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Preface

The 12th International Conference onMagnesiumAlloys and their Applications (Mg
2021) was planned to be held in beautiful Montreal, Quebec, Canada on June 15–18,
2021. However, due to the limits of the COVID-19 pandemic on travel and in-person
gatherings, the meeting is virtual for the first time in the 35-year history of this series
of international conferences. Held every 3 years since 1986 in Europe, Asia, and
North America, this event is considered the premier technical forum for the global
magnesium community. We are excited to virtually host Mg 2021 on the same dates
planned and with no physical boundaries.

As the lightest structural metal, magnesium has significant growth potential in
a variety of applications from transportation and energy storage to electronics and
consumer products. Advancements inmagnesium have accelerated since themeeting
last convened atMg 2018.We are also seeing a change in the direction of alloy devel-
opment activities that the conference will present. Notably, magnesium uses have
expanded from traditional die casting alloys and aluminum alloying use to ground-
breaking new biomedical and energy applications. Biodegradable and biocompatible
implant applications are targeting both new alloys and new structures (e.g., scaffolds,
foams). In the automotive industry, with the emergence of new automotive engine and
alternate fuel technologies, magnesium powertrain casting-alloy research will take a
step back while automotive structural and body alloys will step forward, with a focus
on wrought and casting alloys with higher ductility/formability, and magnesium-
based solid fuels. New understanding in fundamental aspects of magnesium alloys
has been made with advanced characterization techniques and modeling methods.
These techniques allow researchers to discover new microstructure-property rela-
tionships, such as long-period stacking ordered (LPSO) structures. First-principles
calculations and machine learning are starting to revolutionize alloy development
routes.

Discussions are arranged to explore developments in primary and manufacturing
processes, including additive manufacturing, and the progress in advanced joining
technologies of linear friction welding and friction stir welding. With the encour-
aging news that the restrictions on the in-cabin use of magnesium in aircrafts can be
lifted, ignition-proof magnesium alloy research has found new impetus. In corrosion
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vi Preface

science, steps are being taken toward stainless magnesium. These topics and more
promise to illuminate and invigorate the minds gathering virtually at Mg 2021.

We are very pleased with the great response to the Call for Abstracts of Mg 2021
from around the world. We received over 180 abstracts, and 26 papers are included
in this Proceedings. The conference program features 12 plenary lectures, 155 oral
presentations (27 of which are invited), and 17 poster presentations. We are also
planning to publish a set of papers presented at the conference inMetallurgical and
Materials Transactions A in the near future.

We appreciate all the authors and reviewers for their contributions to the Proceed-
ings and their effort to ensure the deadlines were met. We also thank the members of
the International Committee for promoting Mg 2021 in the international community
and the members of the Organizing Committee for their support to the conference
organization. Special thanks go to the TMS staff members who are supporting all of
the activities, particularly Kelcy Marini for her tireless efforts in keeping everything
in order and Matt Baker for publishing the Proceedings.

Alan Luo
Mihriban Pekguleryuz

Alan Luo is a Professor of Materials Science and Engineering and Integrated
Systems Engineering at The Ohio State University (OSU). He leads the OSU
Lightweight Materials and Manufacturing Research Laboratory (LMMRL) and is
on the steering board of the OSU Center for Simulation Innovation and Modeling
(SIMCenter). He is an elected Fellow of ASM International and SAE International.
He is presently a Director of the board of the International Magnesium Association
and a past Chair of the TMS Light Metals Division and SAE Materials Engineering
Division. Prior to joining OSU in July 2013, he was a GM Technical Fellow at
General Motors Global Research and Development Center with 20 years of indus-
trial experience. He received his Ph.D. in Engineering Materials from the University
of Windsor in 1993.

Professor Luo’s research areas include: (1) lightweight materials (aluminum,
magnesium, titanium and high-entropy alloys, bio-metals, super-wood, and
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nanocomposites); (2) advanced manufacturing processes (casting, forming, addi-
tive manufacturing, and multi-material manufacturing); and (3) lightweight design
and integrated computational materials engineering (ICME).

Mihriban Pekguleryuz is a Professor ofMaterials Engineering atMcGill Univer-
sity and aFellowof theCanadianAcademyofEngineering (CAE). Shehas 30years of
combined industrial and academic research experience in light metals, specifically in
magnesium-basedmaterials some ofwhich have been commercialized by automotive
companies and metal producers globally. Her industrial experience ranges from IBM
Canada to Noranda Technology (now Glencore) where she worked as Group Leader
of Materials Engineering. In academia, she was awarded two industrial Research
Chair positions, one with GM of Canada and the other with Alcan (now Rio Tinto).
She was a founding member and a past Chair of the TMS Magnesium Committee.
She is an Executive Member of the Canadian Institute of Mining, Metallurgy and
Petroleum (CIM) and theMetallurgy andMaterials Society (MetSoc) and is the Light
Metals SectionEditor andEditor-in-Chief/Engineering forExperimentalResults. She
received her B.Sc. and M.Sc. degrees in Materials Science and Engineering from the
University of Florida, Gainesville (USA) and her Ph.D. inMetallurgical Engineering
from McGill University (Canada) in 1987. She is currently leading the Light Metals
Research Laboratory at McGill in research activities focused on lightweighting in
transport applications (automotive body, ignition-proof Mg for aerospace, Mg mate-
rials for fast train and rail); biodegradable and biocompatibleMg implants; aluminum
diesel engine alloys; lead-free electronic interconnect materials; corrosion-resistant
Mg alloys; and the use of machine learning in light alloy development.
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A New Hydrometallurgical Process
Combined With an Electrolytic Process
for Magnesium Primary Production
from Serpentine

Joel Fournier

Abstract The FOURNIER PROCESS owned by Alliance Magnesium Inc (AMI)
is a hydrometallurgical process combined with an electrolytic process for primary
magnesium production. It constitutes an improvement over the former Noranda
Magnola Process and uses a combination of best in class technology to produce a
high-qualitymagnesium for use inmany applications, including themost demanding,
namely, the automotive market. It also introduces a radical breakthrough in tech-
nological change by the production of some valuable by-products. AMI made the
acquisition of Magnola company and assets in 2017 and is under construction of a
commercial demonstration plant to restart the production of primary magnesium in
Canada.

Keywords Primary magnesium production · Hydrometallurgy · Electrolysis

J. Fournier (B)
Alliance Magnesium Inc, Danville, Canada
e-mail: jfournier@alliancemagnesium.com

© The Minerals, Metals & Materials Society 2021
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4 J. Fournier

Picture of AMI’s site

Picture of the plant under construction

Introduction

The FOURNIER PROCESS, as well as the former Magnola Process, is used to
recover magnesium from serpentine rock coming from mine tailing resulting from
Asbestos production. Asbestos is a set of six naturally occurring silicate minerals
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used commercially for their desirable physical properties. They all have in common
their eponymous, asbestiform habit: long and thin fibrous crystals. Asbestos became
increasingly popular amongmanufacturers and builders in the late nineteenth century
because of its sound absorption; average tensile strength; its resistance to fire, heat,
electrical and chemical damage; and affordability. It was used in such applica-
tions as electrical insulation for the nineteenth century. For a long time, the world’s
largest asbestos mine was the Jeffrey Mine in the town of Val-Des-Sources, Quebec.
Asbestos production and sale are now banned in most of the countries around the
world including Canada for health concern.

The discarded serpentine tailings from asbestos mining constitute the raw mate-
rial and will be mined themselves by AMI for magnesium production. The tailings
contain 24%magnesium, 38% silicate oxide, andminor elements like iron and nickel.
It compares advantageously to other sources of mineral magnesium used for metal
production.

Magnesium is a commercially important metal with many uses. It is only two-
thirds as dense as aluminum. It is easily machined, cast, forged, andwelded. It is used
extensively in alloys, with aluminum and zinc, and with manganese. The magnesium
is an essential ingredient for the lightweighting of transportation industry.

Taking out the magnesium metal from unrefined materials is a force exhaustive
procedure requiring nicely tuned technologies. There is thus still a need for improved
processes for extracting magnesium from magnesium-bearing ores such as asbestos.

Picture of former asbestos production residues (AMIS’s raw material)
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The Former Magnola Process

Magnola’s magnesium production was based on a hydrometallurgical process
followed by an electrolysis process. The production of 58,000 tons of magnesium
required about 270,000 tons of serpentine rock (mine tailings) as rawmaterial. Other
inputs included magnesium oxide added to the brine neutralization and purification
steps; hydrochloric acid to make up for quantities consumed by the process; caustic
soda used for cleaning emissions; and sulfuric acid used to dry hydrogen chloride
(Fig. 1).

The Magnola magnesium production facility was built and achieved 42% of its
nominal capacity in a steady production mode. Certain technological challenges and
weaknesses in the process were identified during the development and implemen-
tation of the leaching, neutralization, electrolysis, and other ancillary processes, the
main ones being:

1. The residual iron, nickel, and silica were extracted from the brine by precipita-
tion. The brine went through agitated neutralization reactors operating at about
110 °C, with a pH close to 4. The addition of anhydrous magnesia or Mg (OH)
precipitated iron, calcium, nickel, and chromium. Following this hydrometal-
lurgical step, the non-leached portion was filtered out and sent to the silica-iron

Fig. 1 The diagram depicts the main process stages of material preparation, magnesium extraction,
leaching and neutralization, purification and drying, electrolysis and casting, and HCl synthesis and
emission treatment. (Color figure online)
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storage area. The cake obtained from the filter contained about 50–70% of the
original solids. Water was added to bring the solid concentration to about 50%.
This residue, called silica-iron residue, has created a large volume of residue in
the pound after only 3 years of activities and required a costly operation system
to maintain the level of liquid and prevent overflow.

2. The drying of MgCl2 prills was done on a final step using a super chlorinator.
This innovative technology at the timewas based on the injection ofHCl gas into
a molten salt electrolysis to dry the MgCl2 before being fed to the electrolysis
cells. Generation of magnesium oxide was observed and was detrimental to
electrolysis.

The FOURNIER PROCESS

The process described herein allows processing and extracting magnesium from
tailings, such as asbestos mine tailings, obtained after processing of magnesium-
bearing ores (Fig. 2).

Preparation and Classification

Tailings, and particularly asbestos tailings, can be finely crushed in order to assist
the following leaching steps. The tailings have to be crushed sufficiently to shorten
the reaction time by few hours (about 2 to 3 h). Screen classifiers can be used to
select oversized pieces that can be re-crushed if necessary. After the initial mineral
separation, the crushed tailings undergo a magnetic separation to selectively recover
magnetite. This step provides an efficient way to reduce hydrochloric acid consump-
tion. The yield of iron removal can reach over 90%. This magnetite is disposed of
and will not be submitted to the further leaching step.

Acid Leaching

The crushed classified tailings then undergo acid leaching. Acid leaching comprises
reacting the crushed classified tailings with a hydrochloric acid solution during a
given period of time which allows dissolving the magnesium and other elements like
iron and nickel. The silica remains totally undissolved after leaching. It is interesting
to note that the hydrochloric acid leaching destroys 100% of the residual asbestos
fibers contained in the serpentine.

The tailings residue is leached at a temperature of about 60° to about 125 °C.
These conditions are possible due to the high salt content in the reaction mixture
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Fig. 2 FOURNIER PROCESS. (Color figure online)

preventing the aqueous solution from boiling. Particularly, the tailings/acid ratio can
be about 1:10 (weight/volume), the HCl concentration can be about 25% to about
45 %, and the reaction time can be about 1 to about 7 hours. The leaching reaction
converts most magnesium, iron, potassium, calcium, nickel, and manganese into
water-soluble chloride compounds. A significant portion of the alumina and all the
silica are inert to HCl digestion and remain solid in the reaction mixture.

Liquid/Solid Separation and Washing

Once the extraction is terminated, the solid can be separated from the liquid by filtra-
tion, after which it is washed. The corresponding residue can thereafter be washed
many times with water so as to decrease acidity and to lower the quantities of sodium
hydroxide (NaOH) that are required during this step. The process allows separating
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the solid from the leachate and washing the solid so as to obtain silica having a purity
of at least 85%. The amorphous silica obtained in that step has demonstrated a good
potential to be used as a concrete additive.

Resin Captation and Impurity Removal

The spent acid (leachate) containing the metal chloride in solution obtained can then
be passed on to a set of ion exchange resin beds comprising a chelating resin system to
catch specifically the nickel chloride (NiCl2). For example, the DOWEXTM M4195
chelating resin can be used for recovering nickel from very acidic process streams.
Removal of nickel from water and organic solvents is fairly common using strong
acid cation resins. Methods of recovering nickel from high magnesium-containing
Ni–Fe–Mg lateritic ores are also described inU.S. patent no. 5,571,308. Furthermore,
pure nickel (Ni) can be obtained by electrolysis once the nickel chloride has been
extracted. Nickel can also be precipitated at this stage as a hydroxide, filtered in a
filter press and sold for a value. Iron and other impurity can be precipitated by a
change in pH by MgO addition to obtain a very pure MgCl2 brine.

Dehydration

The pure magnesium chloride solution then undergoes multiple dehydration steps,
consisting of evaporation, prilling/crystallization, and dehydration.

First, the pure magnesium chloride hexahydrate undergoes a prilling step by using
a fluidized bed dryer to essentially obtain a partially hydrated MgCl2 in form of
“prills” (MgCl2 · 2H2O). To remove the water molecules, the prills are sent a second
two-step fluidized bed to essentially obtain an anhydrous magnesium chloride with a
drying gas containing hydrochloric acid, thereby separating anhydrous magnesium
chloride from the remaining water. The drying process is realized by heating gas to
about 150°–180 °C and the solution is fed to a concentrator to bring the magnesium
chloride concentration up. The magnesium chloride gas-drying is carried out in two
stages, targeting two molecules of hydration-water removal in each stage, so that the
drying temperatures can be selected to optimize drying and minimize oxidation.

In the fluid bed dryer, dry hydrogen chloride gas heated up to about 450 °C allows
fluidization of the particles, producing magnesium chloride granules. The reason for
this is to avoid three negative characteristics of the magnesium hydrolysis reaction:

1. It creates magnesium oxide, which will later be concentrated as sludge in the
electrolysis cells and will react with the graphite anodes and negatively affect
the energy efficiency of the process.

2. Magnesium chloride is lost during the process.
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3. The acid gases produced during the reaction must be handled.

The use of gaseous HCl reduces the hydrolysis reactions, thus reducing the
concentration of magnesium oxide in the product. In addition, opposite reactions
to hydrolysis take place with HCl, which also reduce the magnesium oxide.

MgO + HCl (g) MgOHCl (1)

MgOHCl + HCl (g) MgCl2(s) + H2O (g) (2)

The HCl from the drying process is transferred to the raw material extraction
and preparation process by passing through equipment used for the scrubbing of
gaseous emissions. The resulting fluidizing gas contains hydrochloric acid which
can be regenerated and brought back to the leaching step.

Electrolysis

Magnesium metal is then obtained by further electrolysis of the magnesium chlo-
ride. The magnesium chloride is fed to monopolarelectrolysis cells. The electrolyte
composition allows the magnesium metal produced to form a light phase floating on
top of the electrolysis bath. The anode can be a high surface area anode, such as,
for example, a porous anode in which case hydrogen gas permeates the pores of the
anode, such as by diffusion, or molten electrolyte containing themagnesium chloride
permeates the pores of the anode, to provide the contact between the hydrogen gas
and the chloride ions. This novel design of the electrolytic anode allows the injection
of hydrogen in the bath to have an in situ HCl regeneration.

Environmental Benefits

AMI’S technology is a clean technology. It is themost environmental efficient process
on the planet measured by the following aspects:

– Mining site remediation.
– Lowest Mg CO2 emissions.
– Lowest Mg waste/slag generation.
– Lowest Mg energy consumption.

Based on the entire life cycle, each ton of magnesium produced by AMI permits
the saving of 20 tons of CO2 emission, compared with the current average Pidgeon
process operated in China.
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For each ton of magnesium produced by AMI, only 2.5 tons of CO2 are emitted
compared to traditional Pidgeon plants which produce 21.8 tons of GHS. Also, with
AMI over 90% of the residue are converted into valuable product for an equivalent
of 0.4 ton/ton of magnesium. (16 tons in Pidgeon plant.)

AMI’s plant and the FOURNIER PROCESS are powered by at least 90%
renewable hydroelectricity.

Picture of magnesium ingots



Effect of Pre-sintering in Silicothermic
Reduction of MgO and Reduction Using
Ca2SiO4 Instead of CaO

Takeru Saimura, Taiki Morishige, and Toshihide Takenaka

Abstract It was shown in our previous study that the contact condition between
MgO, CaO, and Si strongly affectedMgmetal production by silicothermic reduction
of magnesium oxide derived from salt evaporation ponds. In this study, the influence
of the contact condition ofMgO, CaO, and Si in the reductionwas studied; the depen-
dence of the reduction rate on the preparation procedure of MgO–CaO mixture and
pre-sintering before the reduction was examined. A short-term sintering improved
the reduction rate, but a longer sintering worsened the rate. Sintering seems effective
in the improvement of contact condition, but causes the surface oxidation on Si. In
this study, Si reduction with Ca2SiO4 instead of CaO was also attempted to reduce
CaO consumption, but it was shown that MgO was lost by CaMgSiO4 formation.

Keywords Silicothermic reduction · Calcium silicate · Effect of pre-sintering

Introduction

The reduction in energy consumption and CO2 generation in the production of Mg
primary metal is necessary to wider use of Mg materials. Our laboratory has been
researching the Mg material production using bittern-derived materials; the energy
and CO2 generation in Mg production can be reduced compared with the current Mg
production using dolomite, and the bittern can be supplied from sea water in Japan,
too.

In our previous studies, it is shown that the silicothermic reduction ofMgOderived
frombitternwas possible, and thatCaOadditionwas necessary [1]. The reduction rate
was slightly lower than that of dolomite-derived material, even when enough CaO
was added to MgO. The difference between the mixtures derived from bittern and
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dolomite can explain their mixed state; MgO and CaO were mixed at the molecular
level in dolomite-derived material, while they were not in bittern-derived material.
These results suggest that the preparation procedure of the MgO–CaO–Si mixture
could affect the reduction rate because CaO is rarely contained in MgO derived from
bittern. The minimum amount of CaO–MgO for efficient reduction must be clarified
to reduce the added amount of CaO.

In this study, the mixture of MgO and CaO was prepared with two procedures;
one is dry and involves calcination of Mg(OH)2 and Ca(OH)2 solution, and the
other is dry mixing of MgO and CaO in a mortar. The influence of the procedures
was evaluated by the change in the reduction rate. The effect of pre-sintering of
the MgO–CaO–Si mixture was also studied. In addition, the reduction of the MgO–
Ca2SiO4–Si mixture instead of theMgO–CaO–Si mixture was investigated to clarify
the minimum amount of added CaO in this study.

Experimental

A MgO–CaO mixture was prepared with two procedures; in the wet procedure,
Mg(OH)2 and Ca(OH)2 were dissolved in water, and then dried. The dried mixture
was calcinated at 1073 K for 3 h to decompose into MgO and CaO. In the dry
procedure, MgO and CaO were carefully mixed in a mortar. The prepared MgO–
CaOmixture was compacted with Si and pre-sintered at 1073 K for hours. The molar
ratio of MgO:CaO:Si was 2:2:1. In this study, a mixture of MgO–Ca2SiO4–Si (2:1:1
in molar) was also prepared by dry procedure without pre-sintering. These samples
were set on a boron nitride (BN) boat, and heat reduced under vacuum at 1423 K for
3 h with the apparatus shown in Fig. 1.

After the reduction, the product condensed on the inner surface of vessel outside
the furnace and the residual material on the BN boat was recovered. The product and
residual material were observed and analyzed with SEM-EDX and XRD.

Insulation Insulation 

Vacuum tube
SUS foil Quartz tube

Furnace 

Sample
BN boat

SUS block

Thermocouple 

SUS tube

Fig. 1 Experimental apparatus. (Color figure online)
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Results and Discussion

Effect of Preparation Procedure of MgO–CaO
and Pre-sintering of MgO–CaO–Si

Fine particles mainly consisting of MgO were condensed on the inner surface of
vessel outside the furnace regardless of the preparation procedure and pre-sintering.
Since the amount of condensed material was very little, XRD analysis and weight
measurement could not be performed. It is considered that Mg vapor was formed in
the furnace, condensed in the low temperature part, and then oxidized when it was
collected after experiment.

The weight of the residual material on the BN boat was always lower than that
of the original mixture, and Ca2SiO4 was always detected in it. Considering the
condensed and the residual materials, it is considered that the silicothermic reduction
of Mg shown below occurred, and that Mg vapor and Ca2SiO4 were generated.

2MgO(s) + 2CaO(s) + Si(s) = 2Mg(g) + Ca2SiO4(s) (1)

From the reaction (1), the weight change from the original sample to the residual
material is thought to be the amount of Mg vapor, and the reduction rate can be
calculated as follows:

Reduction rate(% ) =
�m

m
× 100 (2)

where m is the Mg content in the original specimen and Δm is the weight change.
Figure 2 shows the dependence of the reduction rate on the pre-sintering time

for the sample prepared with wet and dry procedures. The reduction rate of the
wet-prepared mixture tended to be higher than that of the dry-prepared mixture. This

Fig. 2 Effect of sintering
time on reduction rate
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Fig. 3 X-ray diffraction
pattern after reduction of
MgO-Ca2SiO4-Si

20 40 60 80

MgO
Ca2SiO4

Si
CaMgSiO4

2 /deg.

Ca3Mg(SiO4)2

result suggests that themixing procedure strongly influences the reduction efficiency,
and that CaO should be added in bittern solution.

The reduction rate tends to increasewith the short-term pre-sintering, but decrease
with the long-term pre-sintering. It is considered that the contact state ofMgO–CaO–
Si is improved by the short-term pre-sintering, and that the surface of Si is oxidized
by the long-term pre-sintering. The short-term pre-sintering should be effective for
efficient silicothermic reduction of MgO derived from bittern.

Reduction Using Ca2SiO4 Instead of CaO

Figure 3 shows the XRD results of the residual material on a BN boat after the
reduction of MgO–Ca2SiO4–Si mixture. Since CaMgSiO4 and Ca3Mg(SiO4)2 were
detected, it is thought that the reactions occurred as follows:

4MgO(s) + Ca2SiO4(s) + Si(s) = 2Mg(g) + 2CaMgSiO4(s) (3)

4MgO(s) + 3Ca2SiO4(s) + Si(s) = 2Mg(g) + 2Ca3Mg(SiO4)2(s) (4)

The reduction rate calculated by the formula (2) was about 30%. This value was
a half of that using MgO–CaO–Si mixture, and consistent with the reaction (3).

By the reactions (3) and (4), the added amount of CaO can be reduced. However,
MgO is unfortunately lost due to the formation of CaMgSiO4 and Ca3Mg(SiO4)2.
The most desirable reaction for the least CaO addition as follows seems to be rarely
achieved.

2MgO(s) + Ca2SiO4(s) + 2Si(s) = 2Mg(g) + 2CaSiO3(s) (5)
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In the reduction of the MgO–CaO–Si mixture, only Ca2SiO4 was formed, and
CaMgSiO4 and Ca3Mg(SiO4)2 seem not to be synthesized. From the reaction of
Gibbs energy of production, γ-Ca2SiO4 is stable, and that the reactions (3) and (4)
are more likely to occur in β-Ca2SiO4. In the reduction of the MgO–CaO–Si mixture
under our experimental conditions, γ-Ca2SiO4 is thought to be synthesized. The
structure of the mineral merwinite Ca3Mg(SiO4)2 that seems to be mainly produced
is similar to the β-Ca2SiO4 [2].

