doi.org/10.1080/10255842.2012.716830
http://dx.doi.org/10.1093/eurheartj/ehl282
http://dx.doi.org/10.1016/j.carrev.2015.02.005
http://dx.doi.org/10.1016/j.carrev.2015.02.005
http://dx.doi.org/10.1016/j.actbio.2009.10.006
http://dx.doi.org/10.1016/j.cossms.2009.04.001
http://dx.doi.org/10.1016/j.biomaterials.2005.10.003
http://dx.doi.org/10.1016/j.actbio.2010.12.004
http://dx.doi.org/10.1016/j.actbio.2010.12.004
http://dx.doi.org/10.1016/j.actbio.2021.12.032
http://dx.doi.org/10.1016/j.actbio.2021.12.032
http://dx.doi.org/10.1016/j.matlet.2019.02.114


Severe Plastically Deformed Mg–Zn–Zr–RE
Alloy Developed as a Biomaterial

Vasanth C. Shunmugasamy and Bilal Mansoor

Abstract

Mg alloys have high corrosion rate that inhibits their
application as biomaterial. For safe use as biomaterial, it
is essential to control their corrosion rates. In Mg alloys,
microgalvanic coupling between the a-Mg matrix and
secondary precipitates can exist which results in increased
corrosion rate. To address this challenge, we engineered
the microstructure of a biodegradable Mg–Zn–RE–Zr
alloy by severe plastic deformation process such as
friction stir processing (FSP), improving its corrosion
resistance and mechanical properties simultaneously.
Subjecting the alloy to FSP resulted in refined grains,
basal texture and broken and uniformly distributed
secondary precipitates. In vitro corrosion of base material
showed microgalvanic coupling between precipitate and
matrix, resulting in unstable surface layer. The processed
alloy showed uniform corrosion owing to formation of
stable surface film formation, due to the refined grains,
texture, and distribution of precipitates. The results show
promising potential of Mg alloy as biomaterial.

Keywords

Microstructure � Friction stir processing �Microgalvanic
corrosion

Introduction

Magnesium alloys containing biocompatible components
show tremendous promise for applications as temporary
biomedical devices. Mg-based alloys have been found to
possess optimized properties for biodegradable material
based on the following properties: (i) Mg is an essential
nutrient in human body, naturally found in bone and act as
simulator for new bone formation, also act as cofactor for
many enzymes and the daily intake can be much higher
compared to Fe or Zn metals [1–5], (ii) although excess
intake of Mg can cause severe complications [6], it can be
efficiently excreted [6, 7], and (iii) the stiffness of Mg is
closest to that of bones which can help prevent
stress-shielding [4, 5, 8].

Mg alloys have relatively higher corrosion rate that can
impede their applications as biomedical devices. Mg has a
low electrode potential of − 2.372 V [9] against normal
hydrogen electrode, making it extremely active in aqueous
media containing chloride ions, such as human body phys-
iological condition. Mg corrodes in aqueous medium by
anodic dissolution and cathodic reduction of Mg metal, with
formation of Mg(OH)2 and hydrogen gas [10]. The Mg
(OH)2 can offer a protective layer during corrosion through
formation of surface film [11]. However, Mg also exhibits
negative difference effect (NDE) during corrosion where in
the curious effect of hydrogen evolution and magnesium
corrosion rate increases with increasing potential [12, 13],
leading to loss of protective film. The rapid corrosion can
result in early loss of mechanical integrity of the implant
before bone healing and hydrogen gas accumulation that can
result in subcutaneous swelling [14, 15].

Several methods have been proposed in existing litera-
ture, to achieve an optimal biodegradable Mg-based alloy,
such as grain refinement, alloying additions and coatings to
improve its mechanical and corrosion properties [4]. Among
the different alloying elements, elements such as Zn, Zr, and
RE have shown to influence both mechanical and corrosion
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properties of Mg alloys [4, 10, 16]. Mg-Zn and Mg-RE
alloys systems have shown to possess the highest mechan-
ical properties (strength and ductility) [4, 17]. In the present
work, Mg–Zn–Zr–RE alloy is utilized and is characterized
for its corrosion and mechanical properties to be developed
as a biomaterial.

In Mg alloys, a microgalvanic coupling between the
a-Mg matrix and secondary precipitates can exist which
results in increased corrosion rate [18]. The microstructure
of Mg–Zn–RE–Zr alloy comprises RE (Mg, Zn)11 T-phase
precipitates along the grain boundaries and Zr-rich regions in
the a-Mg grains [18, 19]. The presence of T-phase precipi-
tates has been observed thorough X-ray diffraction analysis
of the alloy [20]. In Mg–Zn–Zr–RE alloy, it was observed
that the corrosion attack upon exposure to Hanks Balanced
Salt Solution (HBSS) was intergranular due to the micro-
galvanic coupling between the T-phase precipitate and
matrix, leading to dissolution of a-Mg around the precipi-
tates resulting on loss of precipitates [21]. To address
this challenge, we engineered the microstructure of a
biodegradable Mg–Zn–RE–Zr alloy by severe plastic
deformation process such as friction stir processing (FSP),
improving its corrosion resistance and mechanical proper-
ties simultaneously.

Materials and Methods

3 mm thick cast Mg–Zn–Zr–RE alloy EZ33 was utilized in
present work, and alloy composition is given in Table 1. The
alloy was subjected to friction stir processing using an FSP
setup (CFSWT, Beijing) having a tool with 12 mm shoulder
diameter, 2.8 mm long conical pin (major dimeter—5 mm
and minor diameter—3 mm). FSP was carried out using
process parameters of tool rotational speed of 1500 rpm,
translation speed of 20 mm/min and tool tilt angle of 2°. The
alloy microstructure pre- and post-processing was revealed
by etching with acetic picral solution [19, 22].

The alloy was characterized for in vitro corrosion char-
acterization by immersion testing of base material and FSP
stir zone (SZ) to Hanks Balanced Salt Solution (HBSS) at
37 ± 1 °C, to mimic human body conditions. Samples were
removed at different time intervals, washed with distilled
water, air-dried, and weighed. The calculated corrosion in
mm/yr is given by NACE/ASTM G31-12a [24].

Corrosion rate ¼ 8760�mass loss ðgÞ
Exposed area ðmm2Þ � time (h)� density ðg=mm3Þ

ð1Þ
The base material (BM) and SZ specimens were evalu-

ated for Vickers microhardness (Future Tech FM-310,
Japan) using 100 gf load and a dwell time of 15 s, and at
least 10 reading were carried out. Tensile testing was carried
out using electromechanical MTS Insight 30 kN load tensile
tester at ambient temperature with an initial strain rate of 10–
3/s. The tensile specimen had a nominal cross-sectional area
of 3 mm2 � 3 mm2 and a gauge length of 12 mm. Two
repetitions were carried out for tensile, and the microstruc-
ture of the alloy was observed using optical (OM, Zeiss
Axiovert 40 Mat, Pleasanton, CA) and scanning electron
microscope (SEM, Thermo Fisher Apreo Model).

Results and Discussion

The microstructure of Mg–Zn–RE–Zr alloy comprises RE
(Mg, Zn)11 T-phase precipitates along the grain boundaries
and Zr-rich regions in the a-Mg grains [18, 19], as shown in
Fig. 1a. The FS processed alloy resulted in refined grains
(91% reduction in grain size compared to base material) and
broken and relatively uniform distributed secondary pre-
cipitates as can be observed in Fig. 1b.

Texture analysis of the FS processed alloy showed strong
basal texture compared to random texture observed in
starting base material. Studies in existing literature have
shown basal texture in Mg alloys, which shows improved
corrosion resistance compared to non-basal textures [25–29].
The presence of refined grains, basal texture, and broken and
uniformly distributed secondary precipitates due to subject-
ing the alloy to FSP can influence the alloy mechanical and
corrosion response. Mechanical properties evaluated using
Vickers microhardness and room temperature tensile testing
on the processed alloy and compared with BM. The BM and
FSP stir zone showed microhardness of 53.3 ± 3.8 HV and
59.5 ± 2.5 HV, respectively. The refined grains and
broken-down precipitates resulted in 10.5% increase in
microhardness of the FSPed SZ, compared to BM. Under
tensile testing the FSPed material showed similar ultimate
tensile strength (*175 MPa) to base material, while the
ductility was increased by 85% (failure strain of 5.3% for
BM and 9.9% for SZ) (Fig. 2).

Table 1 Chemical composition
of EZ33A Mg alloy utilized in
present work [23]

Element Zn Zr Ce La Nd Mn Fe Cr Mg

Wt% 2.66 1.32 1.16 0.47 0.26 0.01 < 0.01 < 0.01 Balance
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In vitro corrosion of the base material in HBSS showed,
increasing OCP followed by plateau indicating of unstable
passive layer formation. Microgalvanic coupling between
the T-phase precipitate and a-Mg was observed as shown in
Fig. 3a, resulting in trenching of the precipitates leading to
unstable passive layer formation. In vitro corrosion of the FS
processed alloy in HBSS showed stable OCP indicative of

stable surface film formation. The FSPed alloy surface
showed more uniform corrosion surface post exposure to
HBSS corrosion medium (Fig. 3b).

Corrosion rate measured using weight loss method
showed 0.35 ± 0.02 mm/yr for FSPed condition in com-
parison with 4.73 ± 1.27 mm/yr observed for base material.
The refined grains, texture and breaking and uniform dis-
tribution of the precipitates resulted in more uniform cor-
rosion in the FS processed Mg alloy compared to base
material. The results from the present research show
promising potential of Mg–Zn–Zr–RE alloy as biomaterial
and will have profound benefit for utilization as biodegrad-
able medical devices such as plates, screws, and stents.

Conclusions

Friction stir processing of Mg–Zn–Zr–RE alloy EZ33
resulted in refined grains, basal texture and breaking and
relatively uniform distribution of secondary precipitates.
These resulted in increase in mechanical properties (micro-
hardness and ductility). The combination of broken, uni-
formly distributed precipitates, refined grains, and favorable
texture resulted in reduced microgalvanic coupling leading
to more uniform corrosion and reduced corrosion rate.