Ca2SiO4 used in this experiment was prepared by compaction sintering CaO and
SiO2 at 1673 K, and it is stable in the form of β-Ca2SiO4. However, the Ca2SiO4

produced by reaction (1) was γ-Ca2SiO4 and took the form of olivine. Since the
change to β-Ca2SiO4 occurs under high pressure [3], it is considered to be γ-type
under experimental conditions.

Conclusions

In this study, the dependence of the reduction rate on the preparation procedure of the
MgO–CaOmixture and pre-sintering before the reduction was examined. The reduc-
tion rate of the wet-prepared mixture tends to be better than that on the dry-prepared
mixture, which is thought due to the mixing state of MgO and CaO. The short-term
pre-sintering is effective for efficient reduction because of the improvement of the
contact condition. Conversely, the long-term pre-sintering worsened the reduction
rate because of the surface oxidation of Si.

By the reduction using Ca2SiO4 instead of CaO, CaMgSiO4 and Ca3Mg(SiO4)2
were generated, which leads to the decrease in the added amount of CaO but the loss
of MgO.
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Oxide Films Formed on MoSi2 Anode
in Molten MgCl2–NaCl–CaCl2
and Molten LiCl–KCl

Takamasa Miyoshi, Taiki Morishige, and Toshihide Takenaka

Abstract The anodic formation of an oxide film onMoSi2 in moltenMgCl2–NaCl–
CaCl2 containing oxide ions has been investigated based on our former study, and
the compatibility as an inert anode in the melt is discussed in contradistinction in
molten LiCl–KCl. A small anodic current flew continuously during potentio-static
electrolysis, and gas bubble generation was seen. The weight of MoSi2 was changed
by the electrolysis, and an oxide film consisting of SiO2 and MgSiO3 was formed by
the electrolysis above 1.9V (vs.Mg/Mg2+). The current contributions estimated from
the weight change and the film thickness indicate that the reaction other than the Mo
dissolution and the oxide film formation enlarged with the increase in the electrolysis
duration and the raise in the electrolysis potential. The current contribution other than
the Mo dissolution and the oxide film formation became above 90%, which suggests
MoSi2 is promising as an inert anode. A SiO2 film was formed on MoSi2 in molten
LiCl–KCl containing oxide ions, but most of the current was consumed for the
Mo dissolution and the oxide film formation. It is considered that the formation of
MgSiO3 influences the anodic behavior of MoSi2.

Keywords Mg electrolysis · MoSi2 anode · Oxide film

Introduction

Mg is produced by an electrolyticmethod using amolten chloride salt. The IGmethod
and its improvedmethod are themainmethods for electrolyzingMg. The electrolysis
method has the advantages of being easy to scale up, being able to be made into a
continuous manufacturing process, and being able to use MgO as a raw material
with the generated Cl2. Li is also produced by electrolysis like Mg. The production
process of Mg and Li has been studied in order to be more efficient [1–3]. One of
them is related to the anodic reaction.

Carbon-based materials are used for the anode in the molten chloride of Mg
and Li. Carbon-based material has advantages in chemical stability in the bath.
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However, since chloride salt has a high hygroscopic property, carbon-based material
is consumed by electrochemical reaction with dissolved O2−, for example, reaction
(1).

C + xO2− → COx + 2xe (1)

An inert anode is desired for the continuous formation of Mg, and it has been
reported that glassy carbon [4] and boron-doped diamond [5] behaved as an inert
anode in molten LiCl–KCl at 700 K. However, an inert anode which can be used
at higher current density and at higher temperature has not been studied well. The
authors proposed an inert anode by forming a stable passivation film on the electrode.
A SiO2 film was formed in molten LiCl–KCl containing oxide ions, but the anodic
protection was insufficient [6, 7]. An oxide film consisting of SiO2 and MgSiO3

was formed in molten MgCl2–NaCl–CaCl2 containing oxide ions, and the anodic
oxidation seemed to be inhabited.

In this paper, the anodic behaviors of MoSi2 in molten MgCl2–NaCl–CaCl2 were
compared with that in molten LiCl–KCl, and the protection property and the effect
of MgSiO3 were discussed.

Experimental

The experimental apparatus is illustrated in Fig. 1. In a glove box filled with Ar,
about 50 g of MgCl2–NaCl–CaCl2 (about 20: 50: 30 in weight) was put in a trans-
parent quartz glass crucible, and the saturation amount of MgO (99.9%, anhydrous)
was added. The mixture was placed in an electric furnace with observation ports.

Fig. 1 Apparatus for
electrochemical
measurement and
electrolysis. (Color figure
online)

a. working electrode

b. reference electrode

c. Ar inlet

d. thermocouple

e. counter electrode

f. electrolysis device

g. electrolytic bath

h. observation window

i. Ar outlet

j. core tube
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The furnace was heated about 973 K, and electrolysis was carried out under Ar
atmosphere. Polished MoSi2 rod (φ3.0 mm) was used as the working electrode. The
counterelectrode was a Cu plate with a large surface area. A couple of Ag/AgCl in
the same melt in a ceramic membrane was used as the reference electrode. Since
the electrode potential of the Ag/AgCl reference electrode changes easily with the
concentration of AgCl, its potential was calibrated via the Mg deposition potential.

The anodic behavior of MoSi2 was investigated by cyclic voltammetry and
potentio-static electrolysis. The appearance around the MoSi2 electrode during elec-
trolysis was simultaneously observed with a CCD camera, and recorded by a video
system. The electrochemical response was synchronized and superimposed to the
recorded view. The change in the MoSi2 surface by electrolysis was analyzed by
XRD (RINT 2500V) and SEM(JCM-6000)-EDX(Ex-5441). The protective property
was discussed by the current contributions which were estimated from the weight
change, the thickness of the formed film after the potentio-static electrolysis, and the
quantity of electricity during electrolysis.

The experiment inmolten LiCl–KCl is almost the same above; 44.4 g of LiCl–KCl
having a eutectic composition was used, and about 0.2 g of Li2O (99.9%) was added.
The working and reference electrode are the same, while counterelectrode was an
Al plate with a large surface area. All the experiments were carried out at 700 K.

Results and Discussion

Formation of Oxide Film on MoSi2

Anodic passivation occurred both in molten MgCl2–NaCl–CaCl2 and molten LiCl–
KCl containing oxide ions; a sharp anodic current peak was seen around 1.8 V (vs.
Mg/Mg2+) in cyclic voltammogram inmoltenMgCl2–NaCl–CaCl2, and around 3.4V
(vs. Li/Li+) in that in molten LiCl–KCl.

By potentio-static electrolysis above the passivation potentials mentioned above,
an oxide film was formed on MoSi2 both in molten MgCl2–NaCl–CaCl2 and molten
LiCl–KCl. Figure 2 shows a cross-sectional SEM image of the MoSi2 electrode after
potentio-static for 4 h in molten MgCl2–NaCl–CaCl2 at 4.7 V (vs. Mg/Mg2+) and
molten LiCl–KCl at 4.2 V (vs. Li/Li+). The film formed in molten MgCl2–NaCl–
CaCl2 is much thinner than the film formed in molten LiCl–KCl; the thickness
of the film is about 3 μm in the former, while that is 125 μm in the latter. The
growth of the oxide film in molten LiCl–KCl seems much higher than that in molten
MgCl2–NaCl–CaCl2.

Figure 3 shows X-ray diffraction pattern of the MoSi2 electrodes after potentio-
static electrolysis for 4 h in molten MgCl2–NaCl–CaCl2 at 4.7 V (vs. Mg/Mg2+) and
molten LiCl–KCl at 4.2 V (vs. Li/Li+). SiO2 andMo5Si3 were detected in both baths,
so the following reactions were thought to take place on the surface of the anode
electrode.
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Molten MgCl2-NaCl-CaCl2 Molten LiCl-KCl

4.7V (vs. Mg / Mg2+) 4.2V (vs. Li / Li+) 

Fig. 2 Cross-sectional SEM image of the MoSi2 electrode after potentio-static electrolysis for 4 h
with molten MgCl2–NaCl–CaCl2 and molten LiCl–KCl. (Color figure online)
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Fig. 3 X-ray diffraction pattern of electrode after potentio-static electrolysis for 4 h. (Color figure
online)

MoSi2 + 4O2− → Mo3+ + 2SiO2 + 11e (2)

5MoSi2 + 14O2− → Mo5Si3 + 7SiO2 + 28e− (3)

MgSiO3 was detected only in molten MgCl2–NaCl–CaCl2, so reactions (4) and
(5) were thought to take place on the surface of the anode electrode

SiO2 + MgO → MgSiO3 (4)
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2Mg2+ + 6O2− + MoSi2 → Mo3+ + 2MgSiO3 + 11e (5)

in molten MgCl2–NaCl–CaCl2 and molten LiCl–KCl.

Current Contribution to Anodic Reactions

A small current continuously flew during constant potential electrolysis in molten
MgCl2–NaCl–CaCl2 and molten LiCl–KCl. The weight of MoSi2 changed by
electrolysis, and the formed oxide film grew with electrolysis duration.

noxide = Vlayerρoxide

Moxide
(6)

The current contribution was calculated from the weight change of the MoSi2 and
thickness of the oxide layer referring to our previous study [8]; reactions (2) and
(4) were considered in the calculation. It was also assumed that only an MgSiO3

film was formed in molten MgCl2–NaCl–CaCl2, while only an SiO2 was in molten
LiCl–KCl. The current contribution of the oxide film formation Poxide is given as (7)
using the amounts of the formed oxide film layer, noxide (mol) as (6)

Poxide = 4noxideF

Q
× 100 (7)

where Moxide, V oxide, and ρoxide are the atomic weight of MgSiO3 or SiO2 (kg/mol),
the film volume (cm3), and the density of oxide film (kg/cm3); Q is the quantity of
electricity during potentio-static electrolysis (C); and F is Faraday constant (C/mol).

nMo = �w − noxideMoxide

MMo
(8)

The amounts of the dissolved Mo: nMo(mol) and the current contribution of Mo
dissolution PMo are given as follows:

PMo = 3nMoF

Q
× 100 (9)

where Mo and �w are the atomic weight of Mo (kg/mol) and the weight change
by electrolysis. The electrolysis current seemed to be spent partly other than the
oxide film formation and Mo dissolution in molten MgCl2–NaCl–CaCl2, and its
contribution Pother is given as follows:

Pother = 100 − Poxide − PMo (10)
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Fig. 4 Current contribution for reactions in molten MgCl2–NaCl–CaCl2 and molten LiCl–LCl.
(Color figure online)

Figure 4 shows estimated contributions for electrolysis at 4.7 V (vs. Mg/Mg2+)
in molten MgCl2–NaCl–CaCl2 and for electrolysis at 4.2 V (vs. Li/Li+) in molten
LiCl–KCl. Poxide and PMo in molten MgCl2–NaCl–CaCl2 were very small, whereas
most of the current seemed to be consumed to the oxide film formation and Mo
dissolution in molten LiCl–KCl.

The current contribution other than the oxide film formation and Mo-dissolved,
Pother in the molten MgCl2–NaCl–CaCl2 was more than 90%. Since bubbles were
continuously generated during electrolysis, it is thought that the electrolysis current
was mainly consumed for the gas generation. These results indicated that the oxida-
tion of MoSi2 was inhabited by the oxide film formation in molten MgCl2–NaCl–
CaCl2. The oxide film obtained in molten MgCl2–NaCl–CaCl2 seemed thinner and
denser than that in molten LiCl–KCl as shown in Fig. 2, and MgSiO3 was contained
in it. It is considered that the film consisting of MgSiO3 shows good protectability.

Conclusion

An oxide film consisting of MgSiO3 and SiO2 was formed by electrolysis in molten
MgCl2–NaCl–CaCl2, and it was thinner than the SiO2 film formed in the molten
LiCl–KCl. The current contributions of oxide film formation and Mo dissolution
were estimated from the film thickness and weight change; the current contributions
other than the oxide film formation andMo dissolution reachedmore than 90% under
the suitable condition in molten MgCl2–NaCl–CaCl2, while most of the current was
consumed in the oxide film formation and Mo dissolution in molten LiCl–KCl. It
is considered that the MgSiO3 formation in molten MgCl2–NaCl–CaCl2 strongly
affects the anodic behavior of MoSi2.
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Development of an Mg–RE-Based
Die-Cast Magnesium Alloy for Elevated
Applications

Xixi Dong, Lingyun Feng, Eric A. Nyberg, and Shouxun Ji

Abstract The development of magnesium (Mg) alloys capable of operating at
demanding working temperatures above 200 °C and the ability of using high-
pressure die casting for high-volume manufacturing are the most critical advance-
ments required in developing newalloys used tomanufacture critical parts for internal
combustion (IC) engines used in power tools. Here we introduce the development of
a rare earth (RE)-based die-cast Mg alloy for elevated temperature applications in
small IC engines. The developed Mg–RE-based die-cast alloy shows good ambient
and high temperature strength, and it also has excellent high-temperature creep resis-
tance. In addition, the developed RE-based die-cast Mg alloy shows good stiffness
at elevated temperatures. Furthermore, the alloy exhibits good thermal conductivity
at ambient and high temperatures, which is a key point normally neglected during
the development of high-temperature Mg alloys.

Keywords Magnesium alloy · Die casting · Elevated application ·Mechanical
properties

Introduction

Magnesium alloys have a great potential for structural applications in industry due to
their significant weight savings, thus improving fuel economy and lessening environ-
mental impact [1]. The development of magnesium (Mg) alloys capable of operating
at demanding working temperatures above 200 °C and the ability of using high-
pressure die casting (HPDC) for high-volume manufacturing are two key advance-
ments required in the development of Mg alloys for use in manufacturing critical
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parts for internal combustion (IC) engines used in power tools, for lightweighting,
noise reduction, damping, and use comfort [2–4].

In the early stage of development of die-cast Mg alloys for high-temperature
applications, significant amount of Al was used for the improvement of die casta-
bility, and a group of Mg–Al-based die-cast alloys were developed [5, 6]. Repre-
sentative alloys are the widely used AZ91, AM50, and AM60 alloys; the Mg–Al–Si
alloys (AS21X, AS31, AS41) [7, 8]; the Mg–Al–Ca alloy (AX51, AX52) [9]; the
Mg–Al–Sr alloy (AJ52); the Noranda alloy Mg–6Al–2Sr–Ca (AJ62X) [10–12]; the
Mg–Sr–Ca alloy (AJX500) [5]; the General Motors alloy Mg–Al–Ca–Sr (AX52J,
AXJ530, AXJ531) [13, 14]; the Mg–9Al–1Ca–Sr alloy (MRI153A); the Mg–8Al–
1Ca–Sr alloy (MRI153M) [15, 16]; the Mg–6.5Al–2Ca–1Sn–Sr alloy (MRI230D)
[17–19]; the Nissan alloy Mg–Al–Ca–RE [20]; the Honda alloy Mg–5Al–2Ca–2RE
(ACM522) [21]; theMg–0.5Zn–6Al–1Ca–3RE alloy (ZACE05613); theMg–0.5Zn–
4Al–1Ca–1RE alloy (ZACE05411) [22]; the Mg–4Al–RE (La, Ce) alloys (AE42,
AE44) [23–25]; the Mg–Al–Ba–Ca alloy [26]; etc. The Mg–4Al–4RE (AE44) alloy
is a major achievement among the Mg–Al-based die-cast alloys with good combina-
tion of die castability, mechanical properties at elevated temperatures, and good
corrosion resistance [25, 27]. However, a common detriment for these alloys is
that the general working temperature of the Mg–Al-based die-cast alloys is at a
level of approximately 150 °C, due to the formation of the Al-rich phases that are
unstable when temperatures are close to or higher than 175 °C [5, 28, 29], and the
high-temperature creep resistance of the Mg–Al-based die-cast alloys is also not
perfect [30].

In addition to the Mg–Al-based die-cast alloys, Al-free die-cast Mg alloys were
developed for applications at elevated temperatures [30–34]. The Al-free die-cast
Mg–2.5RE–0.35Zn alloy (MEZ) was developed with good creep resistance, but the
ductility and strength of the alloy are low [31]. The Al-free die-cast Mg–RE–Zr–Zn
alloys were well investigated with medium as-cast strength [32, 33]. The Al-free
die-cast Mg–4 wt%RE (La,Ce,Nd) alloy named HP2+ delivers higher mechanical
performance especially creep resistance at elevated temperatures, which is a signifi-
cant achievement for potential applications at 150–200 °C [30, 34]. However, 4wt%
RE is near the maximum of Al-free die-cast Mg–RE alloys, and further addition
of RE for higher working temperatures and elevated mechanical performance will
make the Al-free die-cast Mg–RE alloys too brittle, with hot-tearing or die-soldering
occurring during die casting [34]. Therefore, it is still hard for the existing Al-free
die-cast Mg alloys to work at elevated temperatures of above 200 °C.

In thiswork, different from the existing die-castMgalloys usingAl-rich orAl-free,
a new design for elevated die-cast Mg alloys was adopted, in which an appropriate
addition of Al as a minor element was applied, and a new Mg–RE–Al die-cast alloy
was developed for applications at higher elevated temperatures of 200–300 °C.
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Experimental

Melt Preparation and HPDC

The newly designed die-cast Mg alloys have compositions in the range of 1.0–
3.5 wt% (La + Ce), 1.0–3.5 wt% (Nd + Gd), 0.2–2.5 wt%Al, 0.3–0.5wt%Mn,
0.3–0.5wt%Zn, and balanced Mg [35]. They alloys were melted in a steel crucible
using an electric resistance furnace, under a protective cover gas. After melting, the
alloy was stirred and held at 720 °C for 30 min before HPDC. HPDC was conducted
on a 4500 kN cold chamber machine. During HPDC, the die was heated by mineral
oil to a temperature of 225 °C, and the shot sleeve was heated by compressed hot
water to a temperature of 180 °C. The pour temperature was controlled at 715 °C,
and the intensification pressure was set at 320 bar.

Material Tests

Tensile tests of the die-cast round bars with a gage dimension of φ6.35 mm× 50 mm
were performed on an Instron 5500 Universal Electromechanical Testing System
equipped with Bluehill software and a 50 kN load cell, at room temperature and
elevated temperatures of 150, 250, and 300 °C. The ramp rate for room temperature
tensile tests was controlled at 1 mm/min, while the strain rate for high-temperature
tensile tests was maintained at 0.0002/s. Young’s modulus of the die-cast alloys was
determined using a RFDA HT1600 machine from room temperature up to 300 °C.
Rectangular-shaped samples with dimensions of 40 mm (L) × 12 mm (W ) × 2 mm
(D) were used for the modulus testing. Modulus was tested during both heating
and cooling cycles, in which both the heating rate and the cooling rate were set at
3 °C/min, while the modulus data was collected every minute. Thermal conductivity
was measured on a laser flash machine from room temperature up to 300 °C.

Results and Discussion

Microstructure

Figure 1 shows the scanning electron microscope (SEM) microstructure of the die-
cast Mg–RE–Al alloy in the as-cast state. TheMgmatrix phase was observed having
two different grain sizes, i.e., the primary α1–Mg phase with a size of ~20–50μmand
the secondary α2–Mg phase with a size of ~2–10μm. The α1–Mg phase nucleated in
the shot sleeve which has a lower cooling rate, so it was larger in size than the α2–Mg
phase that nucleated in the die cavity with higher cooling rate [36–39]. Network of
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Fig. 1 Microstructure of the
die-cast Mg–RE–Al alloy in
as-cast state. (Color figure
online)

the other phases was found at the grain boundaries of Mg matrix phase, and the main
body of the network at the grain boundaries was determined as the Mg12RE phase.

Ambient and Elevated Tensile Properties

Figure 2 displays the statistical mean tensile properties of the die-cast Mg–RE–Al
alloy at room temperature and elevated temperatures of 150, 250, and 300 °C. The
statistical mean yield strength (YS) of the alloy at room temperature was 170 ±
2.8 MPa, which was 32% higher than that of the benchmark AE44 die-cast Mg alloy
[4, 34].

The YS and ultimate tensile strength (UTS) of the alloy decreased gradually with
the increase of temperature. The YS of the alloy at 150, 250, and 300 °C were 141±
2.5 MPa, 113± 2.1 MPa, and 94± 1.8 MPa, respectively, which was 30.5%, 37.8%,
and 42.4% higher than that of the AE44 alloy, separately [4]. With the increase of
the temperature from room temperature to 300 °C, the UTS of the alloy decreased
from 197 ± 2.8 to 98 ± 1.7 MPa. The die-cast Mg–RE–Al alloy also showed much

Fig. 2 Statistical mean
tensile properties of the
die-cast Mg–RE–Al alloy at
room temperature and
elevated temperatures of
150, 250, and 300 °C. (Color
figure online)
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Fig. 3 Evolution of Young’s
modulus of the die-cast
Mg–RE–Al alloy versus
temperature during heating
and cooling test cycles.
(Color figure online)

better elevated creep resistance than the existing die-cast Mg alloys, and the creep
properties will be disclosed elsewhere.

Ambient and Elevated Modulus

High temperature stiffness is important but is seldom reported for die-cast Mg alloys,
especially at elevated temperatures above 200 °C. Figure 3 shows the evolution of
Young’s modulus of the die-castMg–RE–Al alloy versus temperature. Themeasured
Young’s modulus during heating and cooling test cycles fit well with each other. The
room temperature Young’s modulus of the alloy was 43.7 GPa, and it was in the
normal range of 40–50 GPa ambient Young’s modulus that is generally expected for
cast Mg alloys [40, 41]. Young’s modulus of the alloy decreases nearly linearly with
the increase of temperature, and Young’s moduli of the alloy at elevated temperatures
of 150 °C, 200 °C, 250 °C, and 300 °C were 41.2 GPa, 40.2 GPa, 39.2 GPa, and
38.2 GPa, respectively. With the increase of temperature from room temperature to
300 °C, Young’s modulus decreased only 12.6%, which demonstrates good stability
of Young’s modulus of the alloy at elevated temperatures.

Ambient and Elevated Thermal Conductivity

Thermal conductivity is another key aspect usually neglected during the development
of Mg alloys for elevated applications, and mechanical properties normally conflict
with thermal conductivity at elevated temperatures. AZ91, a die-castMg alloywidely
used for elevated engineering applications up to 120 °C, has a low room temperature
thermal conductivity of 51 W/m K [42], and the benchmark AE44 die-cast Mg alloy
for elevated applications up to 175 °C only has an ambient thermal conductivity
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Fig. 4 Thermal conductivity
of the die-cast Mg–RE–Al
alloy at room temperature
and elevated temperatures of
up to 300 °C. (Color figure
online)

of 85 W/m K [42]. Figure 4 presents the thermal conductivity of the new die-cast
Mg–RE–Al alloy at room temperature and elevated temperatures. The Mg–RE–Al
alloy has good room temperature thermal conductivity of 105 W/m K, which is
105.9% higher than that of the AZ91 alloy, and it is still 23.5% higher than that
of the AE44 alloy. The room temperature thermal conductivity of the alloy is also
comparable to the commercially used A380 die-cast Al alloy that has an ambient
thermal conductivity of 110 W/m K [42]. The thermal conductivity of the die-cast
Mg–RE–Al alloy increases with increasing temperature, up to 124W/mK at 300 °C.

Conclusions

(1) The developed Mg–RE-based die-cast alloy has good strength at ambient and
elevated temperatures. The ambient yield strength of the alloy is 170MPa, and
the alloy can achieve a yield strength of over 90MPa at the elevated temperature
of 300 °C.

(2) The developed Mg–RE-based die-cast alloy can maintain the stiffness well
at elevated temperatures. The ambient Young’s modulus of the alloy is 43.7
GPa. With the increase of temperature from room temperature to the elevated
temperature of 300 °C, Young’s modulus of the alloy decreases only by 12.6%.

(3) The developed Mg–RE-based die-cast alloy has good thermal conductivity at
ambient and elevated temperatures. The room temperature thermal conduc-
tivity of the alloy is 105 W/m K. With the increase of temperature from room
temperature to the elevated temperature of 300 °C, the thermal conductivity of
the alloy increases to 124 W/m K.
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Effect of Adding Third Element
on Deformability of Mg–Al Alloy

Kazuki Senoo, Tatsuya Nakatsuji, Naoko Ikeo, Masatake Yamaguchi,
and Toshiji Mukai

Abstract In recent years, magnesium is expected to be used as a structural material
in vehicles. Since limited slip systems inmagnesium inducesmarked yield anisotropy
and poor deformability at room temperature, there is a specific demand for developing
magnesium alloys with reduced plastic anisotropy. In this study, we focused on the
Mg–Al system alloy, which is widely used in commerce, and examined the third
element contributing to the reduction of the plastic anisotropy. Generalized stacking
fault energy (GSFE), which corresponds to the energy for sliding atomic layer along a
slip plane, was calculated in the first-principles calculations to estimate deformability
of ternaryMg–Al-X alloys adding the third element X, to theMg–Al binary alloy. As
the third element X, Zn, Zr, and Gd were selected. The slip properties were evaluated
using the unstable stacking fault energy (USFE), which represents the maximum
value of GSFE. The result suggested that the addition of zirconium contributes most
to the reduction of plastic anisotropy.

Keywords First-principles calculations · Generalized stacking fault energy · Slip
systems · Plastic anisotropy ·Mg–Al alloy

Introduction

Social demands for energy saving have been increasing. It is expected that the use
of magnesium, which is the lightest of all practical metals, as a structural material of
transportation equipment will contribute to further improvement of fuel efficiency
[1–3]. However, since the crystal structure ofmagnesium is a hexagonal close-packed
structure (HCP), the number of slip systems active at room temperature are small, and
it exhibits high plastic anisotropy [4]. Thus, in plastic deformation not only slips but
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also
{
101̄2

}
twins with small critical resolved shear stress (CRSS), play a major role.

However, twins also cause strong anisotropy, and their activity differs depending on
the deformation mode. Due to these properties, it has a feature of lower formability
than steel and aluminum alloys. Hence, the application of the current magnesium
alloys to structural components in transportation equipment is limited. To increase
the practical use of magnesium alloys, it is necessary to reduce the difference in
CRSS between basal slip and non-basal slip and enhance ductility by reducing plastic
anisotropy. Recent experiments and calculations have shown that the activation of
prismatic slips, among non-basal slips, contributes to the ductility improvement of
magnesium [5]. Therefore, in order to improve the plastic deformability of magne-
sium, it is considered important to reduce the relative difference between CRSS for
basal slip and prismatic slip. The addition of solute elements can be mentioned as
a measure for improving such plastic anisotropy [6, 7]. This study focused on the
Mg–Al system alloy, which is widely used in commerce to investigate the effect of
the third element X on plastic anisotropy using first-principles calculations. As the
third element X, Zn, Zr, and Gd were selected.

Calculation Method

First-Principles Calculation

In this study, the calculation was performed using the Vienna ab initio Simulation
Package (VASP) [8, 9], a first-principles calculation package using plane waves and
pseudopotential grounds developed by the density functional theory at the University
of Vienna. Calculations are performed using Pewdew-Burke-Ernzerhof (PBE) type
Projector Augmented Wave (PAW) potential [10] for pseudopotential and General-
ized Gradient Approximation (GGA) [11] for exchange-correlation interaction. The
cutoff energy was 360 eV, and the 0.2 eV wide Methfessel-Paxton Smearing method
was used to improve convergence. In addition, structural relaxation was discontinued
when the difference in total energy for each iteration was 1.0× 10−5 eV or less. The
Brillouin zone was sampled with a Monkhorst-Pack k-point mesh. The value of the
k-point mesh for each calculation model is described in Sect. 2.3.

Generalized Stacking Fault Energy

The generalized stacking fault energy (GSFE) was used to evaluate the plastic
anisotropy. GSFE corresponds to the energy for sliding atomic layer along a slip
plane [12]. The value of GSFE represents the energy barrier against slip deformation,
or the Peierls potential. It makes possible to evaluate the difficulty of dislocation slip
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Slip plane

Fig. 1 Schematic image of the cell model used for GSFE calculation. (Color figure online)

and the relative critically resolved shear stress (CRSS). Figure 1 shows a schematic
image of the cell model used for GSFE calculation.

A model was created in which the upper and lower layers adjacent to the slip
surface were relatively slipped, and the calculation of GSFE was performed. As
expressed by Eq. (1), the difference between the total energy of the slipped model
Etot(displaced) and the total energyof the non-slipmodel Etot(undisplaced) is divided
by the area of the slip plane Aslip plane. Then, the GSFE value γGSF was obtained.

γGSF = Etot(displaced)−Etot(undisplaced)
Aslip plane

# (1)

In this study, the CRSS of each slip was relatively evaluated using unstable
stacking fault energy (USFE, γus), which indicates the maximum value of GSFE.
In addition, the USFE ratio was calculated to evaluate the slip-plastic anisotropy of
the basal slip and the prismatic slip. The USFE ratio refers to the value obtained by
dividing USFE of the basal slip γus(basal) by USFE of the prismatic slip γus(prism),

USFEratio = γus (basal)
γus (prism)

# (2)

The closer the USFE ratio is to 1, the smaller the relative difference between
CRSS for basal slip and prismatic slip, whichmeans that the deformation is relatively
isotropic. On the contrary, the further the USFE ratio is from 1, the higher the plastic
anisotropy is.

The Calculation Conditions and Models

A basal slip model with 117 atoms and a prismatic model with 144 atoms were
used as each calculation model. The calculation models and calculation conditions
of GSFE for each slip are shown in Fig. 2 and Table 1, respectively. The two slip
calculation models are supercells with a bulk layer (slab) with a thickness of about
30 Å. Vacuum layer of about 15 Å was introduced between each slab (above and
below the bulk layer) so that interaction due to periodic boundary conditions would
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Fig. 2 Calculation models
for GSFE of a the basal and
b prismatic slips. Both
models consist of a bulk
layer (slab) with a thickness
of about 30 Å and a vacuum
layer with a thickness of
about 15 Å. (Color figure
online)

(a) (b) 

Table 1 The number of
atoms and k-points mesh of
GSFE on the basal and
prismatic slips

Model Number of atoms K-point mesh

Basal 117 5× 5× 1

Prism 144 4× 4× 1

not occur. The kinds of alloys to be calculated were pure Mg, Mg–Al, and Mg–Al-X
(X = Zn, Zr, Gd) alloys.

In Mg–Al-X alloys, two solute atoms are replaced simultaneously, so it is neces-
sary to estimate the relationship of the atomic configuration due to the bonding
force between the solute atoms. In this study, the binding energy Ebind(Al− X)

between aluminum and third element X in Mg–Al-X alloy was calculated, and the
most stable configuration of solute atoms was investigated. For the calculation of the
binding energy Ebind(Al− X), a supercell with 54 atoms (Fig. 3), a magnesium unit
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Fig. 3 Supercell for
determining the most stable
configuration in Mg–Al-X
(X = Zn, Zr, Gd) alloys. The
substitution position of
aluminum is fixed, and the
third element X is substituted
at Site 1–10. (Color figure
online)
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cell expanded to 3 × 3 × 3, was used. As shown in Fig. 3, the substitution position
of the aluminum atom was fixed, and one of the magnesium atoms of Site1-10 was
substituted with the third element X. Ebind(Al− X) were calculated for each site,
and the site with the largest negative value, or the most energetically stable site, was
defined as the most stable configuration of aluminum and the third element X.

Results and Discussion

The Most Stable Configuration of Solute Atoms

Thebinding energy Ebind(Al− X)was calculated to determine themost stable config-
uration of solute atoms in each Mg alloy. As a result, it was found that Site 5 is the
most energetically stable for Zr and Gd, and Site 4 is the most stable for Zn. Based
on this most stable configuration, multiple alloy models in which solute atoms were
substituted near the slip plane of each slip model were prepared. The value in the
model with the smallest USFE in each alloy model, or the model in which slip is
most likely to occur, is adopted as the result of the USFE in each alloy [13].

Deformability Evaluation Using USFE Ratio

To improve deformability, it is effective to reduce the CRSS difference between basal
slip and prismatic slip and improve the plastic anisotropy. Figure 4 shows the USFE
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Fig. 4 Calculated USFE
ratio for pure Mg, Mg–Al
and Mg–Al-X (X = Zn, Zr,
Gd) alloys. (Color figure
online)
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ratio results, which can relatively evaluate the difference in CRSS between basal
slip and prismatic slip. The USFE ratio of Mg–Al was higher than that of pure Mg,
which confirmed that the addition of Al contributed to the improvement of plastic
anisotropy.WhenZnwas added as the third element, theUSFE ratio remained almost
unchanged, suggesting that the effect of Zn addition on plastic anisotropy was small.
On the other hand, the ternary alloy which contains Zr and Gd as the third element
has a significantly higher USFE ratio than Mg–Al. In particular, Zr has the potential
as the most effective additive element for improving plastic anisotropy.

Factor for Promoting Prismatic Slip

In order to consider the activation factors of the prismatic slip, Fig. 5 shows a diagram
in which the unstable stacking fault energy of the prismatic slip γus(prism) of the
Mg–Al-X alloys are plotted against the atomic radius of the third element X. As the
atomic radius of the third element X increases, γus(prism) decreases almost linearly.
This result suggests that the atomic radius of the third element X is an important
factor in activating prismatic slip in the Mg–Al-X alloys.

Summary

The purpose of this study was to elucidate the third element contributing to the
improvement of plastic anisotropy of Mg–Al alloys using first-principles calcula-
tions. The plastic anisotropy was investigated from the ratio of USFE of basal slip
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Fig. 5 Relationship between
calculated γ_us (prism) of
the Mg–Al–X (X = Zn, Zr,
Gd) alloys and the atomic
radius of the third element X.
(Color figure online)

Atomic radius of third element X, Å

(p
ris

m
), 

J/

0.12

0.14

0.16

0.18

0.2

0.22

1.3 1.4 1.5 1.6 1.7 1.8

Mg-Al-Zn
Mg-Al-Zr
Mg-Al-Gd

and prismatic slip. The result confirmed that the addition of zirconium reduced the
relative difference in USFE between basal slip and prismatic slip, suggesting that
zirconium is an effective additive element for improving plastic anisotropy. It was
also confirmed that the prismatic slip tends to be activated as the atomic radius of
the third element X increases.
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Effect of LPSO Phases on Crack
Propagation in an Extruded
Mg–Dy–Nd–Zn–Zr Alloy Influenced
by Heat Treatment

Petra Maier, Benjamin Clausius, Asta Richter, Benjamin Bittner,
Norbert Hort, and Roman Menze

Abstract The effect of LPSO phases on the crack propagation in different
microstructures modified by heat treatment is investigated. Solution heat treatment
on a hot-extruded Mg–Dy–Nd–Zn–Zr alloy (RESOLOY) is done to change the
initial fine-grained microstructure, consisting of lamellar LPSO structures within
the matrix, into coarser grains of less lamellae but blocky LPSO phases. C-Ring
compression tests were done with the focus on crack initiation and propagation. The
blocky LPSO phases clearly hinder crack growth, either by increasing the energy
to pass through the phases or along its interface. LPSO phases are found to be
responsible for crack initiation: by the interface or the softer Mg-matrix in between
LPSO lamellae. The softer Mg-matrix layer is providing the possibility for slip
band cracking. In the coarser-grained microstructure, the crack propagation is also
influenced by twins. The microstructural features were characterized by micro and
nanohardness, as well as the amount and location of LPSO phases, in dependence on
the heat treatment condition. Blocky LPSO phases show a higher hardness than the
grains with or without lamellar LPSO phases— more specific by nanoindentation.
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Introduction

Considering their pronounced mechanical properties and acceptable corrosion
performance, Mg-rare earth (Mg–RE) alloys have attracted considerable attention
as structural metals [1–3] as well as for biomedical applications [4–6]. As heavy RE
elements of higher solubility, Gd and Dy strengthen Mg by solid solution and Nd,
an element of low solubility, forms stable intermetallic phases at the grain boundary
[7–9]. Research by Yang et al. [10] shows that the binary Mg–Dy alloy exhibits the
best combination of mechanical and corrosion properties at 10 wt.% Dy. Zn is a
common alloying element to improve the mechanical properties and in combination
with RE, it weakens andmodifies the basal texture to obtain excellent properties [11].
Kawamura et al. [12] and Nie et al. [13] reported the long period stacking ordered
(LPSO) phases in Mg–Zn–Y and in Mg–RE–Zn alloys (RE=Y, Gd, Tb, Dy, Ho, Er,
Tm), which provide high strength, moderate ductility, improved fracture toughness,
and good corrosion resistance.

Mg–Dy–Nd and Mg–Dy–Nd–Zn–Zr have been already studied in Refs. [14, 15].
Twins form when the Mg–Dy–Nd alloy is plastically deformed and the crack initi-
ation and growth are mainly influenced by the twin boundaries. Mg–Dy–Nd–Zn–Zr
shows a heterogeneous microstructure of grains fully consisting of lamellar LPSO
structures within the matrix, blocky LPSO phase, and grains of wider lamellar LPSO
structures within the matrix. Solution heat treatment causes grain growth and hard-
ness reduction. The influence of heat treatment on the nanohardness has been studied
on Mg-Gd-Nd, where the precipitates exhibit the highest nanohardness [16].

Experimental

The Mg–Dy–Nd–Zn–Zr alloy (Resoloy) was cast at the Helmholtz-Zentrum in
Geesthacht, Germany, and indirectly hot-extruded in tubes at the Extrusion Research
and Development Center TU Berlin. The detailed process parameter can be found
in Ref. [15]. The outer diameter of the as-extruded tubes was 35 mm, and the wall
thickness was 5 mm. The chemical compositions of Dy and Zn were analyzed by
using X-Ray micro fluorescence M4 Tornado and Nd and Zr by using a spark optical
emission spectroscopy Spectrolab M12 Hybrid. Short annealing was performed at
200 °C for 4 h, acting as a stress relief, and solution heat treatment was done at 500 °C
for 24, 48, and 72 h. C-Ring samples were compressed with 2 mm/min in a testing
machine up to fracture in Ringer solution. The study on Mg–Dy–Nd [14] provides
detailed information on the C-Ring compression test in Ringer and the study in Ref.
[17] presents data from the force–displacement curves, like force and displacement at
crack initiation and its fracture toughness. An optical micrographic investigation was
done to characterize microstructural features, like the location, shape, and amount
of the LPSO phases. Cross-sectional micrographs of the fractured C-Rings were
used to evaluate the influence of the microstructural features like twins and LPSO
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Fig. 1 Optical micrographs of Resoloy in a as-extruded and b solution heat-treated condition at
500 °C for 48 h

phases, either as lamellar matrix structures or as blocky matrix- or grain boundary
phases on the crack propagation (see labeling in Fig. 1b). Microhardness by Vickers
(HV0.01) was used to determine the hardness of the specific features and Nanoin-
dentation measurements were performed using the electrostatic transducer of a UBI
1 Hysitron triboscope with a diamond 90° cube corner tip. Detailed methodology is
described in Refs. [16, 18]. Two different nanoindentation modes were applied: force
controlled single cycles up to amaximum force of 1mN and progressivemulti-cycles
in force control applying 12 consecutive loading–unloading cycles with a load being
increased to 2 mN.

Results and Discussion

The Mg–Dy–Nd–Zn–Zr alloy (Resoloy) consists of 12.63 wt.% Dy, 1.05 wt.% Nd,
0.94 wt.% Zn and 0.075 wt.% Zr. Figure 1 shows representative examples of the fine-
grainedmicrostructure (as-extruded in Fig. 1a) and the coarse-grainedmicrostructure
(solution heat-treated condition at 500 °C for 48 h in Fig. 1b). According to Ref. [15]
the grain size increases during solution heat treatment at 500 °C from below 10 µm
in the as-extruded condition to around 50 µm in the heat-treated condition.

According to the optical micrographic investigation (Fig. 1) the number of LPSO
phases decreases with increasing solution heat treatment time from 24 to 72 h. The
blocky LPSO phases appear mostly irregular polygon-like shaped, globular and rod-
shaped, and they have random orientation. This agrees with studies by Kittner et al.
[19] and Dong et al. [20]. The network-like LPSO phases forming along the grain
boundaries in the as-extruded condition separate during solution heat treatment.
Depending on the “cut” through the blockyLPSOphases, aswell as on the dissolution
stage, they make the long period stacking derivatives of theMg-phase and the Zn/RE
distributions visible, like described in Ref. [21]. The solution heat-treated condition
contains more blocky LPSO phase at the grain boundary than within the grains.
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During the C-Ring compression tests, see macroscopic crack growth in Ref. [17],
the cracks initiate at the tensile side of the C-Ring, run through the neutral zone, and
end in the compression side, which microstructure has meanwhile changed; there
are an increased amount of twinned grains. These twin boundaries hinder the crack
growth by redirecting it and this leads to higher fracture toughness. Because of the
geometrical restriction within the C-Ring compression test (compression to 50%),
the samples did not fail completely and besides the crack flanks, the tip could also
be investigated. The crack flanks exhibit sub-cracks, either being connected with the
main crack or being seen nearby (Fig. 2). The sub-cracks become very pronounced
at solution heat treatment at 500 °C towards longer solution times. According to Ref.
[17], the highest fracture toughness was found in the solution heat-treated condition
at 500 °C for 48 h. The cross-sectional optical micrographs show further, that the
sub-cracks mainly branch off via lamellar matrix LPSO structures (Fig. 2a, b, f),
where the softer Mg-matrix layer has provided the possibility for slip band cracking
[22, 23]. The study in Ref. [22] on Mg–Gd–Y–Zn–Zr shows enriched RE in the
LPSO lamellae and a significant increase in Zn. Chemical analysis of the Mg–Dy–
Nd–Zn–Zr was already reported in Ref. [15] and also shows increased RE and Zn
in the LPSO region, even a higher amount in the matrix containing lamellar LPSO
than that in the blocky LPSO phases.

Sub-cracks either start at grain boundaries, are redirected by grain boundaries or
by blocky LPSO phases, but always follow the orientation of the lamellar matrix
LPSO structure. Figure 2a, b show the crack-path in the as-extruded and heat-treated
condition at 200 °C for 4 h, both revealing afine-grainedmicrostructure,where almost
all the grains consisting of lamellar matrix LPSO structures. The grain boundaries
acting as barriers for crack propagation, because the orientation of the LPSO lamellae
differs in the neighboring grain. Is the disorientation far off a parallel orientation,
in an extreme situation (90°), the crack tips blunt and the crack-path carries on by
initiation a new sub-crack, see Fig. 2b. The interfaces between theMg-matrix and the
blocky LPSO phases seem also to be the path where the crack grows or the nucleation
of new sub-cracks occurs. When there are coarser grains either free of disoriented
lamellar matrix LPSO structures in relation to the propagating crack, or blocky LPSO
phases in the way, the crack runs continuously across the grain towards the opposite
grain boundary (Fig. 2c–f). In this case, the energy depends on the toughness of the
grain itself, mainly influenced by its solid solution strengthening. However, more
often LPSO lamellae, blocky LPSO phases, and twins hinder crack propagation and
are the reason for redirection. Figure 2c (500 °C 24 h) shows crack redirection by
inner grain and grain boundary LPSO phases, where either the crack tips blunt before
propagating any further (also found in Ref. [24]), find their way through the softer
Mg-matrix in between the LPSO lamellae, or propagates via the interface between
the Mg-matrix and the blocky LPSO phases. Figure 3d (500 °C 48 h) shows clearly
that a crack reaching the disorientedmatrix LPSO lamellae, carries on by propagating
within these lamellae. This image also shows interfaces between the Mg-matrix and
the blockyLPSOphases acting as regions of crack propagation,which is in agreement
with studies onMg−Y−Zn [24]. Figure 2e (500 °C 48 h) shows, that a blocky LPSO
phase, which orientation agrees to the crack growth direction, allows the crack to run
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Fig. 2 Cross-sectional opticalmicrographs of the crack-path in a as-extruded,b heat-treated 200 °C
for 4 h, c solution heat-treated 500 °C for 24 h, d, e solution heat-treated 500 °C for 48 h, and
f solution heat-treated 500 °C for 72 h

through it, most likely at enhanced energy due to higher hardness and because of its
different crystallographic structure. Solution heat treatment at 500 °C for 72 h leads
to a reduced fracture toughness [17]. Figure 2f shows a crack-path through a grain
without much interaction. Here, the grains have grown and the amount of blocky
LPSO phases reached a low number. Even there will be an increased solid solution,
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Fig. 3 Nanoindenter AFM image of Resoloy in a as-extruded, b solution heat-treated condition at
500 °C for 48 h, and c solution heat-treated condition at 500 °C for 72 h. (Color figure online)

a certain critical grain size should not be exceeded and blocky LPSO phases seem to
be important for hindering crack growth and providing overall enhanced toughness.

Figure 3 shows AFM images of Resoloy in the as-extruded (Fig. 3a) and solution
heat-treated condition at 500 °C for 48 h (Fig. 3b) and 72 h (Fig. 3c). The lamellar
matrix LPSO structure can be easily seen in Fig. 3a. The network of the blocky LPSO
phases at the grain boundaries is less visible. Figure 3b shows the coarser-grained
microstructure after solution heat treatment at 500 °C for 24 h with some blocky
LPSO phases at the grain boundary. Lamellar matrix LPSO structures cannot be
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seen. Figure 3c (solution heat-treated condition at 500 °C for 72 h) shows a grain
containing matrix LPSO lamellae of a wider distance. The grain is surrounded by
two grain boundary blocky LPSO phases.

Figure 4 shows representative force–displacement curves of Resoloy in the solu-
tion heat-treated condition at 500 °C for 24 h of indents in Mg-matrix and blocky
LPSO phases, as a single cycle at a force of 1 mN and as multi-cycles progressing
the load up to 2 mN. Larger blocky LPSO phases have been indented up to 3 times

Fig. 4 Force–displacement curves of Resoloy in the solution heat-treated condition at 500 °C for
24 h of indents in Mg-matrix and blocky LPSO phases, a at an applied loading force of 1 mN and
b as multi-cycle progressive loading up to 2 mN
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(see three imprints in the blocky phase in Fig. 5a) and its higher hardness compared
to the Mg-matrix can be clearly seen. The preliminary nanohardness measurements
do not offer any statistical discussion yet. However, the nanohardness of the blocky
LPSO phases is 2.6 GPa and of theMg-matrix 1.7 GPa, in general agreement to Refs.
[25, 26]. Detailed investigation will show, how the hardness of the LPSO phases and
matrix will change by the solution heat treatment and more precise evaluations on
the dependence of the hardness on the applied load are in progress.

The Vickers microhardness values also reveal differences between the blocky
LPSOphases and theMg-matrix. In the as-extrudedResoloy, the blockyLPSOphases
have a hardness of 116 HV0.01 and the grains consisting of matrix LPSO lamellae
of 109 HV0.01. The blocky LPSO phases in the solution heat-treated condition at
500 °C for 48 h have a hardness of 128 HV0.01, where the matrix with or without
LPSO lamellae shows hardness values of 95 HV0.01. The difference in hardness

Fig. 5 Nanohardness and microhardness indents in block LPSO phases in Resoloy in a solution
heat-treated condition at 500 °C for 48 h, b as-extruded, and c solution heat-treated condition at
500 °C for 48 h
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between the blocky LPSO phases and the Mg-matrix is smaller when applying the
Vickers microhardness. This can be traced back to the indent size in correlation to the
size of the blocky LPSO phase: nanoindentation offers the possibility for measuring
the blocky LPSO phase without the interference of the interface to the Mg-matrix.
The nanoindents sit within the phase (Fig. 5a); whereas the size of the Vickers
microhardness indent is often of the same size as the LPSO phase or it is even larger.
Results at this early stage show that the diagonal line of the Vickers microhardness
indent (both are labeled with their length values in Fig. 5b, c), where the indent has
less LPSO phase around, is often of longer length than the other diagonal line.