Fig. 1 Microstructure of EZ33 Mg alloy a base material and b stir zone post FSP

Fig. 2 Variation of in vitro corrosion rate of EZ33-BM and FSP stir
zone material with respect to time immersed in HBSS
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The Effect of Powder Size and Morphology
on the Sinterability of Bioresorbable
Mg-Sr/Ca Alloys

Ava Azadi, Eoin D. O’Cearbhaill, and Mert Celikin

Abstract

Possessing outstanding biocompatibility and bioresorba-
bility, magnesium (Mg) alloys with strontium (Sr) and
calcium (Ca) additions have shown potential to be used as
temporary implants in orthopaedic applications. Having a
low elastic modulus (45 GPa) close to the human bone
lowers the stress shielding effects. Low temperature
additive manufacturing (AM) techniques (e.g., Fused
Deposition Modelling) have potential to be used for the
fabrication of complex Mg components while avoiding
safety concerns associated with high temperature AM.
However, low sinterability of common Mg alloys is the
main limiting factor. The objective of this work is to
investigate the effect of powder particle size/morphology
on the sinterability of Mg-Ca/Sr-based alloys produced
via powder metallurgy. Laser diffraction and Scanning
Electron Microscopy (SEM) were used to characterize
particle size and morphology. The study also focused on
assessing the role of liquid phase sintering (LPS) mech-
anism by thermodynamic calculations and microstructural
characterisation (SEM). Porosity measurements using
density analysis and image processing were employed
to determine the effects of powder size and morphology
on sinterability of the alloys. It was found that the
non-homogeneous particle size distribution with more
spherical powder particles, facilitated the compaction and
accordingly higher densification was obtained. This was
achieved for powders milled at higher speeds (900 rpm),
resulting in significantly lower porosity levels (* 6–8%)
compared to the dry-milled state (* 40–60%).

Keywords

Magnesium (Mg) alloys � Alloy design �
Thermodynamic calculations � Materials
characterisation � Sintering

Introduction

Magnesium (Mg) and its alloys have been receiving
increased attention as emerging class of biomedical alloys
due to their bioresorbability and biocompatibility [1, 2]. As
temporary implants, they have proven high potentials in
orthopaedic and cardiovascular applications, eliminating the
need for the secondary surgical operations commonly con-
ducted for conventional non-resorbable implants [3, 4].
Furthermore, the use of bioresorbable Mg implants decreases
the risk of stress shielding effects thanks to the relatively low
elastic modulus of Mg alloys (45 GPa) that is comparable to
the human bone (1–30 GPa) [3–7]. However, current man-
ufacturing processes have limitations for the customisation
of Mg-based implants based on patients’ requirements [8, 9].

Additive manufacturing (AM) of Mg-based alloys
enables fast production of personalised implants with intri-
cate designs, expanding the potential of Mg-based alloys for
biomedical applications [10–12]. High temperature AM
techniques such as laser powder bed fusion (LPBF) have
been commonly used for Mg AM [13, 14]. However, safety
concerns typically arise during the processing of Mg-based
alloys via high temperature AM methods due to the inherent
limitations of Mg, including low boiling temperature and
high vapor pressure [15, 16]. Additionally, the chemical
composition of the Mg-based alloys might undergo changes
due to the temperature evolution exceeding the evaporation
point of Mg [17, 18]. Hence, low temperature AM tech-
niques such as fused filament fabrication (FFF) and binder
jetting (BJ) are more compatible with the intrinsic properties
of Mg-based alloys. However, one of the main challenges of
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low temperature Mg alloy AM is the low sinterability of the
current Mg-based alloys, restricting the printability of Mg
using FFF and BJ techniques [19–21]. Since Mg powder has
high affinity for oxygen and upon exposure to air a stable
oxide layer (i.e., MgO) is formed on the powder surface
which has no solubility in solid Mg, acting as diffusion
barrier during sintering [21, 22]. Therefore, liquid phase
sintering (LPS) can be employed to improve Mg sinterability
as the capillary force of the liquid phase causes the powder
particles to come together. However, sintering of Mg is still
challenging [23–25].

The aim of this study is to enhance the sinterability of
Mg-Sr/Ca-based alloys by understanding the effect of pow-
der size distribution and morphology. The study will focus
on optimising liquid phase sintering (LPS) mechanism
supported by thermodynamic calculations.

Experimental Procedure

Two binary alloys with nominal compositions of Mg-20Ca
and Mg-20Sr (in weight %) were studied using the com-
mercial master alloys supplied by Shanghai Xinglu Chemi-
cal Tech. China Company. Inductively coupled plasma
(ICP) analysis was used to determine the chemical compo-
sitions of the cast ingots (Table 1). Therefore, the actual
compositions are Mg-18.2Ca and Mg-20.9Sr.

The commercial ingots were dry milled in order to fab-
ricate the starting material in the form of powder particles
using slow speed Emill milling machine with following
parameters: depth of cut 1mm, length of travel 200 mm per
minute, without lubricant. Afterwards, the dry-milled parti-
cles were ball milled in a vertical lab planetary ball milling
equipment (DECO-PBM-V-0.4L) using stainless steel jars
and 10 mm balls under argon (Ar) gas. The ball milling
variables are duration, ball-to-powder ratio (BPR), and
speed, and accordingly 3 conditions were defined per com-
position, duration effect, BPR effect, and speed effect,
respectively (Table 2).

To investigate the effect of ball milling variables on
sinterability of the alloys, the powder size distribution and
morphology of each ball milling condition was evaluated
using Microtrac MRB TurboSync particle analyser laser
diffractometer. Approximately, 2 g of ball-milled powders
were used to fabricate discs of Mg-18.2Ca and Mg-20.9Sr
compositions in a circular die with a diameter of 25 mm,
using cold pressing setup (PA 260, Josef Lucas LTD

Birmingham) under applied pressure of 60 bar and dwell
time of 2.5 min. In order to determine the appropriate tem-
perature range for sintering in terms of liquid phase fraction,
thermodynamic calculations were performed on both com-
positions using ThermoCalc software package (TCMG6 Mg
Alloys v6.3 database). In addition, differential scanning
calorimetry (DSC) was conducted on Mg-18.2Ca and
Mg-20.9Sr ball-milled powders using STA 1500 Rheometric
Scientific equipment with the following profile: heating at
5 °C/min from ambient temperature to 700 °C under Ar gas.
Sintering was performed on discs of Mg-18.2Ca and
Mg-20.9Sr in a tube furnace (Lenton Tube Furnace 1600) in
a controlled atmosphere of Ar from room temperature
(RT) with heating rate of 5–575 °C/min, dwell time of 2 h
and subsequent furnace cooling to the ambient temperature.
Cross sections of sintered discs were cut and metallo-
graphically prepared following the standard procedure down
to 1 µm diamond paste polishing step, and along with the
ball-milled powders of both compositions were examined
under scanning electron microscope (SEM) using
TM4000Plus Tabletop Hitachi, Japan setup. To measure the
densification of the sintered parts, image analysis was
employed using MATLAB software package. In addition,
density measurements were conducted based on Archimedes
principle in ethanol medium.

Results and Discussion

Powder Fabrication and Characterisation

SEM micrographs of the dry-milled Mg-18.2Ca and
Mg-20.9Sr particles are shown in Fig. 1. Dry milling of cast
ingots was the initial step of powder fabrication for both
compositions. It is observed that the dry-milled particles
exhibit sharp edges with irregular morphologies varying
from µm to mm ranges in size. For more accurate analysis,
size distribution of the dry-milled particles was studied, and
D10, D50, and D90 values of the dry-milled particles are
reported in Table 3, where Dx is defined as the size of X% of
the particles being below a measured quantity. Both com-
positions have almost the same D50 value (50% of the

Table 1 ICP analysis of alloy compositions, (wt%)

Alloy Sr Ca Mg

Mg-20Ca 0.01 18.24 bal

Mg-20Sr 20.91 0.01 bal

Table 2 Ball milling parameters and conditions

BPR Speed (rpm) Time (h) Condition

10:1 650 1 Duration effect

4

14:1 650 1 BPR effect

4

10:1 900 1 Speed effect

4
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particles have a particle size equal to or smaller than * 367
µm). However, particle size variation is more conspicuous
for Mg-20.9Sr alloy with D10 of 44.39 µm and D90 of 1120
µm.

Figures 2 and 3 represent the SEM micrographs of
dry-milled particles of Mg-18.2Ca and Mg-20.9Sr, respec-
tively, after 1 and 4 h of ball-milling. It can be seen that after 1
h ball milling, the large, dry-milled particles (Fig. 1) of all
conditions significantly reduced in size. Moreover, regardless
of the conditions, the longer ball milling duration (i.e., 4 h)
resulted in the finer particles for both compositions. Starting
with Mg-18.2Ca composition, after 1 h of ball milling, it is
determined that the speed increase (i.e., from 650 to 900 rpm)
led to finer particles compared to the results of Duration and
BPREffects. Even after further 3 h of ball milling, the particles
produced at higher speeds (900 rpm) became finer than those
produced byDuration and BPREffects. Furthermore, it can be
asserted that the results of Duration and BPR variables are
comparable. Similar trend can be observed for Mg-20.9Sr
composition in terms of Duration and BPR Effects. However,
it seems that the speed increase led to the agglomeration of the
particles in Mg-20.9Sr composition; after 1 h ball milling the
largest particles are correspond to the Speed Effect among all 3
conditions.

Size distribution of ball-milled Mg-18.2Ca and
Mg-20.9Sr powder particles is summarised in Table 4.
Generally, the quantitative size distribution values are in
good agreement with the SEM micrographs for both com-
positions, confirming that the size of powders produced by
BPR and Duration Effects are comparable, and there is not a
remarkable difference between the resultant values. How-
ever, D10 and D50 values of Mg-20.9Sr powder particles are
smaller than those of Mg-18.2Ca, considering the Duration

and BPR Effects, whileD90 values of Mg-20.9Sr are larger
than those of Mg-18.2Ca. Mg-20.9Sr powder particles have
a bimodal size distribution which might be due to the
agglomeration of the particles during ball milling or due to
the higher oxygen content during powder processing. In
addition, the laser diffraction technique is sensitive to outlier
particles and the possible inclusion of a few large particles
(as particles were not sieved before ball milling) affect D90
values.