This study helps the understanding of the role of blocky and lamellar LPSOphases
on the crack propagation and with that on the fracture toughness. The LPSO phases
are of a certain high hardness, providing some strength in general, but also serving as
obstructions to crack growth; inner grain blocky LPSO phases are here very effective.
Current research is focusing on the explanation of the high fracture toughness in the
solution heat-treated condition at 500 °C for 48 h, more nanohardness data are to
come.

Conclusions

The effect of blocky and lamellar LPSO phases on the crack propagation in different
microstructures of Mg–Dy–Nd–Zn–Zr alloy (RESOLOY) has been investigated; in
fine-grainedmicrostructure, consisting of lamellar LPSO structureswithin thematrix
and in coarser grains of less lamellae, but blocky LPSOphases. The amount of blocky
phases decreases with heat treatment time. The amount and location of LPSO phases,
in dependence on the heat treatment condition, were evaluated by opticalmicroscopy.
C-Ring compression tests were done to cause sample failure. Crack initiation and
propagation were explicitly demonstrated. The blocky LPSO phases clearly hinder
crack growth, either by increasing the energy to pass through the phase or along
its interface. LPSO phases are found to be responsible for crack initiation. Either
the interface or the softer Mg-matrix in between LPSO lamellae is the weak region.
The softer Mg-matrix layer provides the possibility for slip band cracking. In the
coarser-grained microstructure, the crack propagation is also influenced by twin
boundaries, especially on the compression side of the C-Ring. The blocky LPSO
phases were characterized by micro- and nanohardness. Blocky LPSO phases show
a higher hardness than the grains with or without lamellar LPSO phases. Due to
the smaller indents size, nanoindentation is here much more specific. Knowing the
size, volume fraction, location, and hardness of the blocky LPSO phases will help to
optimize the fracture toughness and properties in general.
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Improving the Creep Resistance
of Elektron21 by Adding AlN/Al
Nanoparticles Using the High Shear
Dispersion Technique

Hong Yang, Yuanding Huang, Karl Ulrich Kainer, and Hajo Dieringa

Abstract Anovel high shear dispersion technique (HSDT)was used for thefirst time
to effectively distribute AlN/Al nanoparticles (NPs) in Elektron21 (El21) Mg alloys.
Different high shearing speeds were adopted to investigate the optimum shearing
speed for optimum deagglomeration of NPs and enhancing the creep resistance of
AlN/Al NPs reinforced El21 alloy. The results showed that the creep resistance of
El21 + 0.5% AlN/Al nanocomposite increased with the increasing speed of HSDT.
The individual/synergistic roles of AlN and Al were also systematically identified
by comparing the microstructural evolutions and creep properties of El21, El21 +
0.25% Al, El21 + 0.75% AlN, and El21 + 1% AlN/Al. The creep results showed
that the mixture additions of AlN and Al NPs gave a synergistic improvement on the
creep resistance of El21 alloy compared to the single addition of Al or AlN NPs.
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Introduction

Magnesium (Mg) alloys have attracted increasing attention in automobile, aircraft,
and commercial electrical product fields owing to their ideal combinations of low
density, high specific strength, and good castability [1]. However, their creep resis-
tance is relatively poor at elevated temperatures above 125 °C, which severely limits
their wide applications in major powertrain components and automatic transmission
cases, such as engine blocks (200 °C) and engine pistons (300 °C) [2]. Commercially
usedMg alloys, such asMg–Al–Zn (AZ series) andMg–Al–Mn (AM series), usually
offer poor creep performances at service temperatures over 120 °C [3–5], which is
related to the low thermal stability of Mg17Al12 phase in the matrix. Its eutectic
temperature is relatively low (437 °C) and could be readily softened and coarsened
when the service temperature is above 120 °C, thus made it difficult to pin the grain
boundary sliding and inhibit dislocation motions during creep [6]. Therefore, the
critical principle to develop creep-resistant Mg alloys is to introduce thermal stable
phases/particles in the Mg matrix.

Ceramic particles, such as SiC, Al2O3, and AlN, exhibit high hardness, wear
resistance, and high thermal stabilities, which are usually chosen as the reinforce-
ments to fabricate Mg-based metal matrix composites (MMMCs) [7–10]. Moreover,
an obvious advantage of particles-reinforced Mg alloys is that they could keep more
thermally stablewhen subjected to a long-term creep, while precipitates strengthened
Mg alloys often overage with a long period of exposure to elevated temperatures
during creep. However, a severe challenge exists for the fabrication of MMMCs,
especially for the particles with nano-size, they easily agglomerate due to their
large surface area (large van-der-Waals-Forces) and poor wettability [11]. Hence,
an effective way to disperse the nanoparticles (NPs) with less clusters is of impor-
tance to develop the metal matrix nanocomposites (MMNCs). In this paper, a high
shearing dispersion technique (HSDT) was employed to break up the particle clus-
ters, commercial Elektron21 (El21) alloy was chosen as the matrix, AlN/Al NPs
were utilized as the reinforcements. Influence of shearing speed and the roles of
AlN and Al on the microstructures and creep performances were investigated. Their
creep properties and strengthening mechanisms were explored and discussed based
on their microstructural evolutions.

Experimental Procedures

Commercial El21 alloy, which was produced by Magnesium Elektron Ltd of
Manchester, UK, was utilized as the matrix. It has a chemical composition of
Mg−2.85Nd−0.92Gd−0.41Zr−0.29Zn as confirmed by optical emission spec-
troscopy (OES, Spectrolab M9 Kleve, Germany) and X-ray fluorescence (XRF)
analyzer (Bruker AXS S4 Explorer, Germany). A mixture of AlN/Al NPs, which
contain 75 wt.% AlN NPs and 25 wt.% Al NPs, was chosen as the reinforcement
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Table 1 Casting parameters of El21 alloy and its nanocomposites

Materials Matrix Additives Shearing speed
[rpm]

Shearing time
[min]

NH−El21 El21 – 0 –

El21−500 El21 – 500 1

El21 + 0.5% NPs−500 El21 0.5% AlN/Al 500 1

El21−3000 El21 – 3000 1

El21 + 0.5% NPs−3000 El21 0.5% AlN/Al 3000 1

El21 + 0.25% Al El21 0.25% Al 3000 1

El21 + 0.75% AlN El21 0.75% AlN 3000 1

El21 + 1% AlN/Al El21 1% AlN/Al 3000 1

(compositions are in wt.% unless specified). The average size of AlN/Al NPs is
approximatly 80 nm. Nanoparticles were supplied by Tomsk State University, Russia
[12]. Pure AlN NPs with a size range of 60–70 nm were selected as the reinforce-
ments for comparison. In an attempt to reveal the influence of shearing speed on the
creep resistance of AlN/Al reinforced El21 alloy, 0, 500 and 3000 rpm were applied
to incorporate NPs in El21 matrix. El21 with additions of 0.25% Al and 0.75% AlN
were also designed to reveal their individual/synergistic roles on the creep resistance
of El21+ 1% AlN/Al alloy. Their detailed casting parameters and compositions are
listed in Table 1.

El21 alloy and its nanocomposites were fabricated using direct-chill casting. The
equipment for HSDT, which contains a motor driven rotor of 67.5 mm diameter with
four blades impeller, was utilized to stir the additives into El21 alloy at 3000 rpm for
1 min, respectively (Table 1). The detailed illustrations and shearing mechanisms of
HSDT could be found in [13]. After intensive shearing, the molten nanocomposites
with about 3 kgwere poured into a preheated cylindrical mold (450 °C) and delivered
into a three-zone resistance furnace for 5 min holding time at 670 °C. It was then
solidified by water quenching at a descending speed of 100 mm/min. The non-high
sheared El21 (NH−El21) alloy and El21 + 0.5% AlN/Al sheared at 500 rpm were
also fabricated following the similar process as mentioned above.

Creep tests were performed using Applied Test Systems (ATS) lever arm creep
tests in air. Creep stress range was selected in 70–140 MPa at 240 °C. Optical
microscopy (OM, Leica DM2500 M, Germany) was employed to characterize the
grain morphologies. Scanning electron microscopy (SEM, Tescan Vega3, Czech
Republic) equipped with energy dispersive spectroscopy (EDS, IXRF Systems
550i, USA) was adopted to reveal the intermetallic morphologies and identify the
compositions of phases.
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Results and Discussion

Microstructures

Effect of shearing speed: Fig. 1 shows the optical microstructures of El21 and its
nanocomposites sheared at 0, 500, and 3000 rpm using HSDT. NH−El21 exhibits
equiaxed grains with an average grain size of 80.1 ± 5.0 μm (Fig. 1). With the
assistance of HSDT at 500 rpm in El21 alloy, there is barely any difference visible
in the grain size compared to that of NH−El21 (Fig. 1b). When the shearing speed

Fig. 1 Optical microstructures of a NH−El21, b El21−500, c El21 + 0.5% NPs−500,
d El21−3000, and e El21 + 0.5% NPs−3000. (Color figure online)
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increases up to 3000 rpm, the grain size of El21−3000 decreases to 59.4 ± 1.6 μm
(Fig. 1d). This is ascribed to the grain refinement effect of HSDT, which generated
intensive shear stress within the melt prior to solidification and promoted abundant
formation of MgO particles in the matrix. Fan et al. [14] firstly claimed that the grain
size of AZ91D alloy could be significantly refined from 682 μm to 187 μmwith the
application of intensive shearing at 650 °C and 800 rpm for 45 s. They proposed that
intensive shearing is effective in distributingMgO films and oxide skins into discrete
particles with a diameter range of 100–200 nm, which can act as potential nucleation
sites for α−Mg grain refinement. With the addition of 0.5% AlN/Al NPs, the grain
morphologies of El21+ 0.5% NPs−500 and El21+ 0.5% NPs−3000 both changed
to more dendritic with varying degrees of grain coarsening (Fig. 1c, e). This is due
to the poisoning effect of Al in Zr-containing Mg alloys, which interferes with the
grain refinement efficiency of Zr in Mg alloys. It turned out that the grain coarsening
caused by the loss of Zr overwhelmed the grain refinement effect induced by HSDT,
thus giving an increase in the grain size of AlN/Al containing El21 alloy.

Roles of AlN and Al: Figure 2 shows the BSE micrographs of as-cast El21−3000,
El21 + 0.25% Al, El21 + 0.75% AlN/Al, and El21 + 1% AlN/Al. Mg3RE inter-
metallic phase in El21−3000 exhibits typical network morphology with an area frac-
tion of 5.9% (Fig. 2a). By adding 0.25% Al in El21 alloy, the distribution of eutectic

Fig. 2 BSE micrographs of as-cast a El21−3000, b El21 + 0.25% Al, c El21 + 0.75% AlN, and
d El21 + 1% AlN/Al. (Color figure online)
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Mg3RE became denser and dendritic with an area fraction of 12.0% (Fig. 2b). With
the addition of 0.75% AlN NPs in El21 alloy, the intermetallic morphology was also
modified and shows higher volume fraction of 9% compared to that of El21−3000
(Fig. 2c). With the simultaneous additions of 0.25%Al and 0.75%AlN in El21 alloy,
the morphology of the intermetallic phase became much smaller and denser in the
matrix (Fig. 2d). Although its area fraction (10.4%) is less than that in El21+ 0.25%
Al, its distribution is much more dispersive and homogeneous.

According to Back-Scattered Electron (BSE) micrographs and its corresponding
EDS results (Fig. 3a–f), it is found that Mg3RE phase is dominant both in El21 +
0.25% Al and El21 + 0.75% AlN. However, different levels of chemical reactions
between Al and RE elements occurred by the addition of 0.25% Al, 0.75% AlN, and
1%AlN/Al in El21. Some Al2RE particles were found in El21+ 0.25%Al and El21
+ 0.75% AlN, but its amount is quite low and it can only be found in some specific
regions. In El21 + 1% AlN/Al nanocomposite, Mg3RE and Al2RE phases are the
two dominant intermetallic particles in the matrix. Al2RE phase could be observed
throughout the whole matrix, which implies that the formation of Al2RE phase could
be promoted with simultaneous additions of AlN and Al in El21 alloy.

Fig. 3 BSE micrographs at lower and higher magnifications of a–b El21 + 0.25% Al, d–e El21
+ 0.75% AlN, and g–h El21 + 1% AlN/Al and their corresponding EDS results of Al2RE in (c),
(f), and (i). (Color figure online)
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Fig. 4 Creep strain as a function of creep time for NH−El21, El21−500, El21+ 0.5% NPs−500,
El21−3000, and El21 + 0.5% NPs−3000 at 240 °C under creep stress of a 70 MPa, b 80 MPa,
c 100 MPa, and d 140 MPa. (Color figure online)

Creep Properties

Effect of shearing speed: The creep properties of El21 and its nanocomposites under
a stress range of 70–140 MPa at 240 °C are shown in Fig. 4. All examples show an
instantaneous deformation upon applied stresses and exhibit an increase in creep
strain progressively with long exposure time during creep. NP-free El21 alloys, such
as NH−El21, El21−500, and El21−3000, share similar creep trends under the stress
range of 70–140 MPa, indicating that only the application of HSDT does not have a
noticeable influence on the creep resistance of El21 alloy (Fig. 4). Further additions
of 0.5% AlN/Al NPs in El21 alloy lead to a much lower creep strain both in El21
+ 0.5% NPs−500 and El21 + 0.5% NPs−3000 compared to that of NP−free El21
alloy. This reveals that the combined adoption of 0.5%AlN/Al NPs and HSDT could
effectively strengthen the creep properties of El21 alloys. Specifically, El21+ 0.5%
NPs sheared at 3000 rpm shows a much lower creep strain under all the applied
stresses than that sheared at 500 rpm, indicating that 3000 rpm shearing speed of
HSDT is favored to incorporate the AlN/Al NPs reinforced El21 alloy.

The significant increment in the creep resistance of El21 + 0.5% NPs−500 and
El21 + 0.5% NPs−3000 is ascribed to the following two reasons. Firstly, AlN NPs
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were relatively uniformly dispersed in thematrix with the assistance of HSDT, which
cause Orowan strengthening [15] and act as hindrances to inhibit the dislocation
motions during creep. Lastly, by adding AlN NPs in El21 alloy using HSDT, the
morphology of eutectic Mg3RE was also modified from network to more homo-
geneous distributions in the dendritic boundaries and matrix, which could hinder
the dislocations and pin the grain boundary sliding simultaneously. It is found that
higher shearing speed provides a more uniform distribution of eutectic Mg3RE, thus
giving a higher creep resistance in El21+ 0.5%NPs−3000 than that of El21+ 0.5%
NPs−500.

Roles of AlN andAl: Figure 5 shows the creep rate curves as a function of creep time
under a stress range of 80–140MPa. It is found that the creep resistance of El21 alloy
could be improved by either adding 0.25% Al or 0.75% AlN NPs, they both show
lower creep rate than that of El21−3000. This indicates that single addition of Al or
AlN could both contribute to the enhancement of creep resistance in El21 alloy.With
the simultaneous additions of 0.25% Al and 0.75% AlN NPs in El21 alloy, it shows
even higher creep resistance than that of El21 + 0.25% Al and El21 + 0.75% AlN.
The ratio values of ε̇ (El21−3000) /ε̇(El21 + x Al/AlN) reflect the improvement of

Fig. 5 Creep rate as a function of creep times for El21−3000, El21 + 0.25% Al, El21 + 0.75%
AlN, and El21 + 1% AlN/Al under applied stress of a 80 MPa, b 100 MPa, c 120 MPa, and
d 140 MPa. (Color figure online)
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creep resistance quantitatively (Table 2). The increment of creep resistance caused
by 1%AlN/Al overwhelmed the sum that gained by 0.25%Al and 0.75%AlN, which
manifests a synergistic effect on the improvement of creep resistance in El21 alloy.

In order to determine the creep mechanism during deformation, Eq. 1 was
employed to calculate the stress exponent n [16].

ε̇min = Aσ n exp

(
−QC

RT

)
(1)

where ε̇min is the minimum creep rate, A is the constant corresponding to the
frequency factor and Burgers vector, σ is the applied stress, Qc is activation energy
during creep, R is the universal gas constant with a value of 8.314 J/mol K. Stress
exponent n is usually introduced to identify the creep mechanism empirically. Based
on previous literature [7], n= 1 is related to diffusion creep, n= 2 is related to grain
boundary sliding, n= 3 indicates dislocation glide is the main creep mechanism and
n = 4–7 means dislocation climb is the controlling mechanism during creep.

When the temperature is constant in Eq. 1, n value can be calculated by the slope
of lnε̇min against lnσ (Fig. 6a). It is concluded that the n values for all thematerials are
close to 5. Nevertheless, for the materials containing many dispersoids/phases, the
n value does not really reflect the true creep mechanisms [17]. Usually, a relatively
high n value is calculated due to the occurrence of threshold stress (σ thr), which
indicates the interactions between dispersoid barriers and dislocation motions. As
for the materials containing many intermetallic phases and AlN NPs in the present
work, it is necessary to consider the influence of threshold stress in Eq. 1. Li and
Langdon [17] modified Eq. 1 by replacing σ with σthr as shown in Eq. 2.

σeff = σ − σthr (2)

Thus, Eq. 1 was given in Eq. 3.

ε̇min = Aσ
nt
eff exp

(
−QC

RT

)
(3)

It is suggested [17] that the lowest ε̇min is considered as 10–10 s−1, which is a value
of about 1% strain in 3 years in laboratory measurements. Hence, σ thr can be given
by extrapolating the curve of minimum creep rate ε̇ s versus applied stress σ to a
strain rate of 10–10 s−1. Based on Eqs. 2–3, the true stress exponent nt was identified
in Fig. 6b. The values of nt for all materials are in a range of 3–4, which indicates that
the viscous glide of dislocations and/or dislocation climb might be the main creep
mechanism during creep at 240 °C.

The improvement on the creep resistance of El21 alloy induced by 0.25% Al,
0.75% AlN, and 1% AlN/Al NPs is ascribed to the modifications of intermetallic
morphologies and dominant intermetallic phases. The area fractions of intermetallic
phases in El21 + 0.25% Al, El21 + 0.75% AlN, and El21 + 1% AlN/Al were both
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Fig. 6 Double logarithmic plots of a the stress dependence of minimum creep rate and b the
effective stress dependence of minimum creep rate for El21−3000 alloy, El21 + 0.25% Al alloy,
El21 + 0.75% AlN composite, and El21 + 1% AlN/Al composite at 240 °C. (Color figure online)

increased compared to that of El21−3000 alloy. Their appearance has also been
changed from a more network-like to a homogeneously distributed in the matrix,
which has a positive effect on the ability to prevent dislocation movement during
creep. In [9], it was shown that another reason for the improved creep resistance of
El21 + AlN prepared by an ultrasound-assisted casting method is the fact that the
nanoparticles are preferentially located in the eutectic and at the grain boundaries.
This probably can hinder the mechanism of grain boundary sliding, resulting in
higher creep resistance. However, El21 + 0.25% Al shows the highest area fraction
of the intermetallic phase but did not have the highest creep resistance among all the
materials. This is highly related to the thermal stability of the intermetallic phase in
the matrix. Mg3RE is the main phase in El21+ 0.25% Al, while Mg3RE and Al2RE
are two dominant phases in El21 + 1% AlN/Al. In general, it can be assumed that
the thermal stability of intermetallic phases that are metallic bonded is proportional
to their melting points [18]. It is reported that the Al2RE phase (1200 °C) has a
higher melting point than the Mg3RE phase (780 °C), demonstrating higher thermal
stability thanMg3RE phase in themagnesiummatrix. AlNNPs also have an excellent
thermal stability with an even higher melting point of 2800 °C [19]. Therefore, El21
+ 1% AlN/Al, which contains AlN NPs and larger amount of Al2RE phase, was
more effective to transfer the load from the matrix and impede the dislocations than
El21 + 0.25% Al at elevated temperature during creep.

Conclusions

AlN/Al NPs reinforced El21 nanocomposites were successfully fabricated using
HSDT. The optimum shearing speed and the roles of Al and AlN NPs on the creep
resistance of El21 alloy were systematically investigated based on microstructures
and creep properties. The main conclusions are as follows:
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(1) The creep resistance of El21+ 0.5%AlN/Al nanocomposite increasedwith the
increasing speed of HSDT. El21+ 0.5% AlN/Al sheared at 3000 rpm showed
more than one order of magnitude lower minimum creep rate than NP-free
El21alloy, which was ascribed to the more homogeneous distribution of NPs
and eutectic phase in the matrix.

(2) The additions of 0.25%Al and 0.75%AlN+ 1%AlN/Al could both contribute
to the improvement of creep resistance in El21 alloy. The simultaneous addition
of AlN and Al exhibits the best strengthening effect among all the materials.

(3) The synergistic effect caused by 1%AlN/Alwas attributed to the increased area
fraction of intermetallic phase and higher thermal stable AlN NPs and Al2RE
phase in the matrix, which were more effective to transfer the load from the
matrix and impede dislocation movements during creep.
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Investigation of Microstructural Factors
Affecting the Plane-Strain Fracture
Toughness of Mg–Zn–Y–Al Alloys
Processed by Consolidation of Rapidly
Solidified Ribbons

Soya Nishimoto, Michiaki Yamasaki, Shin-ichi Inoue,
and Yoshihito Kawamura

Abstract High strength nanocrystalline bulk Mg96.75Zn0.85Y2.05Al0.35 (at%) alloys
featuring increased fracture toughnesswere fabricated by the consolidation of rapidly
solidified (RS) ribbons. The RS ribbons prepared by single-roller melt-spinning at a
cooling rate of ~1.4 × 105 Ks−1 were pressed into a copper billet and then consoli-
dated by hot-extrusion. The microstructure of the alloys consists of α-Mg and long-
period stacking ordered (LPSO) phases. The two-phase microstructure evolution
in the alloys is influenced by conditions of pre-consolidation/extrusion heat treat-
ment. In the alloys without pre-extrusion heat treatment, plate-shaped LPSO phase
precipitates in grain interior. On the other hand, in the alloys with pre-extrusion heat
treatment, block-shaped LPSO phase forms around grain boundaries. Formation of
the block-shaped LPSO phase induces crack deflection and meandering, resulting in
improvement of fracture toughness. The alloy subjected to pre-extrusion heat treat-
ment at ~738 K for 24 h exhibited a good balance of plane-strain fracture toughness
(K Ic = ~15 MPam1/2) and tensile yield strength (σ0.2 = ~400 MPa).
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Introduction

To solve environmental problems such as global warming and resource depletion,
improvement of fuel efficiency of transportation vehicles by weight reduction is
expected. Mg alloys have a great potential as structural materials because of their
lightest weight among all metallic structural materials [1]. However, the use of
commercially availableMg alloys has been limited due to their low strength and poor
ductility. Under these situations, wrought Mg–Zn–Y alloys have attracted attention
since they exhibit high strength and superplasticity [2]. It is well known that the
Mg97Zn1Y2 alloy consists of α-Mg matrix and long-period stacking ordered (LPSO)
phases [3]. The LPSO phase plays an important role for alloy-strengthening in the
wrought alloys because of its short-fiber reinforcement. Application of rapid solidi-
fication processing to the LPSO-typed Mg alloys brings about grain refinement and
improving electrochemical homogeneity, resulting in enhancement of tensile yield
strength and corrosion resistance [2, 4–6]. Although there are various rapid solidi-
fication methods, we have adopted the rapidly solidified (RS) ribbon-consolidation
processing to fabricate the nanocrystalline bulk Mg alloys. Recently, RS ribbon-
consolidatedMg–Zn–Y–Al alloys have been expected to be used in aerospace indus-
tries, especially in structural applications, due to their high specific strength, high
corrosion resistance, and incombustibility.Meanwhile, newproblems to be overcome
such as insufficient fracture toughness and poor ductility at room temperature have
arisen. Our previous studies indicated that heat treatment before the consolidation of
RS ribbons was effective in improving fracture toughness and ductility. Therefore,
in this study, optimization of the pre-extrusion heat treatment was conducted for
the RS ribbon-consolidated Mg-Zn-Y-Al alloys. Particular attention has been paid
to the influence of microstructure evolution on mechanical properties and fracture
toughness.

Experimental Procedure

Master alloy ingot ofMg96.75Zn0.85Y2.05Al0.35 (at.%)was prepared by high frequency
induction heating in an argon atmosphere. RS ribbons were prepared by single-roller
melt-spinning at a roll-circumferential velocity of ~42 m·s−1. The cooling rate of the
RS ribbon was estimated as 1.4 × 105 Ks−1. RS ribbons were pressed into a copper
billet and degassed for 15 min at 523 K. Before extrusion, billets were heat-treated
at 738 K for 10, 24, and 48 h. Then, the non-heat-treated billet and the heat-treated
billets were extruded with an extrusion ratio of 10, at 623 K, and an extrusion ram
speed of 2.5 mms−1. The detail of the RS ribbon-consolidated process was described
in previous reports [4–6].

Mechanical properties were evaluated by tensile tests and fracture toughness tests.
Tensile tests were carried out using an Instron testing machine (Instron Model 5584)
at room temperature with an initial strain rate of 5 × 10–4 s−1. The gauge section of
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tensile specimens was 2.5 mm and 15 mm in diameter and length, respectively. The
tensile axis was held parallel to the direction of extrusion. The 0.2% proof strength
was employed as yield strength. Fracture toughness tests in mode I were performed
according to ASTM-E399 [7] using a servo-hydraulic mechanical testing machine
(Shimadzu EHF-EM). Compact tension (CT) specimen (thickness: B = 4.2 mm,
wide: W = 8.4 mm) was adopted in the fracture toughness test. The V-notch was
normal to the extrusion direction. Before the plane-strain fracture toughness test,
the fatigue cracking tests were carried out under load control using maximum stress
intensity of 2.3–3.2 MPam1/2 at a frequency of 10 Hz with a load ratio R = 0.1
in order to insert a fatigue pre-crack in the specimens. At this time, the pre-crack
length, a, has to be satisfied 0.45 � a/W � 0.55. By using pre-cracked specimens,
the plane-strain fracture toughness test was carried out at a constant displacement
rate of 12 μms−1 at room temperature. The average value of stress intensity factor
KQ was determined with the relationship given as follows:

KQ = PQ
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The value of PQ is determined from the curve between the P and CMOD by
drawing a secant line with a slope which is 5% less than the slope of the linear part
of the curve. For a valid plane-strain facture toughness K Ic, the value of KQ has to
satisfy all validity requirements according to the ASTM E399-12 standard given as

Pmax ≤ 1.10PQ (3)

W − a ≥ 2.5

(
KQ

σys

)2

(4)

where Pmax is the maximum load and σys is the yield strength of the specimen.
The microstructure and the fracture surface of the alloys was investigated by

scanning electron microscopy (SEM; JEOL JSM-4601F), and transmission electron
microscopy (TEM; JEOL JEM-2100F). TEM samples were prepared by ion milling
(GATAN PIPS M-691).
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Results and Discussion

Figure 1 shows changes in the plane-strain fracture toughness and the tensile yield
strength of the RS ribbon-consolidated Mg96.75Zn0.85Y2.05Al0.35 alloys as functions
of pre-extrusion heat treatment time at 738 K. All specimens satisfied the Eqs. (3)
and (4). Thus, KQ values are regarded as plane-strain fracture toughness values,
K Ic. The relationship between the K Ic value and logarithmic heat treatment time
is sigmoidal for the RS ribbon-consolidated Mg96.75Zn0.85Y2.05Al0.35 alloy, their K Ic

values increased from~9.5MPam1/2·s−1 up to ~15.5MPam1/2·s−1. The yield strength
decreased from ~500MPa to less than 400MPa with an increase in the pre-extrusion
heat treatment time. From those results, it appears that the specimen heat-treated for
24 h has a good balance of fracture toughness and yield strength among four spec-
imens examined in this study. Hereafter, we compare the non-heat-treated (denoted
Non-HT) specimen with the heat-treated specimen for 24 h (HT-24 h).

Figure 2 shows SEM images of the Non-HT and HT-24 h specimens. Dark and
bright regions correspond to the α-Mg and the LPSO phases, respectively. The LPSO

Fig. 1 Change in the plane-strain fracture toughness and tensile yield strength of the RS ribbon-
consolidated Mg96.75Zn0.85Y2.05Al0.35 alloys as a function of pre-extrusion heat-treatment time
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(a) (b)

Fig. 2 SEM images of a the Non-HT specimen and b the HT-24h specimen

phase in the Non-HT specimen seems to disperse finely and homogeneously. On the
other hand, the LPSO phase in the HT-24 h specimen coarsely disperses.

Figure 3 showsHAADF-STEM images of theNon-HT andHT-24 h specimens. In
the Non-HT specimen, profuse bright lines corresponding to the plate-shaped LPSO
phase were observed. Selected area electron diffraction (SAED) patterns exhibited
diffraction spots of α-Mg with a strong streak along c*-axis. These streaks indicate
the formation of solute-segregated stacking-faults in the basal plane of α-Mg matrix.
In the HT-24 h specimens, the bright lines in the α-Mg matrix grains disappeared.
Instead, block-shaped LPSO phases were formed around the grain boundary.

Figure 4 shows SEM images in macroscopic view and cross-sectional view of
fracture-tested samples of the Non-HT and HT-24 h specimens. The Non-HT spec-
imen showed a flat fracture surface. On the other hand, the HT-24 h specimen showed
a relatively rough fracture surface. This indicates that crack deflection or meandering
frequently occurred when fracture toughness tests in mode I were conducted for
the HT-24 h specimen. Furthermore, some secondary cracks (indicated by arrow in

(a)

Plate-shaped
LPSO phase

200 nm

(c) Block-shaped
LPSO phase

200 nm

(b) (d)

◀ 0002 ◀ 0002
00018

◀ 1010

EB//[112 211[//BE]0 0]

Fig. 3 HAADF-STEM images and SAED patterns of a, b the Non-HT specimen and c, d the
HT-24h specimen
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Fig. 4 Macroscopic and cross-sectional SEM images of fracture toughness test samples: a, b the
Non-HT, and c, d the HT-24h specimens

Fig. 4d)were also observed. It is known that those fracture behaviors improve fracture
toughness of materials as extrinsic toughening [8]. The difference between fracture
behaviors of the Non-HT and HT-24 h specimens may be due to differences in the
morphology of the LPSO phase. The Non-HT alloy consists of α-Mg fine grains
containing solute-segregated stacking fault and plate-shaped LPSO phase. The crack
tends to propagate along grain boundaries. The plate-shaped precipitates of LPSO
phase in the α-Mg grains do not seem to hinder the crack propagation. Whereas
the HT-24 h alloy possesses the block-shaped LPSO phase around grain boundaries.
These huge block-shaped LPSO grains induced crack deflection and meandering,
resulting in improved fracture toughness.

Conclusions

(1) The plane-strain fracture toughness of the RS ribbon-consolidated
Mg96.75Zn0.85Y2.05Al0.35 alloys falls in the range from 9.1 MPam1/2 to
15.7 MPam1/2. The alloy heat-treated at 738 K for 24 h showed a good balance
of fracture toughness (K Ic = ~15 MPam1/2) and yield strength (~400 MPa).

(2) Pre-extrusion heat treatment condition affects the morphology of LPSO phase
in the RS ribbon-consolidated Mg–Zn–Y–Al alloys. In the alloys without heat
treatment, plate-shaped LPSO phase precipitates in the grain interior. On the
other hand, in the heat-treated alloys, block-shaped LPSO phase forms around
the grain boundaries.
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(3) Formation of the block-shaped LPSO phase promotes the crack deflection and
meandering. It probably improves the fracture toughness.
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Contemporary Magnesium Die-Casting
Research and Technology: A Canadian
Viewpoint

J. P. Weiler

Abstract For the last 20 years, Canada has been a world leader in magnesium
die-casting research and development. The breadth of research faculty and facil-
ities, presence of a strong industrial sector, and the participation of government
funded programs and agencies have fueled significant developments. This paper
provides an overview of the developments led by Canadian researchers in the field
of magnesium die-casting in alloy development, property, and microstructural char-
acterization, development of ICME models, joining and corrosion technologies, and
automotive product development with focus on developments funded by large-scale
government funded research programs.

Keywords Die-casting · Research and development · Canada

Introduction

The research and development ecosystem of magnesium die-casting technology in
Canada is considered world leading due to the existence of involved raw metal
suppliers and die-cast manufacturers, an innovative academic sector, engaging
government funded agencies, and a strategic vision to fund Canada’s innovation in
lightweight materials. Canada is home to AllianceMagnesium, a producer of magne-
siummetal located inQuebec, andMeridianLightweight technologies, aworld leader
in magnesium die-cast components for the automotive industry located in South-
western Ontario. The Canada Centre for Mineral and Energy Technology (Canmet)
MATERIALS (CMAT) research laboratory, a branch of Natural Resources Canada
is located in Southwestern Ontario as shown in Fig. 1. CanmetMATERIALS exten-
sive state-of-the-art laboratory equipment includes a medium tonnage cold-chamber
High-Pressure Die-Cast (HPDC) machine for non-ferrous metals research installed
as part of an expansion and relocation (Fig. 1). This facility is dedicated to develop
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Fig. 1 Natural Resources Canada CanmetMATERIALS (CMAT), located in Hamilton, Ontario,
left, and CanmetMATERIALS’ pilot plant HPDC machine, right (Copyright, 2019, Government of
Canada, used with permissions) [1]. (Color figure online)

and deploy technologies for improved materials fabrication and production with a
focus on automotive materials.

Finally, the Natural Sciences and Engineering Research Council of Canada
(NSERC) and Innovation, Science and Economic Development Canada (ISED)
support discovery research, and foster innovation to enhance Canada’s innovation
performance through various funding programs.

With these resources and Canada’s strong academic sector in materials and manu-
facturing, Canadian researchers have demonstrated a strong insight and expertise in
magnesium die-casting technology. In fact, Canada has published the second most
publications in Scopus-indexed journals onmagnesiumdie-casting permillion capita
in the last 20 years in the world, as shown in Fig. 2 [2]. Only Australia has a published
a greater ratio of investigations on magnesium die-casting. We find then, that this

5

4

3

2

1

0
Australia Canada

Pu
bl

ic
at

 io
ns

 p
er

 M
ill

io
n 

Ca
pi

ta

Germany South
Korea

Japen ChinaUnited
Kindom

United
States

4.5

3.5

2.5

1.5

0.5

Fig. 2 Publications per million capita identified in Scopus-indexed journals since 2000 [2]. (Color
figure online)
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is a good opportunity to summarize and highlight the contributions that Canadian
researchers havemade to thedevelopment ofmagnesiumdie-casting technology.This
paper strives to provide a thorough summary of Canadian-led research and devel-
opment in magnesium die-casting technology. The structure of this paper is divided
into different topics, including alloy development, property, or microstructural char-
acterization of magnesium die-castings, Integrated Computational Materials Engi-
neering (ICME)developments andmodeling, joining andcorrosion technology, novel
products developed for the automotive industry, and large-scale research programs.

Alloy Development

The most prevalent magnesium die-casting alloys used in automotive applications
include AZ91D [3] primarily used in powertrain application, and AM50A/AM60B
[3] primarily used in automotive applications possessing increased ductility and
toughness qualities, typically used for structural applications. These alloys contain
primarily aluminum, zinc, and manganese as alloying elements. However, due to
the advancement of engine technologies in the 1970s, resulting in increased engine
temperatures, there was a need for magnesium alloys with higher operating temper-
ature exposure limits. Several different research groups worldwide explored various
alloying elements to improve the high-temperature creep properties of die-cast
magnesium alloys, while not decreasing castability, and maintaining room tempera-
turemechanical properties. These alloying elements included rare earths and alkaline
earth elements, among others. Some of these alloy formulations have successfully
been utilized in automotive applications [4]. Noranda, a Quebec-based magnesium
producer, began developing a magnesium die-casting alloy for high-temperature
automotive applications based on alloying with Aluminum and Strontium [5–13].
This Mg–Al–Sr system takes advantage of the addition of strontium to the typical
magnesium–aluminum alloy system to form Al-Sr intermetallic particles resulting
in an improved thermal stability at temperatures greater than 125 °C [5]. Noranda
completed extensive work documented by numerous publications describing the
benefits of the alloy system for high-temperature powertrain automotive applica-
tions [5–13]. Noranda characterized the creep performance [5–12] high-temperature
mechanical properties [5, 6], thermophysical properties [7, 8], castability evaluations
[5, 7, 9–11], alloy composition stability through thermal cycling [12], melt protection
studies [13], and recyclability evaluations in a fluxless system of the alloy system
[12]. The work of Noranda resulted in the promotion of two of these compositions
for high-temperature automotive applications—AJ52X and AJ62X. Figure 3 shows
the microstructure of several of these AJ-series formulations.

The AJ52X composition is promoted to possess excellent creep and bolt-load
retention properties up to 175 °C [5, 6, 10], a thermal conductivity that is the
greatest of any magnesium die-casting alloy [7, 8], chemical consistency through
a fluxless recycling process [6], and good castability characteristics, although, with a
limited process window [6, 7, 9] utilizing increased metal and die temperatures and
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Fig. 3 SEM micrographs of Mg–Al-Sr alloy series in the as-cast condition: a AJ51x, b AJ52x,
c AJ62x, and d AJ62L (Copyright TMS, 2003, used with permission) [5]

short fill times [6]. The AJ62X version was promoted as having generally similar
high-temperature properties [5, 9, 10], an improved castability due to the increased
aluminum content that widens the freezing range [5, 9, 10], and good corrosion resis-
tance [5, 10]. Noranda suggests that theAJ62X alloy formulation is recommended for
transmission cases and engine block components that are exposed to higher stresses
at elevated temperatures [9]. The AJ62X alloy formulation was successfully imple-
mented in a BMW aluminum–magnesium composite crankcase housing found on 3-
and 6-series vehicles from 2004–2015, as shown in Fig. 4 [11].

Characterization of Magnesium Die-Castings

The understanding of magnesium die-casting material has been an important field
of research as automotive use of magnesium die-cast components has progressed
into structural applications over the last 20 years. The microstructure, mechanical
properties, corrosion properties, strain-rate properties, and solidification character-
istics among others are important to improve the knowledge of magnesium die-
casting. Canadian researchers have contributed significantly to the understanding of
magnesium die-casting over the last 20 years through extensive studies focusing on
the characterization of the microstructure and mechanical properties of thin-walled
automotive die-cast magnesium through several different research groups [15–37].
These works primarily focus on the AM50 and AM60magnesium alloys. From these
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Fig. 4 The AJ62X BMW aluminum–magnesium composite crankcase housing [14]. (Color figure
online)

researchworks, themicrostructure of die-castmagnesium is describedwith a bimodal
grain distribution [15], where a region of fine-grained grains is found close to the
die surface [16], and a region of relatively coarse grains is found in the center of the
cross section [17]. Themicrostructure of die-cast magnesium is further described as a
primary magnesiummatrix with relatively high aluminum concentration, containing
both Mg–Al particles and Al–Mn inclusions [15, 17, 18]. This microstructure has a
random texture [15] with a mean grain size in the range of tens of microns [18]. The
skin region found close to the die surface resulting from faster solidification times
is relatively free from porosity, and its thickness is dependent upon the local solidi-
fication conditions [16]. The core region found in the center of the casting consists
of increased amounts of porosity [17], an increased amount of dendritic structures,
and decreased hardness values [19]. Figure 5 shows microstructures of the skin and
core region demonstrating these characteristics [20].

Fig. 5 Typical skin, left, and core, right, microstructures found in magnesium alloy die-castings
[20]
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Fig. 6 Internal porosity detected by computed tomography of samples excised from regions of
different solidification condition in a large magnesium die-cast component, left, and variation
of areal fraction of porosity along length of coupon #4 from computed tomography data, right
(Copyright Elsevier, 2005, used with permission) [25]

The properties of die-cast magnesium alloys have been found to depend upon
the local microstructure [16, 17, 21–26] or casting conditions [27]. The size and
location of internal porosity have demonstrated a significant effect on the tensile
[17, 23–25, 28] and fatigue properties of die-cast magnesium [22]. In three separate
studies completed on tensile samples with different solidification conditions, the
internal porosity was characterized using x-ray tomography, as shown in Fig. 6, the
evolution of porosity was described [28, 29], and the size of internal porosity was
found to correlate analytically with the tensile elongations, and empirically with the
fracture location in the gauge length [25, 28].

A smaller grain size in magnesium alloy die-castings results in improved creep
resistance [19], a greater strain-hardening rate [24], greater tensile yield strengths
[26], and improved corrosion rates compared with the core region [30]. The skin
region, formed at the die walls during solidification from a rapid cooling rate forming
a fine-grained microstructure, is primarily responsible for the shape of the tensile
stress–strain flow curve [21] following a power-law hardening rule [15] and corre-
lates with 4-point bending [23] and tensile flow strength [16] experimental results
from different locations in a large thin-walled die-cast component. The tensile yield
strength of die-cast magnesium can be accurately predicted using a modified Hall–
Petch relationship developed through spherical microindentation considering both
the skin and core regions [26].At higher strain rates, the tensile yield strength [15] and
compressive strength [31]were found to increase,while decreases in strain-hardening
rate [15] were observed.

Several Canadian researchers have performed casting, solidification, and heat
transfer studies on magnesium die-casting alloys through either die-casting experi-
ments [27, 32, 33], simulated solidification studies [34, 35], or instrumented custom-
designed equipment [36, 37]. Detailed analyses of different cooling rates of magne-
sium die-casting alloys have found that an increase in the cooling rate results in a
larger quantity of intermetallic phases [32, 34] that also is affected by solute content
[32]. The data created with these studies was also used to model the evolution of
phase formation during solidification [34], and the latent heat of solidification [35].
These studies have also found that there is a strong influence of metal cleanliness on
tensile elongation of die-cast magnesium [27]. Oxide contents less than 1000 ppm
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were found to result in very little effect on AM60B tensile properties. Researchers
investigating the influence of calcium content between 0.2% and 0.8% in AM50
found that an increasing amount of calcium resulting in reduced visual appearance,
affected the operation of the die-cast cell, resulted in more dross, and decreased
mechanical properties [33]. Finally, in a set of studies completed to determine the
heat flow capability of different cooling devices, it was found that copper rods are
capable of transferring heat with a rate of 435.5 BTU/hr [36], while isobars were
found to result in 14% improved cooling capability when compared with copper rods
[37], demonstrating their effectiveness.

Development of ICME Framework for Magnesium
Die-Castings

The development of Integrated Computational Materials Engineering (ICME) tools
for magnesium die-cast components is a very important research field with the
advancement of automotive applications into more structural components, such as
instrument panels and liftgate inners, among others. The designer of a magnesium
die-cast component requires confidence that the material properties being repre-
sented by a material card in FE (finite element) simulations of the performance
provide both an accurate and robust representation of the material in order to opti-
mize the design. Further, new applications formagnesiumdie-castingwill necessitate
alloy compositions designedwith specific properties tomeet the requirements. Cana-
dian researchers have contributed significantly to developing tools to optimize the
alloy design process through thermodynamic databases [38], computationally devel-
oping predictive behavior of the solidification process of magnesium die-castings
[39–41], developing models predicting process-structure-property relationships of
magnesiumdie-cast alloys [29, 42–48], and applying process-structure-property rela-
tionships into material codes to predict the structural behavior of magnesium die-
cast components [49–51]. Thermodynamic software and database packages, such as
FactSage™, are routinely used to model phase diagrams and phase equilibria in alloy
systems to predict freezing ranges and phase formations for magnesium die-cast
alloys, among other data [38]. Canadian researchers have developed an optimization
algorithm that searches these databases for the optimal conditions of multicom-
ponent alloy systems to meet given criteria. The example of optimizing corrosion
resistance of an existing magnesium alloy while maintaining existing properties is
given, resulting in a complex composition [38]. Several Canadian researchers have
developed computational and empirical models that predict the complicated solidi-
fication process during high-pressure die-casting of magnesium alloys considering
directional solidification and precipitation of hydrogen gas over the entire solidifica-
tion range [39], and the governing equations for fluid, solid, and mushy regions [40]
both to predict shrinkage porosity, and the simulated local volumetric flow rate over
the filling process to predict poor metal front conditions [41]. Figure 7 shows the
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Fig. 7 Castings produced, left, and measured versus predicted volumetric porosity for three
different alloys as part of the development of a computational model to predict porosity in
magnesium die-castings. (Color figure online) (Copyright TMS, 2008, used with permission) [39]

castings produced and predicted and measured levels of volumetric porosity from
a Canadian research group’s work in developing a computational model to predict
porosity [39].

Further, other groups have developed empirical relationships to predict the average
local grain size for cooling rates typical of both sand- and die-cast processes [44],
and the skin thickness in magnesium die-castings using heat transfer equations
and predictive equations of the local grain size from cooling rates [42]. The local
yield strength of magnesium die-castings has been predicted using a modified Hall–
Petch relationship originally developed using sphericalmicroindentation cyclic load–
unload experiments on samples of varying average grain size [26]. This method,
which utilizes the average grain sizes and relative thicknesses of the skin and core
regions, was originally developed for the AM60B alloy and has shown validity for
yield strengths of tensile coupons excised from an alternative AM60B cast compo-
nent [42], from AZ91D, AE44, and AM60 gravity castings, and AZ91D and AE44
die-cast test plates [43–45]. The prediction of local tensile properties in a large
die-cast component—ultimate tensile strength and elongation—has been predicted
using a critical strain model and knowledge of the local porosity conditions [25]. The
framework of the critical strain model was improved with additional investigations
[43, 47, 48] to consider a strain concentration factor and the spatial location of the
porosity in the cross-sectional area within the casting. These improvements simpli-
fied the input required and improved the predictions. The failure model predicts a
maximum condition for porosity found centered in the cross-sectional area, and a
reduced elongation as the porosity is located closer to the cast surface, reaching a
minimum prediction using the thickness of the skin region [44]. This model was
found to accurately predict the range of tensile elongations of coupons excised from
AM60B cast components [42], and extended to AM60, AE44, and AZ91 gravity
castings, and AE44 and AZ91 die-castings [46]. Figure 8 demonstrates the range
of predicted tensile ductility of AM60B magnesium alloy from the location of the
porosity in the cross-sectional area compared with experimental data of the size and
location of porosity and the associated fracture strains [25, 42–44, 47, 48].
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Effect of Casting Imperfections on Fracture Strain Relative Location of Casting Imperfections
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Fig. 8 Predicted range of tensile ductility from an analytical failure model, left, compared with
experimental data considering both size and location of porosity, shown on right. (Color figure
online) (Adapted from [43])

Canadian researchers have developed ICME tools for FE simulations of structural
performance based on either material data obtained from coupon testing [49], reverse
engineering a flow curve with a conservative failure prediction [50], or incorporating
process-structure-property relationships into property predictions [51]. An FE mate-
rial cardwas developed forAM50Adie-castmagnesiumalloy based upon coupon test
results and fit to a Johnson–Cook constitutive model accounting for effects of strain
and strain rate [49]. The validation of thematerial cardwas completed using static and
dynamic testing of steering wheel armature cast components. From this study, it was
determined that the largest error in the prediction of component performancewas due
to the non-homogeneous microstructure in the casting [49]. An alternative approach
was taken by Alain et al. [50] who developed a material card for AM60Bmagnesium
alloy by reverse engineering component performance coupled with a conservative
failure criterion based on empirical data. The results of this work find a statistical
conservative prediction of component performance failure, however, these authors
state that a better understanding of structure–property relationships for large die-cast
components is required [50]. This statistical conservative approach was refined in
work completed more recently [51] where process-structure-property relationships
were integrated into an FE material model to predict the performance of component
bench testing. Figure 9 demonstrates the methodology. Local property variability
and robustness were incorporated into FE performance simulations with the use of

Fig. 9 Methodology presented to predict component performance incorporating process-structure-
property relationships in FE models. (Color figure online) (adapted from [51])
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casting process simulation results to calculate a unique material response for each
FE element based upon its simulated process history. Validation of this approach
shows excellent prediction of force–displacement characteristics and statistically
conservative failure prediction to experimental results [51].