Morphological transformation can be readily perceived
comparing the SEM micrographs in Figs. 1, 2, and 3. The
sharp-edged particles of both compositions became more
spherical after 1 and 4 h of ball milling. Sphericity is a
measure of the degree to which a particle approximates the
shape of a perfect sphere, and it has a value of 1 representing
a perfect sphere and 0 representing a totally non-spherical
particle [26]. The sphericity indices (SI) of dry-milled and
ball-milled particles are shown in Fig. 4. The mean SI of
dry-milled particles is 0.522 and 0.504, corresponding to
Mg-18.2Ca and Mg-20.9Sr, respectively. After ball milling,
the average SI increased to 0.88 for both compositions,
implying that the ball-milled particles became closer to the
morphology of a sphere.

Sinterability Evaluation

Liquid phase fraction diagrams of Mg-Ca and Mg-Sr sys-
tems are illustrated in Fig. 5. The theoretical liquidus and
solidus temperatures of Mg-Ca system are 572.3 °C and
518.27 °C, respectively, and 593.17 °C and 588.25 °C,
respectively for Mg-Sr system. It can be seen that Mg-Sr
system has a relatively narrower solidification temperature
range compared to Mg-18.2Ca. The liquid phase volume
fraction was calculated for both compositions. Theoretically,
it can be seen that at 570 °C, Mg-18.2Ca system is
approximately in fully liquid state while no liquid is
expected in Mg-20.9Sr system.

DSC curves of Mg-18.2Ca and Mg-20.9Sr alloys are
presented in Fig. 6. In Mg-18.2Ca system, there is an

Fig. 1 SEM micrographs of
dry-milled particles of
a Mg-18.2Ca and b Mg-20.9Sr
alloys showing the initial state of
the produced particles

Table 3 Laser diffraction (LD) results representing the size distribu-
tion of dry-milled particles

Composition D10 D50 D90

Mg-20.9Sr 44.39 366.5 1120

Mg-18.2Ca 116.9 367 672.2
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endothermic peak in the temperature interval of 464–544 °C,
with a minimum of 520.24 °C. The peak onset which rep-
resents the solidus, occurs at 464.17 °C, and the endset
temperature representing the liquidus, occurs at 544.55 °C.
In addition, in Mg-20.9Sr system, the endothermic peak
appears in temperature interval of 556–590 °C, with a

minimum at 582.55 °C. Therefore, the solidus of this system
is determined as 556.17 °C, and the liquidus is 590.05 °C.
Comparing the theoretical values obtained from the ther-
modynamic calculations (Fig. 5) and DSC results, the main
reason for the difference in theoretical solidus and liquidus
values with those obtained from the thermal analysis

Fig. 2 SEM micrographs of Mg-18.2Ca after ball milling

Fig. 3 SEM micrographs of Mg-20.9Sr after ball milling
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originated from the fact that the thermodynamic calculations
are based on the data of bulk materials. However, DSC was
carried out on the powder particles surrounded by the MgO
film. Additionally, the theoretical temperature calculations
consider the thermodynamic equilibrium, while the thermal
analysis is dependent upon the heating rate; with decreasing
the heating rate the onset of a transformation shifts to lower
temperatures [27]. In accordance with both thermal analysis
and thermodynamic calculations, the sintering temperature
was selected to be 625 °C for both compositions.

Figure 7 shows the SEM micrographs of the fully dense
regions of ball-milled specimens of Mg-18.2Ca and
Mg-20.9Sr after sintering. The presence of the liquid phase
can be confirmed from the graphs. The lamellar
microstructure is an indication of the solidified liquid phase
within the microstructure. Unlike the sintering results of the
dry-milled specimens of the same compositions previously
investigated [28], the liquid phase formed during sintering at
575 °C was maintained within the microstructure, and the
structural integrity was preserved. This might be due to the

Table 4 Laser diffraction results
representing the size distribution
of ball-milled particles

Composition Condition D10 D50 D90

Mg-18.2Ca Duration effect 43.81 92.18 207.30

BPR effect 40.95 89.76 264.80

Speed effect 17.89 56.44 351.53

Mg-20.9Sr Duration effect 21.48 61.82 261.60

BPR effect 27.83 73.73 312.40

Speed effect 6.60 29.21 214.20

Fig. 4 Sphericity index results
obtained by laser diffraction
technique

Fig. 5 Liquid volume fraction
curves of Mg-18.2Ca and
Mg-20.9Sr
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finer size of the particles obtained after ball milling, and
accordingly, the ease of compaction with finer powders
compared to the dry-milled state. In addition, the liquid
phase fills in the pores of the microstructure and thereby
reduces the overall porosity level. As can be observed in
Fig. 7, there is no porosity in the regions where the liquid
phase solidified. However, the porosity was found to be in
the regions where solid-state sintering is the controlling
mechanism and no liquid phase was formed.

Porosity measurements were performed on sintered
Mg-18.2Ca and Mg-20.9Sr specimens using both image
analysis technique (Fig. 8a) and Archimedes density method
(Fig. 8b). Generally, the porosity levels of the ball-milled
specimens significantly dropped for both compositions

compared to the dry-milled specimens (62.37 and 42.52%
correspond to Mg-18.2Ca and Mg-20.9Sr in dry-milled
state). In addition, a similar trend applies to both composi-
tions with Speed Effect showing the lowest porosity level
(6% and 8% correspond to Mg-18.2Ca and Mg-20.9Sr,
respectively), and BPR Effect resulted in the highest porosity
level (35% and 41% correspond to Mg-18.2Ca and
Mg-20.9Sr, respectively) among 3 ball milling conditions.
Furthermore, effects of Duration and BPR are comparable,
with Duration Effect being slightly more effective in terms of
densification in both compositions (29% and 39% corre-
spond to Mg-18.2Ca and Mg-20.9Sr, respectively).

Archimedes density measurements of both compositions
revealed that the porosity level of Mg-18.2Ca specimens

Fig. 6 DSC curves of a Mg-18.2Ca and b Mg-20.9Sr

Fig. 7 SEM micrographs of a–c Mg-18.2Ca and d–f Mg-20.9Sr, indicating the liquid formation during sintering at 575 °C
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substantially decreased to 1.93%, 1.77%, and 1.43% corre-
spond to Duration, BPR, and Speed Effects, respectively. In
addition, the porosity of Mg-20.9Sr also decreased to 16.07
and 12.69% correspond to Duration and BPR Effects.
However, the value of porosity remained unchanged for
Speed Effect. On the basis of both density measurements and
image analysis results, it was affirmed that Speed Effect
resulted in less porosity levels and therefore more promising
for achieving higher densification. This could be due to the
presence of both fine and coarse powder particles which was
obtained at higher speeds of ball milling and caused an
improved green part compaction which resulted in higher
densification.

Conclusion

This study investigated the sinterability of two binary alloys,
namely Mg-18.2Ca and Mg-20.9Sr. Initial powders were
fabricated using dry milling and ball milling techniques. The
impacts of alloying elements (Ca and Sr) were evaluated by
thermodynamic calculations and thermal analysis. The effect
of ball milling parameters (Duration, BPR, and Speed) was
also investigated. The following remarks can be derived
from this study:

• After ball milling, particle size reduction and morpho-
logical transformation were observed; irregular and large
dry-milled particles became more spherical and finer.

• Porosity levels of ball-milled specimens decreased com-
pared to the dry-milled results.

• Particle size distributions as a result of Duration Effect
and BPR Effect were approximately similar, and porosity
levels of both conditions calculated by image analysis
were comparable.

• Among ball milling conditions, Speed Effect resulted in
non-homogeneous particle size distribution causing
higher compaction and higher densification.
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Impact of Thermo-Mechanical Processing
on Structure–Property Relationships
for the Biodegradable ZX10 Mg Alloy

Sreenivas Raguraman, Ryan McGovern, Andrew Kim,
Veronica Ivanovskaya, Tram Nguyen, Tunde Ayodeji, Adam Griebel,
and Timothy Weihs

Abstract

Magnesium alloys offer immense potential as intelligent
alternatives to traditional implant materials due to their
inherent degradability, biocompatibility, and exceptional
mechanical properties. However, their rapid deterioration
hinders their practical applications, compromising their
mechanical integrity. This study addresses this challenge
by investigating the effects of thermo-mechanical

processing, including extrusion, cECAP, rolling, and
annealing, on the high-strength, dilute ZX10 Mg alloy.
By subjecting the alloy to over thirty processing condi-
tions, we identify an optimal combination of
high-strength and low-corrosion rates. Simple character-
ization techniques like XRD, optical microscopy, and
SEM were employed to rapidly evaluate the microstruc-
tural changes post-processing. The findings identify that
grain boundary and strain hardening play pivotal roles in
enhancing hardness, while factors such as texture,
dislocation density, and precipitates impact corrosion
significantly. This comprehensive investigation provides
valuable insights into processing-structure–property rela-
tionships for Mg alloys, paving the way for developing
superior biodegradable implant materials.

Keywords

Magnesium alloys � Thermo-mechanical processing �
Biocorrosion � Mechanical properties

Extended Abstract

Magnesium-based alloys have surged to prominence in the
realm of modern biomaterials due to their remarkable blend
of absorbable, bone-equivalent mechanical properties, bone
growth stimulation, and favorable cellular interactions. Par-
ticularly noteworthy is their inherent biodegradability,
eliminating the requirement of additional surgical procedures
to remove biomedical devices post-implantation. Despite
these favorable properties, their clinical translation remains
hampered due to their tendency to degrade quickly in
physiological environments [1–5]. Numerous investigations
[6, 7] over the past decade have demonstrated the impact of
microstructural features on mechanical and bio-corrosion
behavior. These microstructural features typically include
grain size, crystallographic texture, dislocations, and
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secondary phases [8, 9]. However, the nature of these
parameters is often determined by the processing methods.

In the recent past, there has been a significant push
towards diluting magnesium-zinc-calcium alloys for implant
application, as their secondary phases are limited in volume,
thereby minimizing biocorrosion [10–12]. Earlier studies by
Hofstetter et al. [11] and Bakhsheshi-Rad et al. [12] high-
light the need for a balanced Zn and Ca composition to
prevent the formation of noble micro-cathodic secondary
phases. However, excessive Zn content promotes the cre-
ation of the detrimental Ca2Mg6Zn3 phase [11, 12].
Reducing Zn content can enhance biocorrosion resistance,
but doing so may limit the alloy’s strength due to reduced
solution hardening. Beyond alloying, processing routes,
such as severe plastic deformation, can refine grain size and
improve mechanical properties [13]. In this study, we
investigate the impact of processing routes on both the
mechanical and biocorrosion properties of the ZX10 Mg
alloy. ZX10 is a high-strength low alloy composed primarily

of Mg, with trace amounts of Zn, Ca, and Mn. A compre-
hensive investigation was conducted involving continuous
Equal-Channel Angular Pressing (cECAP), solution treat-
ment, and cold rolling processes to elucidate the influence of
each process step on hardness and corrosion behavior.
Microhardness measurements were carried out using a 200gf
load, and immersion corrosion tests were performed in
Earle’s balanced Salt Solution at 5% CO2, and 37.1 °C as
per the ASTM G31-72 [14] to mimic the in-vivo conditions
for a duration of one day as shown in Fig. 1.

The initial cECAP-processed sample exhibited impres-
sive hardness but suffered from an elevated corrosion rate, as
shown in Fig. 2. This phenomenon is attributed to multiple
factors, including a heightened dislocation density, a refined
grain size of 2 lm, and the presence of secondary phases [8,
9]. The secondary phases present in this alloy are
Ca2Mg6Zn3, a-Mn, and Mg2Ca. The high dislocation density
post-cECAP increases the material’s hardness yet adversely
affected corrosion resistance by offering many anodic sites

Fig. 1 Schematic depicting the workflow of this study. cECAP was
carried out at 200 °C via the 4BC route post-conventional extrusion at
350 °C as explained in [15]. Solution heat treatment (ST) was carried
out at 450 °C for 128 h to dissolve the secondary phases on the cECAP

samples. ST samples were cold rolled up to 25% reduction (ST + R).
Mechanical and corrosion characterization post-processing was carried
out using the LECO AMH55 Hardness Tester and Heraeus Heracell
CO2 150 incubator at 5% CO2 atmosphere and 37.1 °C, respectively
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for corrosion initiation [9]. Additionally, the refined grains
resulting from the cECAP processing promoted accelerated
corrosion due to excess grain boundaries, further promoting
corrosion initiation.

To mitigate these challenges, a solution heat treatment at
450 °C for 128 h was employed, leading to a substantial
reduction in dislocation density, a significant increase in
grain size to * 30 lm, and dissolution of secondary phases.
Consequently, the corrosion rate decreased significantly, but
the larger grain size resulted in a * 43% drop in hardness
(Fig. 2). The loss of secondary phases likely lowered the
hardness as well, but the increase in grain size is thought to
be the main factor in lowering hardness, per the Hall–Petch
relation [16].

To regain resistance to plastic deformation without sac-
rificing corrosion resistance, the solution-treated sample was
rolled to a 25% thickness reduction at room temperature.
This process recovered most of the hardness lost during
solution treatment with only a minor increase in the corro-
sion rate increased. Note that the corrosion rate for the cold
rolled samples is still 50% lower than the rate observed for
the cECAP-processed sample. The addition of excess dis-
locations due to cold rolling is thought to be the main factor
in doubling the hardness as well as the corrosion rate.
However, with limited secondary phases, the corrosion rate
is still well below that of the cECAP-processed sample.

Future research directions include exploring a combina-
tion of mechanical processing and aging studies alongside
detailed characterization of microstructural parameters.
These investigations will elucidate the complex relationships

between microstructural features, mechanical properties, and
corrosion behavior. Ultimately, a comprehensive under-
standing of these interactions will contribute to developing
Mg alloys with improved mechanical performance and
enhanced corrosion resistance for potential implant
applications.
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Examination of Cycling Rate Sensitivity
in Magnesium Alloys in Fatigue
and Corrosion Fatigue

Adam J. Griebel and Olivia Schuller

Abstract

Corrosion fatigue occurs when a metallic material under-
goes mechanical cycling in the presence of a corrosive
environment. Absorbable magnesium materials, intended
to corrode in the body, may experience corrosion fatigue
and must not fail prematurely because of it. Designing
devices with appropriate data to predict how the material
will behave is critical to success. Corrosion fatigue testing
is complicated by mismatches between cycling frequency
acceleration and corrosion acceleration. The aim of this
study was to examine the fatigue and corrosion fatigue of
three magnesium alloy wires (ZX10, LZ21, WE22) at a
variety of strain levels and cycling frequencies. Baseline
rotary beam (R = −1) fatigue testing was performed at
three strain levels (0.5, 0.4, and 0.3%) and three
frequencies (600, 3600, and 7200 rpm), in two environ-
ments (air, Hank’s solution). In general, cycles-to-failure
increased with decreasing strain in all conditions,
increased with cycling frequency at high but not low
strains, and decreased in Hank’s solution compared to air.
LZ21 displayed the highest corrosion fatigue durability,
followed by WE22 and ZX10. These data will provide a
baseline to aid designers in properly testing absorbable
metal devices.

Keywords

Absorbable wire � Magnesium � Corrosion � Fatigue �
Corrosion fatigue

Introduction

Absorbable medical devices are intended to provide some
amount of structural support to local tissues during some
critical period and then harmlessly degrade and absorb into
the body. During this period of structural support, mechan-
ical loads will be experienced by the device from the sur-
rounding tissue. Often, these loads are cyclical in nature (e.g.
beating of the heart for a coronary stent, walking stresses for
a screw in the toe). Cyclical loading of a material introduces
a phenomenon known as fatigue, wherein a material can fail
at stresses well below the yield strength determined in a
tensile test.

Fatigue of medical devices and their materials is a wide
field of study with many intricacies [1, 2], but most of these
analyses are on materials which do not corrode in the body.
Absorbable metal devices which are corroding while
undergoing mechanical fatigue are subject to a phenomenon
known as corrosion fatigue. Corrosion fatigue is a complex
phenomenon and has been identified as an important area to
understand when attempting to use magnesium alloys as
absorbable implant materials [3–6].

Many medical devices, including stents, staples, and
sutures, could conceivably be made of magnesium wire.
However, only limited data on the corrosion fatigue behavior
of magnesium wire is available [7, 8].

A complicating factor in conducting corrosion fatigue
tests involves the cycling rate. Often, mechanical fatigue
testing is conducted at an accelerated rate compared to that
experienced by the material in the body. This allows for
efficient and timely data collection. Corrosion testing of
magnesium alloys in various simulated body fluids tends to
occur more quickly than corrosion seen in the body [9],
though the magnitude of this acceleration can vary widely.
Interpreting data where combined accelerated mechanical
cycling and accelerated corrosion conditions are incorpo-
rated in a corrosion fatigue test can be challenging. An
understanding of the impact of the mechanical cycling
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frequency in a given media would help to inform this
interpretation. Vinogradov et al. investigated the impact of
cycling frequency on corrosion fatigue of 2 mm � 2 mm
ZK60, showing a reduced cycle lifetime with reduced
cycling rate (and higher corrosion time) [10]. Similar data in
thin Mg wire materials, with substantially reduced
cross-sections, have not yet been reported.

The aim of this study is to investigate the effects of cyclic
frequency on three magnesium alloy wires, first in air and
then in a simulated body fluid.

Materials and Methods

Wire samples used in this study were prepared from ZX10,
LZ21 [11], and WE22 magnesium alloys. Alloy composi-
tions were measured via spark OES and are reported in
Table 1. Briefly, 50 mm ingots were cast, homogenized for
16 h, and extruded to 12 mm diameter rods. Homogeniza-
tion and extrusion temperatures, respectively, were 450 °C
and 300 °C for ZX10, 400 °C and 300 °C for LZ21, and
500 °C and 450 °C for WE22. Rods were cold drawn into
wire using standard wire drawing practices with intermittent
annealing until a final diameter of 0.25 mm. At the final size,
wires were annealed to impart high ductility, representative
of a condition useful in surgical stapling or balloon-
expandable stenting. The annealing parameters for each
alloy were tuned to impart a yield strength of approximately
250 MPa, to minimize wire strength as a potentially con-
founding factor.

Wire samples were longitudinally mounted, polished, and
etched to expose the microstructure and allow for grain size
measurement via Abram’s three circle method. Wire surface
roughness was documented with a Zygo 3D Optical Profiler.
Mechanical properties of the wires were assessed by a
simple tensile test (127 mm gauge length, 25.4 mm/min
crosshead speed, N = 3).

Rotary beam fatigue testing was conducted in accordance
with ASTM E2948-22 [12]. Strains are assumed to be fully
reversed (R = −1), though tension–compression anisotropy
may in fact shift the neutral axis. Testing was conducted for
each alloy at three strain levels (0.3, 0.4, 0.5%), three fre-
quencies (600, 3600, 7200 rpm), and in two environments
(22 °C air and 37 °C Hank’s balanced salt solution (HBSS)).
A minimum of three tests were completed at each time point.
Runout was set to 10,000,000 cycles.

After fatigue testing, select fracture faces were examined
by SEM/EDS to look for any particles which contributed to
fracture initiation (Fig. 1).