Joining and Corrosion Technologies for Magnesium
Die-Castings

In a study completed by the United State Automotive Materials Partnership
(USAMP), it was reported that joining and corrosion concerns were two of the
major technology challenges to more magnesium usage in North American vehicles
[52]. These are two of the areas of key research and development work by Canadian
researchers for furthering magnesium die-casting implementation in the automo-
tive industry. Canadian researchers have contributed to the research areas of joining
and corrosion by developing a set of guidelines for utilizing self-threading fasteners
with magnesium die-cast components [53, 54], and by developing design consider-
ations and research into corrosion solutions and coatings for corrosion mitigation
for magnesium die-castings [55–58]. A design for assembly using self-threaded
fasteners is presented describing the approach to designing the hole diameter and
tolerances to provide a sufficient torque assembly window for cast holes in die-
cast magnesium components [53, 54]. These works further describe the effects of
hole diameters, draft angles, and lengths of engagement upon the prevailing and
failure torques and failure method of self-threaded fastened joints in magnesium
die-castings. Design guidelines for magnesium die-cast components in automotive
exterior applications are developed by Canadian researchers highlighting the consid-
erations for sub-assembly processes with magnesium die-castings and mitigation
methods for galvanic corrosion [55]. Canadian researchers investigate the severity of
various accelerated cyclic corrosion test procedures to cosmetic and galvanic corro-
sion of die-cast magnesium and compare with in-field underbody exposure [56].
These comparisons find that each lab exposure results in a range of results, however,
amore severe condition for cosmetic and galvanic corrosion than the 5 years of under-
body exposure, providing validation of these exposures for a conservativemagnesium
die-cast product development. Further, Canadian researchers complete detailed elec-
trochemistry investigations into variousmagnesium alloys, including a die-cast alloy,
calculating breakdown, and repassivation potentials [57]. These researchers find that
there is a difference in cyclic potentiodynamic curves between exposures to the skin
and core regions of the die-cast magnesium alloy. Canadian researchers have also
investigated developing low-energy plasma electrolytic coatings for die-cast magne-
sium alloys to reduce voltage and energy costs of these coating processes [58]. One
particular study investigates a novel electrolyte solution and different exposure times
to change the growth behavior of the resulting coating, as shown in Fig. 10 [58].
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Fig. 10 SEM images of the different surface morphologies of PEO coating developed on AM50
for different durations from 1 to 20 min (Copyright 2019 Elsevier, used with permission) [58]

Development of Automotive Applications for Magnesium
Die-Castings

Traditional application of magnesium die-casting in the automotive industry include
transfer cases, brackets, and cross-car beams. However, more recently, new appli-
cations have been developed including roof frames, liftgate inners, door inners, and
engine cradles [59]. Canadian researchers have been instrumental in leading the
development of new automotive applications formagnesiumdie-castings and solving
technical challenges to ensure successful products. These applications include devel-
opments to improve cross-car beams [60–62], front-end carriers [63, 64], and
closure inners [61, 65, 66]. Canadian researchers have developed cross-car beams
for numerous automobile manufacturers in the last 20 years, including General
Motors [59], Mercedes Benz [60], Jaguar Land Rover [62], and Honda [61]. The
performance-led design process [67], typical of these types of structural applications,
resulted in significant weight reductions and part consolidation. These researchers
developed products that, in one case, resulted in a weight reduction of 3.4 kg and a
consolidation of 28 components into a single die-casting compared to an aluminum
design [61]. An excellent example of the potential ofmagnesiumdie-castings in auto-
motive applications is given in Ref. [62], where a platform-wide development for a
cross-car beamwas completed. The automobile manufacturer, in this case, improved
attachment points and inefficiencies in attaching components to the cross-car beam
to reduce mass, enable a dual-cavity die-cast tool, and eliminate all machining oper-
ations in the design [62]. Canadian researchers have also contributed to the develop-
ment of front-end carriers through flexible design strategies for both welding-in and
clip-on assembly methods [63, 64]. These designs have incorporated such features
as headlamp locations and attachments, radiator mountings, and the hood latch [63]
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Fig. 11 Generations of magnesium radiator supports found on F-150 full-sized trucks, MY 2004,
left, MY 2009, center, and MY 2015, right. (Color figure online) (Copyright 2017, IMA, Used with
permissions) [64]

resulting in 8–9 kg of mass savings and a 16 component reduction compared with
steel designs [63, 64]. An excellent example of design strategy evolution is provided
in Ref. [64], where three generations of a magnesium radiator support casting for
Ford F-150 full-sized trucks are summarized, and shown in Fig. 11. The design and
corrosion mitigation evolution is detailed resulting in successive mass savings over
the first generation magnesium design of nearly 60%, and 70%, respectively [64],
while the improved design allowed for dual-cavity die-cast tools for the second and
third generation designs. Canadian researchers have also been instrumental in devel-
oping closure inners for automotive applications, for both side doors [66] and rear
liftgates [61, 65, 66]. These applications presented significant technical develop-
ments that required solutions for structural adhesives, coatings, corrosion, fastening,
sealing, and sub-assembly, among others [65]. The magnesium die-casting liftgate
inners in vehicle production resulted in mass savings of at least 40%, with a part
reduction of at least 4 [61, 65, 66].

Key Canadian Magnesium Die-Casting R&D Programs

With a strong magnesium industry, as well as well-organized funding programs for
automotive research, several different key R&D programs have been undertaken
by Canadian researchers over the past 20 years. Two key programs that have been
completed using federally funded R&D are the Canadian Lightweight Materials
Research Initiative (CLiMRI) and Auto 21 Network of Centres of Excellence [68].
The Auto 21 R&D program was a 15 year Canadian program focusing upon auto-
motive research and developing strong academic–industry connections [69]. Auto
21 was launched in 2001 at the University of Windsor, and coordinated and funded
research programs through 48 academic institutions and academic partners focusing
upon developing an improved Canadian automotive industry [69]. Successfully
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funded projects ranged from materials and manufacturing through social sciences
and humanities, including a project focusing on developing,mapping, and correlation
mechanical properties with microstructure in complex magnesium die-cast compo-
nents [68]. A project funded by Automotive Partnerships Canada (APC) and four
Canadian companies contributed to reducing vehicle weight by up to 40% by using
lightweight materials, including magnesium [70]. This project focused upon multi-
material aspects in the automobile, including dissimilar metal corrosion, joining
technologies, durability, computer modeling, crash modeling, and die-casting. A
key component to this project is the high-pressure die-cast infrastructure devel-
oped at the CanmetMATERIALS laboratory in Hamilton, Ontario [70]. Further,
a collaborative project completed by Meridian Lightweight Technologies, General
Motors, and The Ohio State University focused on developing an integrated die-
casting process for large thin-walled structural magnesium alloy panels [71]. This
project was designed to improve the energy productivity of traditional steel stamping
and joining processes by up to 50% and focused on developing new technologies for
magnesiumdie-cast tooling, super vacuum, newalloy formulations, overcasting tech-
nology, and advanced process simulation tools [71]. Figure 12 shows the resulting
side door assembly featuring the magnesium die-cast inner structure. Finally, in an
international collaborative project between China, Canada, and the US, sponsored
by Natural Resources Canada, magnesium as a major automotive structural material
for a subsystem level material was evaluated [72]. Enabling technologies such as
NVH, crashworthiness, corrosion and surface treatments, and joining and fastening
technologies were researcher with the goal of creating and entire front-end structure
with 50–60% mass savings [72].

Fig. 12 Side door assembly
featuring a die-cast
magnesium inner resulting
from collaborative project
completed by Meridian,
General Motors, and The
Ohio State University. (Color
figure online) (Copyright,
2018, IMA, Used with
permission) [71]
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Conclusions

This paper endeavors to provide a thorough summary of the Canadian-led research
and development of magnesium die-casting technology over the last 20 years. The
work published in technological areas of alloy development, characterization of
magnesium die-castings, ICME development for magnesium die-casting, corrosion
and joining technologies, product development, and large-scale R&D programs was
summarized by demonstrating the significant contribution to the field from Canadian
researchers.
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MAXImolding: Vertical Semi-Solid
Magnesium Alloy Injection Molding
Machine for Mega Volume Production

Edo Meyer and Ashley Stone

Abstract The four semi-solid metal casting processes Thixomolding®,
Thixocasting®, rheocasting, and stress induced melt activation are very complex
and highly maintenance intensive. The cold chamber die-casting and the hot
chamber die-casting did not fulfill end user expectations for quality, energy savings,
and environmental sustainability. We dedicated all our working life to solve two
problems: production of high-integrity net-shape light metal parts, while reducing
porosities in moldings (castings). We are fully committed to improving the current
non-sustainable approach of molding, inspecting, separating, and re-melting. The
Team of MAXImolding invented and patented [1–5] a new vertically oriented,
environmentally friendly Semi-Solid Metal Alloy Injection Molding Machine. The
molding processing parameters are optimized without a human operator by closing
a real-time X-ray feedback control loop based on the parts “quality indicators and
proper AI algorithms” [2, 5]. This is an intrinsically safe, energy and material
efficient, environmentally sound magnesium-molding self-learning smart factory
with no emissions outside of factory parameters limits.

Keywords Thixomolding® ·Maximolding · Semi-solid · Semi-solid metal alloy
injection molding ·Magnesium alloy molding ·Multi-injector metal molding ·
Multi-layer metal molding · High-integrity net-shape light metal parts · Zero
emission

Introduction

The continuous quest for weight reduction has focused our technological develop-
ments onmagnesium alloys as the most promisingmaterial. Magnesium is the eighth
most abundant element in the Earth’s crust and the fourth most common element in
the Earth. Magnesium is the lightest of all structural metals, see Fig. 1. A unique
blend of low density, high specific strength, stiffness, high electrical conductivity,
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Fig. 1 Lightweight of magnesium is 2/3 of that of aluminum and 1/4 of steel. (Color figure online)

high heat dissipation, and absorption of vibration makes the magnesium best suitable
to support daily activities of humans in almost every aspect of our lives and to sustain
a higher quality of life.When combined with easy machining, molding, forming, and
very simple recycling, magnesium can be the material of the future. And, even if you
do not recycle it, it becomes MgO and thus a part of nature. Compared with plastics,
which had huge growth over the last 50 years, magnesium improves on many quali-
ties, without downsides. Magnesium does not adversely affect wildlife and humans
and is readily available.

Semi-solid metal injection molding is a molding process that involves filling a
mold with the metal in a partially molten state in which globules of solid are homo-
geneously dispersed in the liquid. The four currently used semi-solid metal casting
processes, Thixomolding®, Thixocasting®, Rheocasting®, and stress induced melt
activation (SIMA), are complex to start and very highly maintenance intensive. The
processes, cold or hot chamber die-casting or vacuum die-casting, do not fulfill end
user expectations for quality, simplicity, energy savings, safety, economy, and envi-
ronmental responsibility. This is where our MAXImolding process comes in and
further simplifies and improves the Thixomolding® process. We start with mechan-
ically stressed chips or favorably configured chips. The selected chips are fed into a
pre-conditioning unit and pre-heating processor. The chips are heated with a precise
temperature control under Argon in our vertical injection molding machine.

We call this process solid-to-solid molding because we start with solid chips,
produce semi-solid slurry, and endwith solid net-shape parts out of themold. Process
is fully enclosed in MAXImolding machine. We use a very small amount of Argon
to prevent the oxidation of chips.
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Solid-To-Solid: New Magnesium Semi-Solid Metal Injection
Molding Process

Thixomolding® is very similar to plastic injection molding in its machinery, tooling,
and process fundamentals. Designers with experience in plastic injection part design
are typically familiar with designing Thixomolded products. Table 1 gives an
overview of historical semi-solid process steps.

Dr. Frank Czerwinski has been working for decades in the research fields of
“Semi-SolidMetalMetallurgy” and improvements ofMagnesium InjectionMolding
Machines.Hewrote in his book [3] that the generation of thixotropic slurry containing
spherical solid particles in the melt can be done in the thermal mass reactor under
the sole influence of heat. Figure 2 shows the process and the microstructure of the
alloy.

The adopted process does not require screw rotation. It is not necessary to shear
the chips to produce semi-solid slurry that contains spherical solid particles in the
melt. Precise temperature control of chips fed under gravitation from the top to the
bottom of the reactor is only what is required. Elimination of screw for shearing is a
major simplification of the process.

The adopted process does not require screw rotation. It is not necessary to shear
the chips to produce semi-solid slurry that contains spherical solid particles in the
melt. The generation of thixotropic slurry that contains spherical solid particles in
the melt can be done in the thermal mass reactor under the sole influence of heat.

Table 1 Historical semi-solid process steps

Process Feed material Conditions in the
processing barrel

Inventive steps
comparisons

Rheocasting
(Flemings ‘544)
US Pat. No. 3,902,544

Semi-solid metal slurry
produced in separate
slurry producer

Constant
temperature—no
shear

2-step (requires slurry
producing machine)

Thixocasting (Flemings
1976)

Partially remelted SSM
slugs

Constant
temperature—no
shear

2-step (requires SSM
billets or Ingots)

Thixomolding®
(Bradley ‘589)
US Pat. No. 5,040,589

Metal pellets Heating and shear 1-step

Rheomolding Cornell
WO 95/34,393 (Cornell
Research Foundation)

Liquid metal Cooling and shear 1-step

S2S™- MAXImolding
(Stone ‘386)
US Pat. No. 10,046,386

Comminuted chips or
chips already made
with preferred
metallurgical spherical
structure

Fast Heating—No
shear

1-step
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Fig. 2 MAXImolding works in the semi-solid temperature range between 480 and 580 °C for the
AZ91 alloy. The microstructure of the alloy has spherical, non-dendritic features with 50% solids
(Dr. Frank Czerwinski). This avoids the formation of defects. (Color figure online)

Precise temperature control of chips fed under gravitation from the top to the bottom
of the reactor is only what is required.

Vertical Semi-Solid Magnesium Alloy Injection Molding
Machine

The core of the idea starts with the question: How can you build a hybrid machine
that can produce highly integrated parts that are nearly defect-free with little energy
and material very quickly and without environmentally harmful gas emissions? A
machine that combines the advantages of Thixomolding® and hot and cold chamber
high pressure die-casting machines (HPDC) and avoids their disadvantages? The
answer to this is offered by semi-solid (semi-liquid) metal injection molding. A
molding process in which a mold is filled with the metal in a partially molten state.
The advantages of this procedure are as follows:

• lower energy consumption and increased mold life,
• no handling of liquid metal,
• less solidification shrinkage,
• less susceptible to gas inclusions or defects,
• better yield from the raw material,
• and much more.

The MAXImolding machine is the result of an advanced development of the
magnesium injection molding machine. Advancing Thixomolding® technology and
eliminating major disadvantages of Thixomolding®, namely, the extruder with a
screw, resulted in MAXImolding vertical oriented processor—many improvements
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compared to the environmentally un-friendly, high-energy consumption hot and cold
chamber high pressure die-castings (HPDC) machines.

As known, most products made from magnesium today are being made by die-
casting. Magnesium casting was left behind in the technology curve. However new
semi-solid metal injection molding machines offer much improved processing capa-
bility. For example, the new machine does not require a melting pot of overheated
molten magnesium during casting that requires the SF6, SO2, or R134a cover gas
(greenhouse gas pollutant) and does not need the energy to maintain the molten
metal in an overheated molten state. Rather, solid magnesium particulates can be
used. The chips, with preferred structure, are fed into the magnesiummain processor
that (by adding heat) converts the solid magnesium into a semi-solid slush of mate-
rial. This material structure flows like a mixture of water and fine ice and operates
at temperatures often 200 °C below the current Magnesium die-casting processing
temperatures resulting in significant energy advantages. This semi-solid magnesium
alloy is injected into a permanent mold, very similar to plastic molding processing.
Our process is fully enclosed; solid-to-solid part injection molding machines can be
operated in ordinary manufacturing plants.

The simplicity of the process makes it easy to operate in any region of the world
without the need for extensive training. TheMAXImolding vertical orientation saves
floor space and improves material flow. Fully automated part removal is easily inte-
grated by simple robotic devices. Magnesium solidification in the mold releases
captured heat via an innovative heating/cooling process. MAXImolding recycles
this heat by pre-heating the input magnesium chips. The energy savings alone allow
the costs of parts to be competitive in the market compared to any other magnesium
process known today. Carbon credits generated by this technology could be suitably
marketed and sold as carbon shares on the open market to those who need to operate
plants with high CO2 output.

To be able to improve on energy, reduce maintenance and improve on output
quality, we replaced the barrel and screw with a new high thermal mass reactor in
form of a revolver cylinder. We drilled eight smaller processing cavities for AZ91D-
chips entering from the top, four on each left and right side and a larger one in
the middle of cylinder for injection piston. Heaters are placed around the cylinder
and nuzzle from the top to bottom for uniform and precise heating. Lower platen
with mold opens downwards. The removal of parts is simply done by any side entry
device. Replacing the extruder with a high thermal mass reactor led to a precise
temperature control and thus a more efficient and less maintenance intensive process
is accomplished. Figures 3 shows the schematic of the MAXImolding machine.

Processing the Magnesium

Let’s start with the source material and preparation in the MAXImolding machine.
Metal shavings, also called chips, are fed to a hopper with a levitation preprocessor
for cleaning, where the chips are heated up to 200 °C with a precise temperature



104 E. Meyer and A. Stone

Fig. 3 MAXImolding
machine with hopper and
pre-processing unit,
processing chamber, and
mold with heat recovery [1,
5]

control under argon. Oxidation is avoided by flooding with argon. The chips are then
continuously dosed into the vertical injection molding machine and slowly heated
from top to bottom. The heat returned from the mold is used to preheat the starting
material (chips). TheMgchips coming from the preprocessor are preheated to approx.
200 °C. Further heating happens with argon in the thermal reactor in the form of a
revolver. This is done through several heating zones attached to the outsidewall of the
cylinder. The semi-solid slurry is collected in a chamber. This viscous mass is then
precisely injected into themold via two positive valves through a centrally positioned
injection piston at a high pressure of 1.000 bar and high speed up to 12 m/s. The
whole process requires a vertical path of only 1.5 m, which means that the foundry
line is shrinking to 4, 5 m only. This makes the process more manageable.

In the new machine, the stock material (AZ91D chips) or specially formulated
chip alloys are then re-heated to the desired forming temperature and injected into the
mold while in the semi-solid state. The semi-solid metal mixture (slurry) is produced
on demand and injected directly into the mold. The heated magnesium pathways and
nozzle shutoff greatly reduces the total cycle time and improve part quality while
keeping energy consumption low.
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MAXImolding: Less Energy and Material Usage

A recent study done by Neue Materialien Fürth GmbH, Germany [4] compared a
number of currently used processes for energy andmaterial consumption for finished
engine bracket (net weight 430 g, red line). It shows the great advantage of the Thixo-
molding® (injection molding). The reduction of energy consumption is at around
60% and material usage at around 50% in comparison to cold chamber die-casting.
TheMAXImolding machine reduces estimated energy consumption by approx. 30%
compared to a 220t-JSW Thixomolding® machine with hot runner as seen on chart
in Fig. 4.

Advanced applications for the MAXImolding machine should be explored in
future research. Possible advancements could be

• molding parts consisting of different layers,
• the use of different feedstock composition in different areas of the part,
• multi-injector usage for molding parts with large surface areas.

Fig. 4 Representation of the energy input and the shot weight for a 430 g engine support bracket
depending on the process (Dr. Lohmüller, NMF GmbH). (Color figure online)
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Conclusion

This new solid-to-solid process, combined with an X-ray feedback control loop and
applied mathematics (AI, machine learning, big data mining, etc.) as well as the use
of self-contained fully operated modules based on the new HyperComMachinery
[6] concept, can revolutionize the classical die-casting and injection metal molding
industry. The semi-solidmagnesiummetal alloy injectionmoldingmachine is able to
operate and create a fully automatedmolding factory. Itwill ensure the fast production
of good parts and maintain a stable automatic closed-loop process control.

This is an intrinsically safe, energy and material efficient, environmentally sound
magnesium-molding factorywith no emission of gases outside of factory parameters.
All molding machines and X-ray inspection machines, as well as proprietary linear
robotics andmachine vision systems integrated into this semi-solid injectionmolding
process, will ensure the fast production of good parts and maintain stable automatic
closed-loop process controlwherever you are on this planet. The collection of process
data for the sameor similar partsworldwide (planetarymolding)will be accessible via
cloud and everybody can use it to start up and improve their processes of magnesium
molding.

Appendix

Additional material (Table 2).

Table 2 MAXImolded parts have several advantages compared with die-casting and
Thixomolding®

Item Die-Casting Thixomolding® MAXImolding

Hot-Chamber Cold-chamber

Molding temp.
(°C)

630–650 680–700 580–600 480–580

Injection speed
(m/s)

1–4 1–8 1–4 1–12

Injection
pressure
(kgf/cm2)

250–350 400–2.000 500–1.200 500–1.200

(continued)
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Table 2 (continued)

Item Die-Casting Thixomolding® MAXImolding

Hot-Chamber Cold-chamber

Material Ingot direct in
machine at
650 °C

Ingot in melting
pot at 700 °C

Chip direct in
machine

Pre-processor takes
feedstock paletts and
de-contaminates,
degreases, dries and
pre-heats them
uniformly to max.
200 °C and doses
them in the machine

Projected area
at same
clamping force

Large Medium Medium Larger because of
direct gate injection,
no sprue, no runners

Max. machine
size

900t 4.500t 1.600t 5.000t + , limited by
press tonnage only;
multi-injector usage

Air inclusions Small Many Few Few

Surface defect Small Many Few Few

Shrinkage crack Small Few Few Few

Fluidity Good Good Excellent Excellent + +
Surface
roughness

Good Good Excellent Excellent

Flash Few Much Small Few

Shrinkage Small Many Few Few

Mold
shrinkage(%)

0,5–0,55 0,7–0,8 0,38–0,45 0,38–0,45

Dimension
accuracy

Good Poor Excellent Excellent

Warp Small Much Few Few

Mechanical
properties

Good Good Excellent Excellent + +

Corrosion
resistance

Good Poor Good Good

Shot cycle 0.8 0.9 1 (Standard) 0.8

Material cost 0.85 0.9 1 (Standard) 1

Material yield 1 1.2 1 (Standard) 0.8

Die’s life 0.9 0.8 1 (Standard) 1.4

Safe operation Good Poor Excellent Excellent +
Protection gas SF6/SO2 SF6/SO2 Ar Ar

Dross/Sludge Much Much Nothing Nothing
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The Effect of Process Parameters
on the Microstructure of Semi-solid
Slurry of AZ91 Magnesium Alloy
Produced Through Inert Gas Bubbling

S. G. Shabestari and Y. Najafi

Abstract The inert gas bubbling causes local and rapid heat extraction combined
with the convection using a stainless steel porous tube in temperatures above liquidus
of the magnesium alloy. In this investigation, the effect of argon inert gas bubbling on
the microstructure of AZ91 magnesium alloy has been studied. Different parameters
such as the argon gas flow rate of 2, 4L/min; the injection temperature of 610, 620 °C;
and the injection duration of 10, 15, 20 s have been investigated. Thermal analysis has
been carried out in AZ91 alloy to find the liquidus temperature and the solid fraction
at different temperatures during solidification.Microstructural study showed that this
semi-solid process changed the microstructure of AZ91 from dendritic to globular
state. Image analysis has been used to study the microstructural constituents. Among
key parameters studied, the inert gas flow rate had the major effect on the globularity
and the grain size. The results showed that at the optimum condition of the gas
flow rate of 4 L/min, gas purging temperature of 610 °C, gas purging time of 10 s,
the globularity of 0.75, the average α-Mg globule size of 58.4 μm, and the average
number of 168 α-Mg globules per unit area were achieved.