Results

Representative microstructures are shown in Fig. 2. Mea-
sured grain size for ZX10 was 2.87 ± 1.3 lm (mean ± s-
tandard deviation), LZ21 was 1.44 ± 0.61 lm, and WE22
was 1.7 ± 0.73 lm. 3D RMS surface roughness measure-
ments were 0.114, 0.134, and 0.090 lm for ZX10, LZ21,
and WE22, respectively.

Representative tensile properties of the three wires are
shown in Fig. 3. Lüders-band-like yield point elongation is
observed to some extent in all three alloys and is especially
prominent in LZ21 and WE22. Studies in other Mg alloys
[13] have indicated this is a twinning phenomenon, but that
has not been investigated in the present work. 0.2% offset
yield strengths were 258, 255, and 256 MPa, and elastic
moduli were 30.3, 31.7, and 32.4 GPa for ZX10, LZ21, and
WE22, respectively. Consequently, yield strains of approx-
imately 0.8% were measured for each alloy, indicating that
the selected strain levels for fatigue testing were safely in the
elastic range.

Average cycle-to-failure and minimum cycles to failure
are shown for each alloy at each condition in Tables 2, 3 and
4 for ZX10, LZ21, and WE22, respectively. Individual data
points are also plotted in Figs. 4 (air) and 5 (HBSS).

Table 1 Alloy compositions via
spark OES

Alloy Mg Zn Ca Mn Li Y Nd

ZX10 Bal 1.01 0.30 0.15 – – –

LZ21 Bal 1.26 0.33 0.24 1.94 – –

WE22 Bal 0.48 – – – 2.01 1.46

Fig. 1 Rotary beam fatigue testing apparatus. The wire is held at a
predetermined strain by a rotating chuck, right, and a bushing, left.
Fracture occurs at the apex and the wire trips the detector
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ZX10 in air showed generally increasing cycles to failure
with increasing cycle frequency. While some samples at
0.3% strain did achieve runout, there was significant scatter,
with many fracturing at much lower cycles. SEM analysis
confirmed these samples fractured early due to silicon
dioxide inclusions (Fig. 6). Running in HBSS reduced the
cycles to failure, especially at lower strain levels, with no
samples exceeding 100,000. Surprisingly, cyclic frequency
had limited effect on the results in HBSS.

LZ21 in air at the highest strain level showed an increase
in fatigue cycles with increasing frequency, but limited effect
at lower strain levels. At 0.3%, all samples at all frequencies
achieved runout except for one sample at 3600 rpm.
SEM/EDS analysis revealed a MgO particle at the initiation

Fig. 2 Longitudinal
microstructures of a ZX10,
b LZ21, and c WE22 wires

Fig. 3 Representative tensile curves of the three alloys used in the
study. Subsequent curves are offset 0.01% for visual clarity

Table 2 Fatigue results for
ZX10 wire

Strain (%) Frequency (RPM) Environment Avg cycles Min cycles

0.5 600 Air 6917 5389

0.5 3600 Air 7411 4292

0.5 7200 Air 11,070 10,430

0.4 600 Air 18,857 17,478

0.4 3600 Air 27,391 17,849

0.4 7200 Air 30,771 26,546

0.3 600 Air 4,221,027 1,527,700

0.3 3600 Air 2,974,179 23,173

0.3 7200 Air 7,079,602 117,347

0.5 600 Hank’s 6048 5615

0.5 3600 Hank’s 8119 7430

0.5 7200 Hank’s 8029 6156

0.4 600 Hank’s 12,073 10,664

0.4 3600 Hank’s 16,699 14,878

0.4 7200 Hank’s 18,956 16,942

0.3 600 Hank’s 28,438 24,059

0.3 3600 Hank’s 53,446 46,986

0.3 7200 Hank’s 46,681 29,741
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site. When testing in HBSS, lifetime was again reduced and
consistent trends of increasing cycles to failure with
increasing frequency were seen at 0.4 and 0.5% strain, but
the high cycles achieved in the 0.3%/600 rpm data set dis-
rupt the trend at the 0.3% strain level.

WE22 in air showed no trend with cycling frequency. All
samples at all frequencies achieved runout at 0.3% strain.
In HBSS, cycles to failure were reduced compared to air. At
0.4% strain, increasing cycles to failure were seen with
increasing cycling rate, but no trends were seen at other

Table 3 Fatigue results for LZ21
wire

Strain (%) Frequency (RPM) Environment Avg cycles Min cycles

0.5 600 Air 9058 8015

0.5 3600 Air 16,584 13,725

0.5 7200 Air 16,707 15,669

0.4 600 Air 42,009 25,342

0.4 3600 Air 71,407 36,113

0.4 7200 Air 52,557 42,072

0.3 600 Air Runout Runout

0.3 3600 Air 9,380,266 39,700

0.3 7200 Air Runout Runout

0.5 600 Hank’s 6386 6016

0.5 3600 Hank’s 9333 8448

0.5 7200 Hank’s 10,642 8771

0.4 600 Hank’s 17,370 16,687

0.4 3600 Hank’s 23,534 21,286

0.4 7200 Hank’s 35,593 32,646

0.3 600 Hank’s 545,438 496,452

0.3 3600 Hank’s 159,224 58,271

0.3 7200 Hank’s 359,060 266,763

Table 4 Fatigue results for
WE22 wire

Strain (%) Frequency (RPM) Environment Avg cycles Min cycles

0.5 600 Air 12,962 11,301

0.5 3600 Air 18,152 8437

0.5 7200 Air 18,818 16,691

0.4 600 Air 121,912 122,207

0.4 3600 Air 70,641 29,027

0.4 7200 Air 209,797 36,327

0.3 600 Air Runout Runout

0.3 3600 Air Runout Runout

0.3 7200 Air Runout Runout

0.5 600 Hank’s 7419 7105

0.5 3600 Hank’s 10,312 9303

0.5 7200 Hank’s 10,253 7922

0.4 600 Hank’s 14,935 14,635

0.4 3600 Hank’s 19,848 17,920

0.4 7200 Hank’s 21,886 19,450

0.3 600 Hank’s 255,317 212,281

0.3 3600 Hank’s 53,097 46,315

0.3 7200 Hank’s 59,910 50,177
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Fig. 4 Fatigue results for the
three alloys in air

strain levels. Similar to the LZ21, a surprisingly high cycles
to failure were achieved at 0.3% strain and 600 rpm.

Discussion

These data provide a first look at the impact of cycling rate
in a corrosion fatigue test of magnesium alloy wire. Though
it is premature to draw firm conclusions, the results provide
some hints at likely trends and worthwhile future directions.

The author’s prior investigation of strain-rate sensitivity
in magnesium alloy wire [14] revealed positive correlations
of strength to strain rate in certain Mg alloys. This effect was
prominent in alloys containing lithium, smaller but apparent
in Mg-Zn-Ca alloys, and negligible in rare-earth containing
alloys. Increasing the fatigue cycling rate, which increases
the strain rate, could lead to higher strengths and higher
fatigue resistance in high-strain, low-cycle regimes for the
ZX10 and especially LZ21 alloys. This trend was seen in
ZX10 at 0.5 and 0.4% strain levels. LZ21 showed a large
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increase in lifetime at 0.5% strain by increasing frequency
from 600 to 3600 rpm. WE22 did not show any appreciable
trend.

With incorporation of corrosion via HBSS, it would be
expected to see a decrease in lifetime with a decrease in
cycling rate; slower cycles means more time corroding to
reach a given number of cycles. The present results generally
trend in this direction, with the notable exception of the
0.3% strain/600 rpm specimens of LZ21 and WE22, which
both survived longer than their faster frequency counterparts.

Reasons for this are unclear but it is possible that the reduced
fluid shear stress from the slower cycling rate allowed a
more passivating layer to develop. It is also possible that
there was some unknown difference in the test conditions.
These conditions are worthy of further testing.

Comparing the fatigue performance of the alloys across
all conditions, it appears that LZ21 and WE22 are nearly
equal in air, with LZ21 performing slightly better than
WE22 in HBSS. ZX10, in this study at least, did not perform
as well as either of the other alloys in air or HBSS. However,

Fig. 5 Fatigue results for the
three alloys in HBSS
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due to the large SiO2 inclusions found on several fracture
faces, the overall poor fatigue performance of ZX10 in this
study is likely a factor of the batch of material used, and not
the alloy itself. These inclusions likely originated in the alloy
melt preparation, and repeating these data with a batch free
of these sorts of inclusions is warranted. It is also worth
noting that the general fatigue life trends across the three
alloys align with the measured grains sizes, where LZ21 and
WE22, with grain sizes 1.44 and 1.70 microns, were finer
than ZX10 at 2.87 microns. It is well established that finer
grains tend to result in greater fatigue strength [15], so it is
possible that some of the difference in fatigue performance
in this study could be explained by grain size differences.
Future work could target generating equivalent grain sizes
rather than equivalent yield strengths.

It is difficult to assess the suitability of any of these
materials for medical device applications due to the
near-infinite stress profiles and corrosion conditions different
types of medical devices might see. The authors have
recently found that a similarly sized LZ21 wire has an in
vitro-in vivo correlation factor of 8.1, when comparing
corrosion in HBSS to subcutaneous mouse. If this holds, that
would indicate that the 600 rpm condition in HBSS might
allow for a proper match of corrosion acceleration to
mechanical acceleration for a stent; a heart rate of 72 beats
per minute accelerated by 8.1 times would give a cycling
rate of 583 rpm, very near to the 600 rpm condition tested
here. The LZ21 survived 600,000 cycles at 0.3% strain at
600 rpm in HBSS; this would translate to only 6 days of
heart beats. This suggests a stent designed from the alloy
would need to operate at much lower stresses (which is very
likely) or the wire would need a coating of some sort to

delay degradation. The authors have a second paper in these
proceedings investigating potential coatings for this effect
and invite the reader to peruse that study as well.

Conclusions

From this work, the following preliminary conclusions can
be drawn:

• 250 lm wires of ZX10, LZ21, and WE22 magnesium
alloys were produced with equivalent yields strengths of
250 MPa but varying grain sizes (1.4–2.9 lm).

• Cycles-to-failure increased with decreasing strain in all
conditions.

• Cycles-to-failure increased with cycling frequency at high
but not low strains.

• Cycles-to-failure decreased in Hank’s solution compared
to air.

• LZ21 displayed the highest corrosion fatigue durability,
followed by WE22 and ZX10.
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Magnesium Ion Embedded and Graphene
Modified Vanadium Pentoxide Cathode
for Superior Magnesium Storage
Performance

Fu-Yu Chen, Hong-Yi Li, Wei-Wei Ren, Jin-An Wang, Dai-Bo Gao,
Jiang Diao, Guang-Sheng Huang, Jing-Feng Wang, and Fu-Sheng Pan

Abstract

The strong interaction between Mg2+ and vanadium
pentoxide deteriorates crystal stability, which restricts the
highly efficient magnesium storage of vanadium pentox-
ide. In contrast to the typical strategy of introducing
interlayer water, the establishment of a fast diffusion path
and robust structure are crucial for enhancing the
magnesium storage properties of vanadium pentoxide.
Herein, we synthesize a new Mg2+ host of
MgxV2O5@GO with Mg2+ pre-intercalation and graphene
modification through a simple hydrothermal method. In
MgxV2O5@GO, Mg2+ acts as a ‘pillar’ within the layered
V2O5 to alleviate the crystal structure from collapse,
while graphene serves as a conductive network to
optimize the charge transfer efficiency. Remarkably,
MgxV2O5@GO cathode achieves an outstanding cycling
life of 5000 cycles at 1 A g−1 with an excellent capacity
retention of 98.3%. Profited from the conductive
graphene that offers a rapid charge transfer network,
MgxV2O5@GO exhibits a considerable rate performance
of 150.6/81.7 mAh g−1 at 0.02/3 A g−1.

Keywords

Vanadium pentoxide � Cathode � Pre-intercalation

Introduction

With remarkable advances in novel energy storage systems,
the global energy crisis has been significantly mitigated.
Among them, lithium-ion batteries (LIBs) have garnered
escalating research attention due to their relatively high
voltage and energy density [1, 4, 6, 18]. However, uneven
deposition of lithium metal anodes often leads to the for-
mation of sharp lithium dendrites on the surface, resulting in
cell failures. Consequently, researchers are prompted to
explore other safe and energetic rechargeable metal-ion bat-
teries like magnesium-ion batteries (MIBs) [5, 10, 14, 16].
Magnesium (Mg) anodes with a high theoretical volumetric
capacity (3833 mAh cm−3), low negative reduction potential
(−2.73 V vs. standard hydrogen electrode), and abundant
resources, exhibit promising development prospects [3, 8,
11]. Nevertheless, the strong interaction between Mg2+ and
the host lattice is prone to irreversible volume changes,
ultimately resulting in the collapse of the crystal structure [9,
13]. Therefore, establishing a fast ion diffusion pathway and
robust construction for the cathode is paramount to pursue
high-performance magnesium-ion batteries.

Vanadium pentoxide is extensively utilized in metal-ion
batteries due to its notable specific capacity, abundant
chemical valence, and adaptable crystal structure [21]. Zhou
et al. successfully synthesized a Rod-like anhydrous V2O5

cathode through hydrothermal-calcination method, exhibit-
ing an impressive reversible capacity of 449.8 mA h g−1 at
0.1 A g−1 in zinc ion batteries [22]. Although vanadium
pentoxide demonstrates considerable charge storage poten-
tials, the strong interaction between Mg2+ and vanadium
pentoxide poses a challenge for long-term magnesiation/
demagnesiation cycles in the host structure. Currently,
pre-embedding cations or organic molecules within the
V2O5 layer is considered an effective way to enhance the
stability of host. For instance, Mg0.34V2O5�nH2O nanobelts
prepared through the pre-intercalation of Mg2+ into V2O5

layer, where Mg2+ serves as a ‘pillar’ within layers to
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enhance its long-term cycle performance (*97% capacity
retention for at least 2000 cycles 5 A g−1) [12]. Similarly, Xu
et al. synthesized Mg0.3V2O5�1.1H2O nanowires via Mg2+

pre-intercalation and performed as a cathode for MIBs,
delivering an unprecedented cycling lifespan of 80.0%
capacity retention rate after 10,000 cycles [19]. Moreover,
Joe et al. introduced an organic polymer molecule of poly
(3,4-ethylenedioxythiophene) in V2O5 to mitigate the vol-
ume variation, resulting in a high specific capacity retention
of 172.5 mA h g−1 after 500 cycles [7]. Obviously, the
strategy of cation/molecule pre-intercalation can effectively
promote the cycling performance of cathodes. Nevertheless,
the inherent challenges of low conductivity and strong
interaction between Mg2+ and V2O5 significantly impede the
efficiency of magnesium ion diffusion.

Herein, we designed a composite cathode of
MgxV2O5@GO, which involves the integration of Mg2+

intercalation and graphene oxide (GO) modification. Nota-
bly, Mg2+ serve as a stabilizing ‘pillar’ within the interlayers
to reinforce the structural stability of host framework, while
GO establishes a sophisticated conductive network, effec-
tively augmenting the conductivity. This synergistic com-
bination yields abundant storage sites and expedites the
diffusion efficiency for Mg2+ ions, collectively enabling the
MgxV2O5@GO cathode to exhibit an extraordinary perfor-
mance in both of rate capability and cycling stability.
Specifically, MgxV2O5@GO cathode achieves an impressive
rate performance of 150.6/81.7 mAh g−1 at 0.02/3 A g−1,
and exceptional capacity retention of 98.3% after 5000
cycles at 1 A g−1.

Experimental Methods

To synthesize MgxV2O5@GO, 2 mmol V2O5 powder is
dissolved in 50 ml deionized water and stirred continuously
for 30 min. Subsequently, 8 mL 30% hydrogen peroxide is

added to the above solution and stirring continuously for 60
min. Then, an appropriate quantity of magnesium nitrate is
dissolved in the homogeneous solution, and 35 mL with a
concentration of 2.59 mg/mL of graphene oxide solution is
added. After mixing, placed in the oven at 190 °C for 12 h.
Finally, the prepared MgxV2O5@GO was freeze-dried for
60 h.

Materials Characterization

Morphology and microstructure of the as-prepared material
were characterized by Environmental Scanning Electron
Microscopy (ESEM, Thermo Fisher) and Field Emission
Transmission Electron Microscopy (FETEM, Talos). X-ray
diffractometer (XRD, Panalytical) with Cu-Ka radiation
(k = 0.15406 nm) was used to test the phase composition of
the samples. Thermo Gravimetric Analyzer (TGA, Mettler
Toledo) was conducted to calculate the mass of water. The
functional groups of graphene oxide were confirmed by
Raman spectroscopy (HORIBA).

Electrochemical Characterization

Active material, acetylene black, and polyvinylidene fluoride
binder were grinded with the mass ratio of 7:2:1 to form a
homogenous slurry, which was then coated on a carbon
paper collector and vacuum dried at 80 °C for 12 h. Sub-
sequently, the dried slurry is cut into disks with a diameter of
12 mm, carrying a loading mass of 1.5–2.0 mg.
CR2032-type coin cells are assembled by active carbon
(AC) anode, MgxV2O5@GO cathode, Watman GF/D sepa-
rator, and 0.5 M Mg(TFSI)2 in AN electrolyte in an Ar glove
box (H2O < 0.1 ppm, O2 < 0.1 ppm). Galvanostatic charge–
discharge and cyclic voltammograms (CV) are conducted on

Fig. 1 a XRD pattern of MgxV2O5@GO. b Raman spectrum of MgxV2O5@GO. c TGA profile of MgxV2O5@GO
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Neware-CT8000 and CHI660E electrochemical worksta-
tions, with a −1.2 to 1.4 V voltage window versus AC.

Results and Discussion

X-ray diffraction (XRD) diffraction patterns are depicted in
Fig. 1a. MgxV2O5@GO shows a typical bilayer structure
originating from the parent phase of V2O5�0.5H2O
(JCPDS#40-1297) [12]. Due to the insertion of Mg2+, the
(001) plane of MgxV2O5@GO has expanded from 10.2 to
14.5 Å compared to the parent phase, significantly increas-
ing the interlayer spacing. Within the structure, Mg2+ act as
pillars in V2O5 layers to stabilize the host lattice, and the
successful embedding of Mg2+ will be confirmed by sub-
sequent elemental mapping results. The combination of
graphene oxide is demonstrated by successfully identifying
ID and IG signals within the Raman spectra, as illustrated in
Fig. 1b [2]. The content of interlayer water molecules in
MgxV2O5@GO is quantified through Thermo Gravimetric
Analysis (TGA), Fig. 1c. As highlighted in previous stud-
ies, interlayer water molecules can partly shield interaction
forces between magnesium ions and the V2O5 lattice,
effectively facilitating the transport of Mg2+ ions [15, 17,
19, 20].

Scanning Electron Microscopy (SEM) results are shown
in Fig. 2a, b, where nanoribbon structures can be clearly
observed and the nanoribbons are intertwined. Ultrathin GO
establishes a conductive network and flawlessly composites
with nanoribbons, culminating in a lamellar structure with
the dimensions of micron scale. MgxV2O5@GO imparted
exceptional structural robustness to accommodate the volu-
metric fluctuations during the magnesiation/demagnesiation
process. Field Emission Transmission Electron Microscopy
(FETEM) results are demonstrated in Fig. 2c, which further
proves the presence of nanoribbon structure within
MgxV2O5@GO. Selected Area Electron Diffraction (SAED)
pattern exhibits a prototypical diffraction ring characteristic
of polycrystalline materials, Fig. 2d. Subsequently, Energy
Dispersive X-ray (EDX) analysis is employed to characterize
the elemental distribution in MgxV2O5@GO. As shown in
Fig. 2e–h, uniform distribution of the elements V, O, and

Mg is achieved throughout the composites, confirming the
successful embedding of Mg2+. However, only a weak sig-
nal of C is detected, which is attributed to the GO sheets
predominantly covering the surface of nanoribbons rather
than lattice or interlayers.