Keywords AZ91 magnesium alloy · Thermal analysis · Gas-induced semi-solid
process · Globular structure

Introduction

Magnesium alloy is the lightest commercial structural metallic material. Magne-
sium alloys have been widely used in automotive, communication, electronics, and
aerospace industries because of their high specific strength and stiffness, good
damping properties, excellent machinability, cast ability, and recyclability [1–3].
However, Mg alloys have poor formability and limited ductility at room temperature
due to their hexagonal closed packed (hcp) structure with limited slip systems. Many
attempts have been made to improve the formability of wrought magnesium alloys.
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Microstructural refinement is a best and effective way for increasing both ductility
and strength of these alloys [3–5].

The solidification characteristics of AZ magnesium alloys in various cooling
conditions were investigated through computer-aided cooling curve thermal anal-
ysis technique (CA-CCTA) [6]. The effects of different alloying elements such as Sr
and Sn additions on solidification parameters, microstructure, and mechanical prop-
erties of AZ magnesium alloys were also studied [7, 8]. These elements can act as
the grain refiner or create different intermetallic compounds to improve mechanical
properties of the alloys.

Flemings et al. [9–11] introduced semi-solid as a new concept in metals during
modeling of hot tear propagation in steel casting in 1972. Since then, a variety
of semi-solid techniques have been developed. Semi-solid processes postpone the
onset of dendrites impingement and lead to produce sound casting parts. To achieve
superior mechanical and physical properties, semi-solid castingmethods were devel-
oped in order to improve the microstructure morphology and formation of a non-
dendritic microstructure of the alloy during the casting and solidification. A number
of processes have been developed to prepare high-quality semi-solid slurry, such as
mechanical stirring, electromagnetic stirring, and ultrasonic vibration [12–15]. Gas-
Induced Semi-Solid (GISS) process is a newly developed technique, in which the
preparation of semi-solid slurry is carried out by applying Ar gas bubbling during the
early stage of solidification. Compared with other processes, GISS seems to be more
convenient, sufficient, and economic [16]. Wannasin et al. [17, 18] proved that GISS
process was capable of preparing fine semi-solid slurry of several Al alloys. They
also found that GISS was well coordinated with die casting, squeeze casting, and
gravity casting processes. Shabestari et al. [19, 20] studied the semi-solid processing
of Al-4.3%Cu (A206) alloy through GISS process in different conditions. They
found that inert gas purging into the melt led to temperature drop of the melt to
its liquidus temperature. In fact, copious nucleation is induced by cooling effect of
inert gas bubbles and leads to the microstructural modification from fully dendritic
to globular structure.

However, there were not many researches done on the semi-solid slurry of Mg
alloys and the influence of the process parameters in GISS. A systematic study
of effects of inert gas bubbling parameters on semi-solid microstructure of Mg
alloy is scarce. In this study, the effect of semi-solid process of AZ91 magnesium
alloy through inert gas bubbling on the solidification parameters and microstructural
features has been investigated.
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Table 1 Chemical composition of AZ91 magnesium alloy

Element Al Zn Mn Mg

Content (wt%) 9.45 0.91 0.14 Bal.

Experimental Procedure

Material

Commercial AZ91 magnesium alloy ingot was used in this research. The chemical
composition of AZ91 magnesium alloy used in this study was determined by an
inductively coupled plasma analyzer (ICP) and the result is presented in Table 1.

Thermal Analysis

Cooling curve thermal analysis was conducted by re-melting and pouring of approx-
imately 200 g of AZ91 magnesium alloy into a thin-wall stainless steel cup at the
temperature of 650 °C. Thermal analysis was implemented in this research as well as
conventionally cast sample via CA-CCTA new technique which was described else-
where [6, 14]. The thermocouple was used, shielded by stainless steel sheath, and
linked to a high-speed data acquisition system connected to a notebook computer.
The analog-to-digital converter ADAM-4018 used in this study has a sensitive 16-
bit microprocessor-controlled sigma-delta A/D converter, which has a response time
of 0.02 s and eight channel analog input modules that provide programmable input
ranges on all channels.

Semi-solid Process

The semi-solid process was performed by purging argon gas through a diffuser into
the molten metal which is called GISS process [21]. The diffuser was prepared from
a stainless steel tube of 200 mm in length with outer diameter of 10 mm and inner
diameter of 9 mm which was closed from one end. A series of small holes (0.3 mm
in diameter) were drilled on the tube near the closed side up to 50 mm in height.

The flow rate of the inert gas, the gas purging temperature, and the duration of
gas purging period were three key process variables which were changed during
this study. Table 2 shows the process parameters and the nomenclature of samples.
The liquidus temperature was 600 °C and the solidus temperature of the alloy was
425 °C. They were determined using cooling curve thermal analysis. The liquidus
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Table 2 The nomenclatures
of the semi-solid samples and
their respective GISS
variables

Nomenclature Gas flow rate
(L min−1)

Starting
temperature
(°C)

Gas purging
period (s)

G-2-610-15 2 610 15

G-2-610-20 2 610 20

G-4-610-10 4 610 10

G-4-610-15 4 610 15

G-4-610-20 4 610 20

G-4-620-10 4 620 10

G-4-620-20 4 620 20

temperature is necessary for choosing the starting temperature of argon gas purging
in the semi-solid process.

Semi-solid processing was carried out on 300 g of the alloy melted in an electrical
resistance furnace. The melt was covered by a protective coverall flux (Magrex
powder), pure argon gas, and treated with different GISS process variables. After
duration of the predetermined gas purging period at a fixed starting temperature as
presented in Table 2, the diffuserwas removed and semi-solid slurrywas immediately
poured into a small stainless steel mold to study themicrostructures of the samples. A
schematic of the process equipment which was used in this research for preparation
of AZ91 semi-solid slurry is illustrated in Fig. 1.

Fig. 1 Schematic of the preparation of AZ91 semi-solid slurry by gas bubbling. (Color figure
online)
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Microstructural Evaluation

GISS samples as well as conventionally cast sample were sectioned and prepared
according to the standardmethods formetallography study.Theywere etchedbyNital
2% (Volume Fraction Nitric Acid Ethanol Solution) after polishing. Microstructural
evaluations were carried out using optical microscope (OM) and Tescan-Vega scan-
ning electron microscope (SEM). To quantify the results, the microstructures of the
samples were analyzed by image J® image analyzer software and the linear intercept
method was used to calculate the shape factor, average grain size, and average grain
number per square millimeter.

Results and Discussion

The cooling curve recorded for AZ91 alloy, its first derivative curve, and the solid
fraction curves are exhibited in Fig. 2. There are two distinct peaks on the first deriva-
tive curve of AZ91 alloy. The first peak at 600 °C and the last one at 425 °C are the
representative of the formation of α-Mg matrix and β-Mg17Al12 phase in the eutectic
reaction, respectively. According to these curves, the solidification of this alloy starts

Fig. 2 Cooling curve, its first derivative curve, and solid fraction for AZ91 alloy. (Color figure
online)
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by nucleation of primary α-Mg at 600 °C. The solidification continues as the melt
cools down in AZ91 alloy. Finally, at 425 °C, the remaining melt solidifies with the
formation of [α-Mg+ β-Mg17Al12] eutectic phases in the spaces among the primary
α-Mg globules. Therefore, the freezing temperature range of AZ91 magnesium alloy
is 175 °C and this alloy is suitable to be treated through semi-solid process, because
AZ91 is a long freezing range alloy and has a mushy zone.

The microstructure of AZ91 ingot (original sample) is shown in Fig. 3. SEM
micrograph and X-ray mapping analysis of original sample are also illustrated in
Fig. 4. As seen, the microstructure of AZ91 alloy consists of primary α-Mg dendrites
and the inter-dendritic eutectic phases of [α-Mg + β-Mg17Al12].

The microstructures of the GISS samples are shown in Fig. 5. As shown in Fig. 5,
when the gas flow rate was 2 L min−1 and the gas purging temperature was 620 °C,
primary α-Mg phase was a mixture of coarse dendrites and non-dendritic parti-
cles. The tips of the dendrites seemed to be partly spheroidized. As the gas flow rate
increased to 4Lmin−1 and the gas purging temperature decreased to 610 °C, dendritic
particles disappeared and the primary α-Mg particles changed to non-dendritic struc-
ture. At the optimum condition, primary α-Mg particles come to a globular state
completely.

It is clear that regardless of the effects ofGISS key parameters, themicrostructures
have completely changed from dendritic to globular as treated through semi-solid
process. In the early stage of solidification, the solid fraction in semi-solid slurry
increases significantly. Gas purging into the melt leads to the formation of a lot of
nuclei around diffuser at the early stage of solidification because of the heat extraction
effect of the inert gas [22]. These nuclei will be distributed everywhere in the melt
and could survive because of the temperature drop to the mushy zone. The agitation
due to gas purging unifies the temperature and the chemical composition of the melt.
As known, unified chemical composition reduces the possibility of constitutional
under cooling (C.U.C) and dendritic growth. On the other hand, the homogeneity of
the temperature encourages a multi-directional growth. The overall results of these

Fig. 3 Microstructure of
AZ91 alloy ingot
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Fig. 4 SEM micrograph and X-ray maps of elemental distribution in AZ91 magnesium alloy.
(Color figure online)

events lead the nuclei to grow spherically. In previous studies, it was suggested that
the fragmentation of dendrites was responsible for the formation of non-dendritic
particles in GISS process [23, 24]. However, it seems that primary α-Mg particles
were more likely to nucleate and grow into spherical particles directly in the melt
during gas bubbling process. As the temperature of Ar gas was always lower than
the melt, effective localized chilling could be achieved near the diffuser during gas
bubbling. Heterogeneous nucleation was likely to occur in the undercooled regions
and the nuclei could distribute uniformly in the melt driven by the gas flow. Also,
due to the presence of continuous gas bubbling, forced stirring was achieved and
homogeneous temperature and concentration field were created in the bulk melt,
which had favorable influence on the non-dendritic growth of primary α-Mg particles
[25].

Figure 6 indicates the shape factor, the particle size, and particle number for
GISS samples. The amounts of grain size and shape factors are determined from
the average of at least 10 micrographs related to each sample. The grain size has
decreased by increasing the flow rate of the inert gas. According to the results, gas
purging duration has a limited effect on the grain size in comparison with the gas
flow rate. By increasing the starting temperature from 610 °C to 620 °C at a constant
gas flow rate and period, the amount of heat extraction from the alloy in the mushy
zone diminishes. In fact, some of the cooling effects of the inert gas compensate
for the melt with higher temperature to achieve the liquidus temperature. Therefore,
increasing the gas purging temperature leads to increase in the grain size. The best
globularity, particle size, and themaximumnumber of particles per unit area occurred
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Fig. 5 Microstructures of AZ91 GISS samples. (Color figure online)

when the alloy was treated at 610 °C with the inert gas flow rate of 4L/min for 10 s or
G-4-610-10. At this optimum condition, the average α-Mg globule size was 58.4μm
and the average number of α-Mg globule per unit area was 168/mm2. This happens
because of the increase of the heat extraction from the melt and the agitation which
result in the homogeneity in temperature and composition of the melt. Therefore,
numerous nucleation [20, 25] and multi-directional grain growth occur and cause
fine globular grain structure.
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Fig. 6 aAverage particle sizes and shape factors,b average particle numberα-Mg ofGISS samples.
(Color figure online)
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Conclusions

In present work, semi-solid slurry of AZ91 magnesium alloy was prepared by
gas bubbling process successfully. The effects of processing parameters on the
microstructure of AZ91 alloy were investigated. The main conclusions are listed
as follows:

(1) The cooling curve of the AZ91 magnesium alloy showed that the freezing
temperature range of the alloy was 175 °C and it was a long freezing range
alloy. Therefore, it was a suitable material to be treated through semi-solid
process.

(2) The liquidus temperature was 600 °C and the starting temperatures of 610 and
620 °C were chosen for argon gas purging in the semi-solid process.

(3) The inert gas flow rate, the gas purging temperature, and the gas purging period
were three key process parameters which changed the grain morphology and
the grain size of the primary α-Mg in AZ91 magnesium alloy. As the gas
flow rate increased to 4 L min−1 and the gas purging temperature decreased to
610 °C, the structure completely changed from dendritic to globular.

(4) Among the GISS key parameters, the inert gas flow rate had the major effect
on the globularity and the grain size. It created the numerous nucleation and
multi-directional grain growth and caused the formation of fine globular grain
structure.

(5) At the optimum condition of the gas flow rate of 4 L min−1, gas purging
temperature of 610 °C, gas purging time of 10 s, the globularity of 0.75, the
average α-Mg globule size of 58.4 μm, and the average number of 168 α-
Mg globules per unit area were achieved in G-4-610-10 sample. The best
mechanical properties and toughness can be predicted at this situation.
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Comparison of Effects of Heat Treatment
on Mechanical Properties
and Microstructural Behavior
of Extruded AZ31 and AM50
Magnesium Alloys

Irem Sapmaz, Enes Kurtulus, Asım Zeybek, and Emrah F. Ozdogru

Abstract Magnesium alloys provide wide application areas due to their low density,
high specific strength, and stiffness. However, the HCP (hexagonal close pack)
crystal lattice structure of the magnesium can limit its formability. Thermome-
chanical processes like extrusion provide refined microstructure, better mechanical
properties, and higher ductility than casting. Heat treatment is an effective way to
enhance mechanical properties using precipitation hardening. In this study, tubular
extruded profiles produced from AZ31 and AM50 magnesium alloys were investi-
gated. Profiles were artificially aged to get T5 condition. Tensile and hardness tests
were carried out with the longitudinal specimens taken out parallel to the extrusion
direction. The heat treatment effect was presented with microstructural investigation
via both optical microscopy and scanning electron microscopy analysis of fracture
surfaces. As a result, the effect of the heat treatment process on the mechanical
properties and microstructural behaviors of AZ31 and AM50 will be revealed.

Keywords Extrusion · AZ31 · AM50 · Heat treatment · Tensile strength · Aging ·
SEM ·Microstructure

Introduction

Magnesium alloys exhibit the attractive combination of low densities and high
strength per weight ratios [1] (comparable or greater than that of precipitation
strengthened Al alloys), along with adequate damping capacity, castability, weld-
ability, and machinability [2, 3]. Magnesium alloy is typically a close-packed hexag-
onal structure. At room temperature, plastic deformation of magnesium alloy usually
acts on a slip system of {0001} [4], and it causes magnesium to have poor forma-
bility. Because of these characteristics, Mg alloys are being increasingly used in
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electronics, automobile, and aerospace industries [5]. Of the various commercial
magnesium alloys, those developed from the Al–Zn ternary system (i.e., the as-
named AZ alloys) have found the largest number of industrial applications [6, 7].
Besides, AM-seriesmagnesium alloys arewidely used due to their adequate strength,
good castability, and corrosion resistance, especially in the automotive industry [8].

Some different studies investigate the microstructure of AM50 and AZ31 magne-
sium alloys under different conditions in the literature. They generally contain texture
effect, strain rate, grain refinement, etc. [9, 10]. So far, systematic information about
the effects of heat treatment is relatively limited for these alloys. Heat treatment
through which the microstructures of magnesium alloys are improved to realize the
strengthening and toughening is an essential method in improving and adjusting the
mechanical properties and forming properties of magnesium alloys [11]. Thus, it is
significant to investigate the effects of different heat treatment ways on improving
the deformation microstructures, refining grains, and raising the mechanical prop-
erties. The heat treatment process for magnesium alloys such as AZ31 up to higher
temperatures results in the nucleation of new grains and a pronounced decrease of
the volume fraction of twins. Namely, at 350 °C and 400 °C, the initially deformed
grains are replaced by new finer ones [12]. The heat treatment process is suitable for
eliminating twin bands in the microstructure.

In this study, the effects of the heat treatment process were investigated on the
microstructural and mechanical properties of the hot-extruded AZ31 and AM50
magnesium alloys. The tensile and hardness tests were performed to define the
mechanical properties of the alloys based on the heat treatment process. The
microstructural investigation was performed with the help of an optical microscope
(OM). The fracture surface of the tensile test specimens was characterized via the
Scanning Electron Microscope (SEM). As a result, changes of both the mechanical
and microstructural properties will be revealed for the extruded AZ31 and AM50
alloy after the heat treatment process.

Experimental Method

AZ31 and AM50 were used for the extrusion process. The chemical composition
of the magnesium ingots is shown in Table 1. The homogenization process was
performed in the annealing furnace, as 15 h at 410 °C for AM50 alloy and 15 h at
375 °C for AZ31 alloy.

Table 1 Chemical composition of AZ31 and AM50 alloy tubes (values in weight percent, wt%)

Alloy Al Zn Mn Si Fe Cu Mg

AM50 4.5–5.3 <0.02 0.28–0.5 <0.05 <0.004 <0.008 Balance

AZ31 2.4–3.5 0.6–1.4 0.2–1.0 <0.1 <0.005 <0.05 Balance
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Heat treatment studies were performed via the Piri Thermnevo furnace. Heat
treatment parameters are shown in Table 2. The heat treatment condition for AM50
alloy was chosen from ASTM B661-03 (Table 2) and for AZ31 alloy from ASTM
Standard (Table 2).

Hollow profiles were air-cooled after the extrusion process. They were subjected
to heat treatment in order to analyze the effect of it on the microstructure, tensile,
and hardness properties. The hollow profile that is to be used as a test specimen is
70 mm in diameter with 3.35 mm thickness, as shown in Fig. 1, respectively. The
extrusion ratio was 36.91.

Tensile test specimensweremachined along the longitudinal direction of the tubes
according to the DIN 50125 standard. The tensile properties of the alloy samples
were evaluated using a universal testing machine (Shimadzu AG—IS 250 kN) at
room temperature according to ISO EN 6892-1. Minimum of four and maximum of
six tests were done for analyzing tensile properties statistically.

Hardness tests were performed according to EN 6506-1 standard using a universal
hardnessmeasurementmachine (DIGIROCK-RBVBrinell,Vickers) at room temper-
ature. The Brinell hardness values (HB) of the samples were measured using
an indenter ball with a diameter of 2.5 mm. The load used was 62.5 kg. Five
measurements were done for each sample.

Table 2 Heat treatment
parameters of magnesium
alloys

Alloy Temperature (°C) Duration (h)

AM50 232 ± 2 5

AZ31 177 ± 2 16

Table 3 The average grain
size of magnesium alloys

Alloy Conditions The average grain size (µm)

AM50 Heat-treated 45

AM50 Non-heat-treated 53

AZ31 Heat-treated 36

AZ31 Non-heat-treated 39

Fig. 1 Section view of
extruded tube
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The metallographic specimens were taken from cross section of the hollow
profiles, and they were ground 180, 800, 1200, and 2000 sandpaper and polished
using 6 µm, diamond pastes. Then, specimens were etched by using 3.5 mL acetic
acid, 3 mL water, and 50 mL picral for 6 s. The grain size analysis was character-
ized on selected specimens using a Nikon LV150NA optical microscope (OM). The
mean linear intercept method was used to measure the average grain size, and anal-
ysis was performed by image analysis software called Clemex. The fracture surfaces
after the tensile tests for the best-the worst tensile test specimens in each parameter
were observed by scanning electronmicroscopy (SEM) (JEOLNeoScope JCM-6000
Plus), and the EDX analysis is performed with the help of the same device.

Results and Discussion

The average grain size of the AZ31 and AM50 alloys based on the heat treatment
process is shown inTable 3.According to the average grain size results of the extruded
AM50 and AZ31 alloys, the heat treatment process decreased the grain size of both
alloys. According to the average grain size values of the alloys, the heat treatment
process caused to decrease around 8 µm remarkably for the AM50 alloy.

Themicrostructural images of extrudedAZ31 alloy are shown inFig. 2.According
to the microstructure of the alloy, the fragmented areas of grain are clearly seen due
to the observation of heterogeneous fragmentation of structure, but it also appears
that areas not deformed as much. In the microstructure of all examined areas, fine
recrystallized grains surrounded by larger grains were observed. The shape and size
of grains were found similar for both heat-treated and non-heat-treated samples. A
large grain can be observed,which can be caused by not full dynamic recrystallization
during the extrusion process [13]. Heat-treated extruded AZ31 magnesium alloy
showed a smaller grain size. Additionally, it was found that a mass of twins has been
generated in the material due to extrusion temperature [14]. After the heat treatment
process, the number of twins decreased in the structure.

The microstructural images of extruded AM50 alloy are shown in Fig. 3.
According to the microstructure of the alloy, the fragmented areas of grain due to
observation of heterogeneous fragmentation of structure are clearly seen, but it also
appears that areas are not deformed as much. In the microstructure of all examined
areas, mostly larger grains were observed, including a higher mass of twins inside. It
is the same for AM50 alloy that the cause of larger grains is not full dynamic recrys-
tallization during the extrusion process [13]. After the heat treatment process, the
average grain size decreased remarkably. According to the microstructural images
after the heat treatment process, it is seen that the smaller grains were surrounded by
larger grains like AZ31 alloy, and the mass of twins decreased in the structure.

The average tensile and hardness properties of the AZ31 and AM50 alloys are
shown in Table 4. According to the hardness test results of the alloys that are shown
in Fig. 4, both AZ31 and AM50 alloys have close hardness properties without heat
treatment process. After the heat treatment, the hardness properties of AZ31 alloy
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Fig. 2 Microstructural images of the extruded AZ31 alloy: a Non-heat-treated, b Heat-treated.
(Color figure online)

improved significantly, but the hardness property of the AM50 alloy did not change
remarkably after the heat treatment process [15].

Comparing the tensile properties of the AZ31 and AM50 alloys based on the heat
treatment is shown in Fig. 5. According to the results, the yield strength of AZ31
and AM50 alloys shows almost the same value when the heat treatment was not
implemented on the extruded profiles. The ultimate tensile strength value of theAZ31
alloy was found around 10 MPa higher than AM50 alloy. When the strain values of
the extruded magnesium alloys are compared, AZ31 alloy shows a better strain value
strikingly. In conclusion, the yield strength and the hardness properties of both AZ31
and AM50 alloy were found quite closer. The extruded AZ31 alloy showed better
ultimate tensile strength and strain properties when compared to extruded AM50
alloy.

According to the results, when the heat treatment applied on the extruded profiles,
both yield strength and ultimate tensile strength values of AZ31 alloy increased
around 20 MPa by the help of the heat treatment process. Additionally, the heat
treatment process did not significantly affect the strain properties of the AZ31 alloy.
When the tensile properties of the heat-treated and non-heat-treated profiles of the
AM50 alloy are compared, it is clearly seen that both the yield strength and tensile
strength values of the AM50 extruded profiles decreased around 20MPa remarkably
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Fig. 3 Microstructural images of the extruded AM50 alloy: a Non-heat-treated, b Heat-treated.
(Color figure online)

Table 4 Average mechanical properties of the magnesium extruded alloys

Alloy Conditions Yield strength
(MPa)

Tensile strength
(MPa)

Strain (%) Hardness (HB)

AM50 Heat-treated 164.903 216.046 7.127 55.32

Non-heat-treated 175.768 234.193 8.144 58.63

AZ31 Heat-treated 193.400 261.462 12.098 73.98

Non-heat-treated 174.480 241.958 12.088 58.90

after the heat treatment [16]. The strain property of the AM50 alloy decreased when
the heat treatmentwas applied. The formation of coarse, secondary phase precipitates
in the grain boundary region may lead to a low elongation in AM50 alloy [17]. In
conclusion, the heat treatment process positively affects both the tensile and hardness
properties of the extruded AZ31 alloy. As it is well known that the mechanical
properties of Mg alloys are strongly related to microstructure formation during the
deformation process, such as rolling and extrusion. Deformation twins generally
form after mechanical processing, and the density of RX grains can be linked to the



Comparison of Effects of Heat Treatment on Mechanical … 129

Fig. 4 Comparison graph of
the hardness properties based
on the heat treatment process

density of deformation twins. Deformation twins generally weaken the mechanical
deformation. Thus, the extruded AM50 alloy indicated lower mechanical properties.