In order to evaluate the electrochemical properties of the
electrode, MgxV2O5@GO, AC, Watman GF/D, and 0.5 M
Mg(TFSI)2 in AN are respectively employed as cathode,
anode, separator, and electrolyte to assemble the 2023-type
coin cell in Ar-filled glove box (H2O < 0.1 ppm, O2 < 0.1
ppm). Figure 3a illustrates the cyclic voltammetric curve of
MgxV2O5@GO at 1 mV s−1, where the redox peaks at
approximately 1.5 V/2.6 V are corresponded to the
intercalation/deintercalation of Mg2+. Benefiting from the
Mg2+ pre-intercalation, which establishes a robust ion dif-
fusion channel, while graphene oxide forms a continuous
conductive network to facilitate the charge transfer behavior.
Thus, MgxV2O5@GO cathode delivers an impressive dis-
charge capacity of 150.6 mAh g−1 at 0.02 A g−1 and
maintains a considerable discharge capacity of 81.7 mAh
g−1 at a highly current density of 3 A g−1, Fig. 3b. Fur-
thermore, Fig. 3c delivers the remarkable capacity retention
rate of 98.3% after 5000 cycles at 1 A g−1, demonstrating the
significant improvements in rate capability and cycling
performance achieved by Mg2+ intercalation and graphene
oxide composite strategies.

Conclusion

In summary, the introduction of Mg2+ serve to stabilize the
host lattice, effectively mitigating volume fluctuations during
the charge and discharge processes. Additionally, graphene
oxide provides a continuous conductive network that address
the intrinsic low conductivity of V2O5. The synergistic effect
between the stabilizing Mg2+ struts and the conductive net-
work enables MgxV2O5@GO cathode to achieve an excel-
lent rate performance of /81.7 mAh g−1 at 0.02/3 A g−1,
along with outstanding long-cycle performance of 98.3%
capacity retention rate after 5000 cycles at 1 A g−1. Such
cooperative strategy provides novel insights for energetic
and enduring magnesium secondary batteries.
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Fig. 2 Morphology characterization of MgxV2O5@GO. a, b SEM and corresponding elemental mapping of V, Mg, O, C. c, d HAADF image and
SAED pattern. e–h Elemental mapping results of V, Mg, O, C
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Porosity and Mechanical Properties
of Squeeze Cast and Permanent Mold Cast
Wrought Mg Alloy AZ31

A. Dhaif, W. Shen, and H. Hu

Abstract

Wrought magnesium alloy AZ31 with a thick section of
20 mm was prepared by squeeze casting (SC) and
permanent steel mold casting (PSMC). The yield strength
(YS), ultimate yield strength (UTS), elongation (ef), and
strain-hardening rate of the cast AZ31 specimens were
evaluated by tensile testing. The measured engineering
stress versus strain curves showed that the SC AZ31 alloy
exhibited 62 MPa in YS, 194 MPa in UTS, and 13.8% in
ef, while the YS, UTS, and ef of the PSMC AZ31
specimen were only 58, 173 MPa, and 9.9%. The results
of the tensile testing evidently showed that the YS, UTS,
and ef of the SC AZ31 alloy were 7, 12, and 39% higher
than those of the PSMC counterpart. The calculated
resilience and tensile toughness indicated that the SC
AZ31 was more capable of resisting energy loads in
elastic deformation and had an ability to absorb energy
during plastic deformation without fracture than that of
the PSMC AZ31. Also, the analyses of the true stress
versus strain curves revealed that, upon the onset of
plastic deformation, the strain-hardening rate of the SC
AZ31 sample was 10,000 MPa, which was 25% higher
than that (8000 MPa) of the PSMC AZ31 specimen. The
obtained mechanical properties showcased the fit of the
casting process to wrought magnesium AZ31 alloy,
which was squeeze casting. The porosity measurements
of the SC and PSMC showed that the SC AZ31 had a
porosity of 1.13%, which was the 57% lower than that
(2.66%) of the PSMC AZ31 counterpart. The low

porosity level of the SC AZ31 alloy should be somewhat
responsible for its high mechanical properties.

Keywords

Squeeze casting � Wrought magnesium alloy AZ31 �
Permanent steel mold casting � Mechanical properties �
Porosity

Introduction

As a replacement of gas or diesel-powered vehicles (GDVs),
battery-powered electric vehicles (BEVs) are in high
demand during this era due to greenhouse gas emissions
causing environmental concerns [1–3], but BEVs are usually
heavier than the GDVs in average. With the emergence of
the BEV mass production, vehicle weight reduction becomes
an urgent task for not only GDVs but also BEVs to achieve
less energy for more mileage. Presently, the automotive
industry is forced to develop advanced lightweight materials
such as magnesium (Mg) alloys possessing a good combi-
nation of strengths and plasticity as well as their relevant
manufacturing processes [4–6].

Mg is a two-third of aluminum’s (Al) weight and
one-fourth of steel’s weight. Compared to other castable
metallic alloys, Mg alloys hold the highest strength to weight
ratio. Other advantages of magnesium-based alloys are good
castability, high die casting rate, long tooling life, and
excellent machinability that promote the optimization and
utilization of the automotive industry. Mg has been used to
make automotive components containing thin sections like
instrument panels, steering wheel armatures, seats, and
engine blocks which are mainly manufactured by conven-
tional high pressure die casting processes (C-HPDC) [7]. The
downside of the high pressure die casting of Mg parts is that
the mechanical properties of cast components with thick
sections are affected heavily by casting defects such as the
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entrapped gas porosity, shrinkage porosity, oxides, hot tear-
ing, and cold shuts, which reduce the strength and ductility of
the metal. These defects are greatly caused by the casting
process [8–11]. To expand Mg applications into structural
and safety–critical parts of gasoline or diesel-powered vehi-
cles (GDVs) or battery-powered electric vehicles (BEVs),
such as knuckles, control arms, subframe, unibody, door
frame, and seat belt brackets, which experience a high cyclic
mechanical loading during service, the development of
cost-effective manufacturing processes along with high
strength and ductile Mg alloys is essential to produce light-
weight high-integrity structural automotive components.

AZ31 as a wrought Mg alloy can offer an excellent
combination of strengths, elongation, and plasticity, but
wrought Mg alloys are typically not castable. The major
problem associated with casting these wrought alloys is their
high tendency to form casting defects such as porosity,
shrinkage, and hot tearing resulting from their inherent
solidification characteristics, i.e., high liquidus temperatures,
poor fluidities, hot tearing, and long freezing ranges [12–14].
Studies on casting of Mg alloy AZ31 with section thickness
around 5 mm were attempted and focused on numerical
simulation and solidification behavior of rapid cooling. The
report on mechanical properties of cast AZ31 alloy with
thick section (over 10 mm) is very limited, since the casting
defects could easily form in the thick section of cast com-
ponents [14–16]. The success in squeeze casting of wrought
Al alloys 5083 and 7075 with varying section thicknesses
and applied pressures has been demonstrated [17, 18]. This
was because the fluidity and hot tearing were not critical
process parameters in squeeze casting, and molten wrought
Al alloys were solidified in the die cavity under high applied
pressures to minimize defects associated with shrinkage
cavities and porosity formation. However, work on SC of
conventional wrought Mg alloys to produce high-integrity
structural automotive applications with both high strength
and excellent plasticity is scarce.

In this work, Mg alloy AZ31 was squeeze cast under a
high applied pressure of 90 MPa to produce a casting with a
thickness of 20 mm. The mechanical properties of the SC
AZ31 alloy were evaluation by tensile testing. The porosity
level of the SC alloy was determined by density measure-
ments. For the purpose of comparison, the same alloy was
also cast by permanent steel mold casting (PSMC) for
evaluation.

Experimental Procedure

Casting and Material

The selected material was commercially available magne-
sium wrought alloy AZ31 with the chemical composition in

weight percent (wt%) of 3.0% Al, 0.73% Zn, 0.25% Mn,
0.02% Sn, 0.005% Fe, 0.0014 Ca, and a balance of Mg.
During melt preparation, 500 g of AZ31 was placed in a
steel crucible inside an electric resistance furnace under the
protection of a gas mixture of sulfur hexafluoride (SF6) 0.5%
with a balance of CO2 with a flow rate of 3 standard liters
per minute. AZ31 was molten to 720 °C and held for
20 min, stirred for 10 min to homogenize its composition,
and the melt surface was skimmed before pouring. To pre-
vent oxidation and burning, the AZ31 melt was covered by
the protective gas during the transfer from the furnace to the
die. The die cavity was also purged with the protective gas
before pouring.

For squeeze casting (SC), the apparatus used was made
from an upper and a lower die that are both preheated. The
lower die is movable and has a piston to move molten into
the upper die while the upper die is stationary. The liquid
AZ31 alloy at 700 °C was poured into the preheated lower
die preheated to 300 °C. After the dies were closed by lifting
the lower die onto the upper die with a preheated tempera-
ture of 200 °C, the punch piston in the lower die pushed the
melt in the upper die at 0.1 m/s. The pressure that was
exerted by the punch piston on the molten metal was
increased steadily to a predetermined level of 90 MPa and
maintained until the entire casting was solidified. The di-
mensions of SC coupon were 20 mm in thickness and
100 mm in diameter.

In permanent steel mold casting (PSMC), the process is
much simpler. The molten with the same weight from the
same heating source was poured into a steel mold to produce
a rectangular casting plate with the dimensions of
150 mm � 125 mm � 20 mm. The steel mold was pre-
heated to 200 °C as well. The PSMC process used gravity to
cast AZ31 and protective gas was also used.

Porosity Measurement

Porosity levels in the alloy was calculated using dry weight
(Wd), wet weight (Ww), theoretical (Dt), and actual density
(Da). During porosity measurements, SC and PSMC speci-
mens section from cast coupons sample were sanded and
washed to prevent water entrapment on specimen surface.
The cleaned specimens were weighted in the air and water to
determine Wd and Ww. Da of each specimen was calculated
using Archimedes principle based on ASTM Standard
D3800 [19].

Da ¼ Dwwa

Wa �Ww
ð1Þ

The porosity of each specimen was calculated from Dt

and Da by Eq. 2. Porosity of each specimen was calculated
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by the theoretical and actual density values using ASTM
C948 [20].

%Porosity ¼ Dt � Da

Dt

� �
� 100% ð2Þ

where Dt, the theoretical density of the AZ31 is 1.78 g/cm3

[13]. The process was done with various specimens to obtain
an average porosity for both the SC and PSMC alloys.

Tensile Testing

The mechanical properties of the SC and PSMC AZ31 alloys
were evaluated by tensile testing. Samples of tensile speci-
mens were taken out from the SC and PSMC coupons. The
tensile specimens were machined with 0.025 m in gage
length, 0.006 m in width, 0.004 m thickness, and 0.010 m in
total length according to ASTM B557 subsize flat tensile
specimens [21]. The prepared specimens were tensile tested
at room temperature on a MTSTM Criterion (Model 43)
Tensile Test Machine (Eden Praire, MN, USA) and equip-
ped with data acquisition system. The tensile machine was
set to strain rate of 0.5 mm/min with a sampling rate of
10 Hz. The tensile properties of ultimate tensile strength
(UTS), 0.2% yield strength (YS), elongation to failure (ef),
and elastic modulus (E) were collected based on an average
of five tests with a standard deviation of 5%.

Results and Discussion

Porosity

Figure 1 shows the porosity levels of the SC and PSMC
AZ31 alloys. As can be seen from Fig. 1, the SC sample
exhibited a porosity level of 1.13%, while the porosity in the
PSMC was 2.66%. Compared to the data listed in [8], the
porosity levels in both the SC and PSMC samples were
much lower than that (3.57%) in the C-HPDC Mg alloy
AZ91. The reason for the difference in the porosity level
between the SC, PSMC, and C-HPDC was that the laminar
melt flow was dominated in the SC and PSMC. In contrast,
the turbulent flow prevailed in the C-HPDC process, which
entrapped a large amount of air during cavity filling and
resulted in the high porosity level. The air entrapment was
reduced by the laminar flow in the SC and PSMC castings.
The application of a high pressure (90 MPa) in the SC
process squeezed last liquid metal into the porous and
shrinkage regions of the solidifying AZ31 casting at the end
of solidification, which further reduced the porosity level of
the SC sample. Consequently, the SC alloy had the decreases
of 135 and 216% in porosity compared to those of the PSMC

and C-HPDC Mg alloys, respectively. The significant
reduction in the porosity level should affect the mechanical
properties of the cast Mg alloys. Moreover, the low porosity
level implied that the SC AZ31 could be heat treated to
further improve its mechanical properties.

Mechanical Properties

The engineering stress–strain curves of the as-cast PSMC
and SC AZ31 alloys are compared in Fig. 2. Figure 2 clearly
shows that SC has a higher UTS, a steeper slope of the linear
portion of engineering curve, and a larger range of elastic
and plastic deformation. Table 1 lists the mechanical prop-
erties of the PSMC and SC AZ31 alloys including the ulti-
mate tensile strength (UTS), 0.2% yield strength (YS),
elongation to failure (ef), and elastic modulus (E), which
were extracted from Fig. 2. The UTSs of the PSMC AZ31
alloy and SC AZ31 were 173 MPa and 194 MPa,

Fig. 1 Porosity levels (%) of the SC (1.13%) and PSMC (2.66%)
AZ31 alloys with a section thickness of 20 mm, determined by
Archimedes principle
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respectively, which signified an improvement of 12% from
the PSMC to the SC AZ31. Moreover, the yield strength of
the PSMC AZ31 was 58 MPa, which was 7% lower than
that of the SC AZ31 with a YS of 62 MPa. The elongation
of the PSMC alloy was only 9.9%, while the elongation of
SC AZ31 was 13.8%, which showed an increase of 39%.
The modulus of the SC AZ31 alloy was 42.2 GPa, which
was 8% higher than that (38.9 GPa) of the PSMC AZ31.

Resilience

Resilience or the ability of material to absorb energy while it
deforms elastically and then release it upon unloading. The
resilience is usually measured by the modulus of resilience
(Ur). Ur is the maximum strain energy absorbed per unit
volume without producing permanent deformation. One way
to calculate it is by integrating the stress–strain curve from
zero to elastic limit. Ur can also be determined by Eq. 3 for
uniaxial tension [8, 10].

Ur ¼ YSð Þ2
2E

ð3Þ

where E and YS are the Young's modulus and yield strength,
respectively. The modulus of resilience for the PSMC and
SC AZ31 alloys are given in Table 1. The modulus of
resilience for the PSMC AZ31 was 43.2 kJ/m3 as the SC
sample had an Ur of 45.6 kJ/m3. The Ur results indicated
that the SC AZ31 was more capable of resisting energy loads
in engineering application where no permanent distortions
were permitted.

Toughness

Toughness (Ut) is the ability of material to absorb energy
during plastic deformation without fracture. This happens
through static loading with a low strain rate. The material
capacity to tolerate applied stresses higher than the yield
strength without fracturing is customarily required for vari-
ous engineering applications. Ut can be considered as the
total area under the stress–strain curve, which is the total
energy per unit volume before fracture. The area under the
stress–strain curve can be approximated by Eq. 4 [8, 10].

Ut ¼ Uel þUpl ¼ YSþUTSð Þ � ef
2

ð4Þ

where Upl is the energy per unit volume of elastic defor-
mation, Uel is the energy per unit volume for plastic defor-
mation, YS is the yield strength, UTS is the ultimate tensile
strength, and ef is the elongation at fracture. Table 2 lists the
calculated Ut for the PSMC and SC AZ31. The PSMC had a
Ut value of 11.4 MJ/m3 and SC had a Ut 17.7 MJ/m3. The
results signified that the SC AZ31 was tougher than the
PSMC AZ31, because SC AZ31 alloy had a greater ultimate
tensile strength, yield strength, and elongation.

Strain Hardening

The true stress and strain were calculated from the engi-
neering stress and strain with Eqs. 5 and 6 to understand the
strain-hardening effect.

rt ¼ r 1þ eð Þ ð5Þ

et ¼ ln 1þ eð Þ ð6Þ
where r is the engineering stress, e is the engineering strain,
rt is the true stress, and et is the true strain. Figure 3 shows
the true stress versus strain curves for the SC and PSMC
AZ31 alloys.

The true stress and strain for plastic deformation can be
related by the power law equation shown in Eq. 7.

rt ¼ Kent ð7Þ
where K is the strength coefficient and n is the
strain-hardening exponent [8, 10]. The regression analysis
revealed that the power expression matched the tensile data.
The numerical values of the derived constants in Eq. 7 with
the regression coefficient R2 are listed in Table 3. A higher
strain-hardening exponent for the SC AZ31 alloy implied
that the SC specimens would gain strength more quickly
than the PSMC AZ31 during plastic deformation.

The strain-hardening rate is the first differential of Eq. 7
(drt/det). The differential is found to be Eq. 8.

Table 1 Tensile properties of
PSMC and SC AZ31 in room
temperature

Method of casting UTS (MPa) YS (MPa) ef (%) Modulus (GPa)

PSMC 173 58 9.9 38.9

SC 194 62 13.8 42.2

Table 2 Tensile toughness and resilience of PSMC and SC AZ31 at
room temperature

Method of casting Toughness (MJ/m3) Resilience (kJ/m3)

PSMC 11.4 43.2

SC 17.7 45.6
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drt=det ¼ Knen�1
t ð8Þ

Figure 4 illustrates the curves of strain-hardening rate
with respect to true plastic strain during the plastic defor-
mation for the SC and PSMC AZ31 alloys, which were
derived from the true stress to true strain curves shown in
Fig. 3. Upon the onset of plastic deformation in Fig. 4 at a
strain of 0.002, the strain-hardening rate of the SC sample
was 10,000 MPa while the PSMC specimen revealed a
strain-hardening rate of 8000 MPa. In the early stages of
plastic deformation, the strain-hardening rate of the SC alloy
was 25% higher than that of the PSMC specimen. As the
strain increased, the strain-hardening rates of both the SC
and PSMC AZ31 samples decreased. However, the SC alloy
had a higher strain-hardening rate than that of the PSMC
counterpart. The variation of strain-hardening rate with
respect to true strain suggested that SC AZ31 could
strengthen itself quicker in response to extended plastic
deformation prior to fracture compared to the PSMC
specimen.

The low porosity level of the SC AZ31 given in the
preceding section as one of the key factors resulted in its
mechanical properties higher than those of the PSMC AZ31.
The preliminary microstructure analyses by optical and
scanning microscopies revealed that, compared to that of the
PSMC sample, the microstructure of the SC AZ 31 pos-
sessed a fine primary dendritic structure, and a large volume
fraction of intermetallic phases. The difference in

microstructure features between the SC and PSMC AZ
alloys should be responsible for the resultant mechanical and
electrical properties, as also indicated in [8–10]. The detailed
results of microstructure analyses will be reported in future
publication.

Summary

The SC and PSMC processes were employed to cast a
wrought magnesium alloy AZ31. Due to the high applied
pressure and laminar injection of molten alloy, the porosity
level (1.13%) of the SC AZ31 alloy was only about half of
that (2.66%) of the PSMC counterpart. The SC AZ31 alloy
showed the enhanced YS (62 MPa), UTS (194 MPa), ef
(13.8%), E (42.2 GPa), Ut (17.7 MJ/m3), and Ur

(45.6 kJ/m3), compared to the PSMC counterpart. The
deformation analyses indicated that the straining hardening
rate of the SC AZ31 was 25% higher than that of the PSMC
AZ31. The porosity level should be partially responsible for
the obtained mechanical properties. The SC AZ31 was more
capable of resisting energy loads in elastic deformation and
had an ability to absorb energy during plastic deformation
without fracture than that of the PSMC AZ31.
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