The typical SEMmicrographs of the fracture surface of the extrudedAZ31magne-
sium alloy after the tensile test are shown in Fig. 6. The pictures below show the
fracture process in the final rupture region. According to the images, therewere found
many dimple patterns [18], and the fracture surface showed ductile behavior. The
size of dimples was found different when they compare the heat treatment process.
During the investigation of the fracture surface, lots of inclusion were seen, and
it is well known that the dimple is mainly caused by the existence of inclusions
[19]. For AZ31 alloys, the polygonal-shaped inclusions were seen on the dimples
which are based on the Mn based, as shown in Fig. 7. In conclusion, there was
found no remarkable difference between the fracture surface of heat-treated and
non-heat-treated specimens.

The typical SEM micrographs of the fracture surface of the extruded AM50
magnesium alloy after the tensile test are shown in Fig. 8. In the typical case, the
fracture mode of as-cast AM50 magnesium alloy is quasi-cleavage fracture [16].
The pictures below show the fracture process in the final rupture region. According
to the images, there were found many cleavage steps and cracks on the fracture
morphology, and some dimples were observed on both specimens. The torn and
river-like pattern with raised edges was seen on the fracture surface of the non-heat-
treated specimens. After the heat treatment process, the cleavage plains were seen on
the fracture surface, and the crack initiationswere seenmainly at the grain boundaries
for AM50 alloy. So, twin boundaries that were seen on the microstructural images
of Fig. 4 may also be crack initiation sites [20]. For AM50 alloys, the aciculiform
inclusions were seen in the Mn based as shown in Fig. 9a, and the polygonal-shaped
inclusions were seen in the Mn-Si based as is shown in Fig. 9b. In conclusion, there
was found no remarkable difference between the fracture surface of heat-treated and
non-heat-treated specimens.
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Fig. 5 Comparison graphs
of the tensile properties
based on the heat treatment
process
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Fig. 6 Fracture surfaces of the extruded AZ31 alloy after the tensile test: a Non-heat-treated,
b Heat-treated

Fig. 7 Mn-based inclusion from the fracture surface of the extruded AZ31 alloy after the tensile
test. (Color figure online)
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Fig. 8 Fracture surfaces of the extruded AM50 alloy after the tensile test: a Non-heat-treated,
b Heat-treated

Conclusion

In this investigation, heat treatment effects on the microstructure and mechanical
properties of an extruded AZ31 and AM50 magnesium alloys were reported. The
results suggest that the heat treatment processwas beneficial for improving the tensile
and hardness properties of the profiles. The main findings of the study were given as
follows:

• AZ31 and AM50 alloys show quite similar yield strength and hardness properties
as a non-heat-treated condition, but AZ31 has higher tensile strength and strain
properties.

• The strain value of the AZ31 alloy does not be effected on the part of the heat
treatment process.

• The heat treatment process improves both tensile and hardness properties of
the extruded AZ31 alloy strikingly, but AM50 alloy negatively affects the heat
treatment process, and it causes lower tensile and hardness properties.

• The heat treatment causes a decrease in the average grain size of both AZ31
and AM50 alloys. According to the microstructural images of the alloys in both
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Fig. 9 The inclusions from the fracture surface of the extruded AM50 alloy after the tensile test:
a Mn based, b Mn-Si based. (Color figure online)

conditions, the heat treatment process provides a more uniform and refined grain
structure and the elimination of twins.

• Mn-based inclusion was found out for both AZ31 and AM50 alloys. The Mn-
Si-based inclusions were seen just on the fracture surface of the AM50 alloy
distinctively.

• Deformation twins may cause weak mechanical deformation, and it may cause
the lower mechanical properties for the extruded AM50 alloy.
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Effects of Adding Zinc and Calcium
Solute on Mechanical Properties
in Magnesium Fine Wires

Hiroki Sannomiya, Shinsuke Sawaguchi, Tatsuya Nakatsuji, Naoko Ikeo,
Kunimitsu Nakamura, and Toshiji Mukai

Abstract Drawing is suitable for manufacturing fine metal wire. This study was
designed to clarify the effects of additive elements, calcium or zinc, on mechanical
properties of drawn magnesium wires. Binary alloys of Mg-0.3 at. % Ca and Mg-0.1
at. % Zn were cast followed by extrusion. The extrusion bars were drawn to fabricate
a fine wire with a diameter of 0.2 mm. Tensile tests were conducted for the wires. The
results of the tensile tests confirmed that yield stress increased as the content of the
solute element increased, while the work hardening rate and tensile ductility differed
depending on the types of additive element. Inspection of the drawn microstructure
revealed that the additive element plays an important role in microstructure evolution
in magnesium.

Keywords Mg–Ca alloy ·Mg–Zn alloy ·Wire · Cold drawing · Tensile
properties ·Microstructure evolution

Introduction

In recent years, surgical sutures have been made from bioabsorbable polymers with
the advantage of avoiding removal procedure. Magnesium alloys are possible candi-
dates for bioabsorbable suturematerials because of their biocompatibility anddegrad-
ability [1]. Most fine metal wires are manufactured by drawing. The drawing process
of magnesium alloys such as pure magnesium [2, 3], AZ31 [4], WE43 [5], Mg–Ca
alloy [6], and Mg-Zn alloy [7, 8] has been studied so far. However, magnesium
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alloy wires composed only of living body essential elements without second phase
precipitates have not been well understood. Besides, these magnesium alloys are
inferior in mechanical properties to biocompatible metals such as stainless steel and
titanium alloys, which highlights the need for enhancing the mechanical properties
for surgical devices such as a suture.

This study attempted to elucidate the effects of trace addition of zinc or calcium
on magnesium alloy fine wires. The effects of cold drawing and heat treatment were
investigated on the alloy wire’s mechanical properties with a diameter of 0.2 mm.
The drawn microstructure was also inspected to study the correlation between the
thermomechanical processes and mechanical properties.

Experimental Procedure

Mg-0.3 at.% Ca and Mg-0.1 at.% Zn alloy ingots were produced by direct chill
casting. The chemical compositions of the alloys are shown inTable 1.After extrusion
was conducted twice to obtain a round rod with a diameter of 4 mm, cold drawing
and annealing were repeated to produce a wire with a diameter of 0.218 mm.

The drawn wires were annealed in a muffle furnace in air. The annealing temper-
ature was selected to be 653 K for Mg-0.3Ca and 523 K for Mg-0.1Zn, respectively,
and holding time was fixed to be 3 min. After the annealing, cold drawing was
performed to ϕ0.200 mm (area reduction of 15.8%). The area reduction is expressed
by the following equation:

Area reduction = [
1− (

D
/
D0

)]2 × 100(%)

These ϕ0.2 mm cold-drawn wires were cut to a length of 0.3 m and re-annealed.
The annealing temperature was selected to be 523–673 K for Mg-0.3Ca and 423–
573 K for Mg-0.1Zn, respectively, and holding time was fixed to be 3 min.

Tensile tests were performed for the cold-drawnwires and annealed wires without
any processing. The testswere conducted at a distance between chucks of 100mmat a
pulling speedof 10mm/min and at room temperature.After the tests, a nominal stress-
nominal strain relation was obtained. Furthermore, the microstructure of the wires
was observed using scanning electron microscope (SEM) and electron backscatter
diffraction (EBSD) for the cold-drawn and the annealed states.

Table 1 Chemical compositions of the experimental alloys

Alloy (at%) Analyzed compositions (wt%)

Ca Zn Si Fe Mg

Mg-0.3Ca 0.48 – 0.002 <0.001 Bal.

Mg-0.1Zn – 0.26 0.002 <0.001 Bal.
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Fig. 1 Tensile mechanical properties of the cold-drawn and the annealed wires of aMg-0.3Ca and
bMg-0.1Zn

Results and Discussion

Tensile Mechanical Properties

Tensile mechanical properties of the cold-drawn and the annealed wires ofMg-0.3Ca
andMg-0.1Zn are shown in Fig. 1. Focusing on the wires of both alloys with a diam-
eter of ϕ0.2 mm, the as-drawn wire had the highest ultimate tensile strength and the
smallest fracture elongation. An increase in the annealing temperature decreased the
yield strength and the ultimate tensile strength, and the fracture elongation exhibited
amaximum at 598K forMg-0.3Ca and 473K forMg-0.1Zn. Comparing both alloys,
Mg-0.1Zn showed superior strength and elongation overall.

Work hardening exponent (n value) was calculated and compared with the 0.2%
yield stress. Figure 2 shows the correlation between the 0.2% yield stress and the
work hardening exponent (n value). In this figure, goodworkability in drawing and/or
toughness was obtained by combining the 0.2% yield stress and the work hard-
ening exponent (n value). While comparing the examined alloys, Mg-0.1Zn showed
higher n values than Mg-0.3Ca at the same yield strength. These results suggest that,
compared with calcium, the addition of zinc contributes to toughness enhancement.

Microstructure Evolution

The microstructure of the as-drawn and annealed wire is shown in Fig. 3. Inverse
pole figure (IPF) map and kernel average misorientation (KAM) map were obtained
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Fig. 2 The correlation
between the 0.2% yield
stress and the work
hardening exponent (n value)
of the cold-drawn and the
annealed wires of Mg-0.3Ca
and Mg-0.1Zn
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using SEM and EBSD. Accumulation of dislocations was expected in the KAMmap
for the cold-drawn wires of both alloys. Further, focusing on the accumulated areas
of both alloys, a difference was observed. In Mg-0.3Ca, a marked accumulated area
existed near grain boundaries, while some strained regions were dispersed inside the
grains. However, inMg-0.1Zn, the accumulated area was concentrated near the grain
boundaries, while the strained region inside the grains was small. A previous inves-
tigation of extruded Mg-Zn-Ca alloys has reported that solute of zinc and calcium
tended to segregate near the grain boundaries [9]. The difference in the distribution
of accumulated area in as-drawn wire suggested that zinc solute might be segregated
near the grain boundary and caused the accumulation of dislocations by drawing.
Moreover, Mg-0.1Zn was considered to have shown higher strength and elongation
due to this difference in accumulation. These findings suggested that in the drawing
process of the magnesium alloy, the dislocations were expected to be concentrated
near the grain boundaries, leading to increased toughness.

In both alloys’ annealedwires, the number of subgrain boundaries increased inside
the grains annealed at low temperatures (Mg-0.3Ca at 573 K, Mg-0.1Zn at 423 K,
respectively). At these temperatures, elongation increased without lowering tensile
strength. Therefore, in order to enhance toughness, an optimized annealing process
was considered essential.

In thewires annealed at intermediate temperatures (Mg-0.3Ca at 598K,Mg-0.1Zn
at 473 K, respectively), equiaxed grains were formed, and the area of strained regions
became smaller. Thus, the subsequent drawing should be performed after annealing
around these temperatures.

After the annealing at higher temperatures (Mg-0.3Ca at 673 K, Mg-0.1Zn
at 573 K, respectively), grain coarsening was observed. At these temperatures,
annealedwire exhibited lower strength and fracture elongation, resulting in excessive
annealing.
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Fig. 3 IPF maps (left figure) and KAM maps (right figure) of the wires of a Mg-0.3Ca as drawn
(reduction 15%), b Mg-0.3Ca annealed at 523K, c Mg-0.3Ca annealed at 598K, d Mg-0.3Ca
annealed at 673K, eMg-0.1Ca as drawn (reduction 15%), fMg-0.1Zn annealed at 423K,gMg-0.1Zn
annealed at 473K, h Mg-0.1Zn annealed at 573K. (Color figure online)
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Microstructure observation suggested that the degree of the accumulated region
changed depending on the annealing temperature. While comparing the microstruc-
tural evolution in the annealed alloys, the trend was similar; however, the optimum
temperature for annealing inMg-0.3Ca was approximately 100 K higher than inMg-
0.1Zn. This result suggests that calcium solute is effective in suppressing recovery
and/or recrystallization in magnesium.

Summary

This study investigated the effects of additive elements, calcium or zinc, on tensile
mechanical properties of drawn magnesium wires. The as-drawn wire with a diam-
eter of 0.2 mm had the highest ultimate tensile strength and the smallest fracture
elongation. An increase in the annealing temperature decreased the yield strength
and the ultimate tensile strength, and the fracture elongation exhibited a maximum
at 598 K for Mg-0.3Ca and 473 K for Mg-0.1Zn. Comparing both alloys, Mg-0.1Zn
showed superior strength and elongation overall. The difference in the distribution
of accumulated area in as-drawn wire suggested that zinc solute might be segregated
near the grain boundary, which resulted in higher strength and elongation in Mg-
0.1Zn. On the other hand, it was found that calcium solute effectively suppressed
recovery and/or recrystallization in magnesium.
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Effect of Ca Addition on Microstructure
of AZ61 Magnesium Alloy During
High-Temperature Deformation

K. B. Kim, J. H. Lee, and K. H. Kim

Abstract Magnesium and its alloys have been restricted to wide adoption in the
industrial field because of low formability due to lack of slip system on room temper-
ature. It is necessary to control the texture to improve the plasticity. In order to
investigate the Ca concentration and effect on microstructure deformation behavior,
Ca addition on AZ magnesium alloy was experimentally investigated with AZ61
and AZX611. Through the analysis with XRD, EDS, due to Ca on AZ61, a new
Al2Ca phase was formed. Plain strain compression was conducted at 723 K with a
strain rate of 5.0× 10−2s−1. The working softening was observed and flow stress of
AZX611 was higher than AZ61. Also, PSN effect was shown at AZX611, and the
microstructure was finer than AZ61.

Keywords Magnesium · Phase analysis · Precipitate · Ca content ·Microstructure

Introduction

Magnesium and its alloys have been given attention in the industrial fields such as
transportation and mobility due to high specific strength and low density. However,
their lack of active slip system on the room temperature caused from HCP struc-
ture has restricted their wide adoption in industry. Furthermore, magnesium alloys
worked at high temperature has strong basal texture parallel to working direction.
The occurrence of basal texture causes the low formability and plastic anisotropy
[1, 2]. Thus, it is important to control the texture formation to improve the plastic
formability.

The researchers have studied the correlation between initial texture and texture
development of AZ80 magnesium alloy. It was found that there is stable orientation
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and grain growth occurs consuming adjacent unstable grains [3] Also, Park et al. have
investigated the effect of Al content on AZ magnesium alloy and texture formation
behavior. They reported that texture’s main component and sharpness during high-
temperature deformation can be varied by increasing Al concentration [4].

Ca as an alloying element has been reported that can make magnesium increase
the flame resistance and mechanical properties. The authors found that Ca content
forms the second-phase particle in magnesium alloy and these become the main
reason to change the properties [5, 6].

However, the study about effect of Ca addition to magnesium alloy with texture
formation behavior is still insufficient. In this study, in order to investigate the effect of
Ca addition onphase formation andmicrostructural development during hot deforma-
tion in AZ61 magnesium alloy, conventional AZ61 and Ca-added AZ61 magnesium
were investigated by high-temperature plain strain compression. A compression test
was conducted at 723 K with a strain rate of 5 × 10−2s−1 and microstructure was
observed by optical and scanning electron microscope.

Experimental Procedure

The AZ61, AZX611 magnesium alloy was used in this study. Before hot rolling,
X-ray fluorescence was conducted with as-cast ingot and each composition of alloys
is shown in Table 1.

Starting materials were rolled at 673 K with 25% rolling reduction and water
quenched. After rolling, they were machined in rectangular shape with 6.7 × 10
× 10 mm. The direction of thick and width was parallel to rolling and transverse
direction. And then all specimens were quartz sealed with Ar gas after formation
of vacuum inside. AZ61 specimens were annealed at 773 K for 2H and AZX611
specimens were annealed for 4H to make specimens have homogeneous distribution
of second phases and microstructure. After annealing, all specimens were all water
quenched. Figure 1 shows the initial microstructure of AZ61 and AZX611 annealed.
All of grains were fully annealed and second-phase distribution is homogenized.

AZ61 was shown in second phase in the grain boundary, and AZX611 exist both
onmatrix and grain boundary. To distinguish the composition of second phase, X-ray
diffraction and energy dispersive spectroscopy analysis were conducted.

High-temperature plain strain compression was conducted on both AZ61 and
AZX611 specimens at the 723 K, strain rate was 5x10−2s−1, and strain was up to
–0.4 ~ –1.0. Deformed specimens were water quenched to prevent the change of

Table 1 Chemical composition of AZ61 and AZX611 magnesium alloy (wt%)

Al Zn Ca Mn Mg

AZ61 6.15 0.52 – 0.20 Bal.

AZX611 6.12 0.51 1.51 0.21 Bal.
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Fig. 1 As annealed microstructure of a AZ61, b AZX611 specimen

microstructure. They were cut perpendicular to compression direction and mechan-
ically grinded using sandpaper up to #4000 and polished with OP-s suspension.
After that, they were chemically etched with picric acid. The microstructure was
investigated with optical and scanning electron microscopy.

Results and Discussion

Composition of Second Phase

Figure 2 shows the results ofXRDdiffraction ofAZ61 andAZX611 as received spec-
imens. AZ61 specimen showed α (Mg) + γ (Mg17Al12) two phase peak. However,
AZX611 showed α + γ (Mg17Al12) + C15(Al2Ca) triple phase peak.

Figure 3 and Table 2 show the results of SEM-EDS analysis of AZ61 andAZX611
as received specimen. In the case of AZ61, point (a) showed magnesium matrix
that is Al solutes. point (b), (c) was Mg17Al12 phase. Otherwise, AZX611 showed
magnesiummatrix with Al solutes (point (d)) and point (b) wasMg17Al12 phase. But
point (c), (d) was Al2Ca phase. Moreover, Mg17Al12 phase particles were less seen
in AZX611.

Figure 4 shows the EDS mapping of particle point of AZX611 in Fig. 3b point
g. Mapping elements were selected as Mg, Al, and Ca. They are shown in Fig. 4b–
d each. Magnesium is not shown in the particle only Al, Ca elements are shown.
Consequently, second-phase particles shown in AZX611 are mostly Al2Ca phase
and low amount of Mg17Al12.

Janz et al. have reported that Mg–Ca alloy with 4wt%, 8wt% Al component has
triple phase (α + γ + C15) under 473 K and Mg17Al12 phase fraction get decreased
with a decrease in Al content and an increase in Ca [7]. This result shows that
AZX611 mostly follows the Mg–Al–Ca phase diagram. Also, Mg17Al12 phase has
been known as thermally unstable phase [8] and it solutes over 573 K. But, C15
(Al2Ca) laves phase is thermally stable. Therefore, During the compression at the
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Fig. 2 Result of XRD diffraction of AZ61 and AZX611 specimens

Fig. 3 EDS analysis point of AZ61 (a) and AZX611 (b). (Color figure online)

Table 2 The results of EDS analysis for AZ61, AZX611 s phase particle (at.%)

Site Mg Al Ca Zn Phase

a 94.9 5.1 – – α

b 57.9 31.6 – 2.7 γ

c 57.0 30.7 – 3.8 γ

d 96.2 3.8 – 2.2 α

e 58.2 29.2 – 2.9 γ

f 6.9 61.1 22.4 – C15

g – 69.9 28.7 – C15
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Fig. 4 The results of EDS mapping of point (g) in Fig. 3. a SEM image, mapping element, bMg,
c Al, d Ca. (Color figure online)

723 K, grains of AZ61 and AZX611 are composed of α single phase and α + C15
phase each.

Behavior of Plain Strain Compression

Figure 5 shows the true stress-true strain curve during high-temperature plain strain
compression at the 723 K, strain rate 5 × 10−2s−1. The flow stresses of both alloys
increased during the compression and work softening was observed. This behavior
has been reported byKim et al. regarding AZ80magnesium alloy’s high-temperature
deformation [3].

And AZX611 showed higher flow stress than AZ61. This phenomenon seems to
be due to C15 phase and still exists at 723 K that compression is conducted.

Behavior of Microstructure During Deformation

Figure 6 shows themicrostructure after plain strain compressionwith strain up to –0.4
at 723 K under a strain rate of 5 × 10−2s−1 of AZ61 and AZX611. Figure 5a shows
microstructure of AZ61. Coarse and fine grains exist uniformly distributed. This is
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Fig. 5 True stress-true strain curves for the plain strain deformation at 723 K, under a strain rate
of 5 × 10−2s−1 up to a strain of –1.0

Fig. 6 Microstructure of a AZ61 and b AZX611 specimen observed by optical microscopy. The
deformation condition was up to the strain –0.4, with the strain rate of 5.0 × 10−2s−1 at 723 K

general behavior that occurs at AZ system magnesium alloy during hot deformation
[3]. However, in the case of AZX611, mostly fine grains are distributed around the
second phase.

Figure 7 shows the microstructure after plain strain compression with strain up to
–0.7. The overall grain size becomes decreased with increasing strain in two alloys
either. Also, microstructure deformation behavior is similar for each other.

Figure 8 shows the microstructure after plain strain compression with strain up to
–1.0. AZ61 specimen at strain –1.0 shows fine and uniform grain and average grain
size lasts getting decreased to the end of deformation.AsKimet al. have reported, this
means dynamic recrystallization has occurred during high-temperature deformation
[3].

Either with AZ61, overall grain size of AZX611 gets decreased with strain
increased. But, they are more fine than AZ6. It seems that the second phase refines
the grains of AZ61 magnesium alloy.
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Fig. 7 Microstructure of a AZ61 and b AZX611 specimen. The deformation condition was up to
the strain –0.7 with the strain rate of 5.0 × 10−2s−1 at 723 K

Fig. 8 Microstructure of a AZ61 and b AZX611 specimen. The deformation condition was up to
the strain –1.0 with the strain rate of 5.0 × 10−2s−1 at 723 K

The researcher has reported that for M1 alloy which has particle inside the matrix,
Particle Stimulated Nucleation (PSN) effect occurs. After deformation, particle was
surrounded by new fine grain developed [9]. Also, it seems that Al2Ca particle in
AZX611 does same role with Mn contents in M1 alloy. They stimulate particle
stimulated nucleation and work as a new site.

In this study, the effect of Ca addition on AZ61 microstructural deforma-
tion behavior with AZ61 and AZX611 magnesium alloy was discussed. However,
texture deformation behavior during hot compression with PSN effect needs to be
investigated.

Conclusion

In this study, effect of Ca addition about microstructure and second phase on
AZ61 magnesium alloy was investigated. AZ61 and AZX611 magnesium alloy was
investigated by high-temperature plain strain compression and major results are as
follows:
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(1) Adding Ca on AZ61 magnesium alloy makes C15(Al2Ca) second phase
increased and γ (Mg17Al12) phase decreased.

(2) Ca concentrationmakesAZ61alloy to havehigher strength at high temperature.
(3) During the high-temperature deformation, dynamic recrystallization occurs.

But, existence of C15 phase changed the DRX mechanism of AZX611 from
AZ61.

(4) Thermally stable C15 phase is contribute to grain refinement of AZ61 during
hot working and stimulates PSN effect.
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Investigation of the Effect of Extrusion
Speed on Mechanical
and Microstructural Characteristics
in a Tubular Profile Extruded
from AM50 Magnesium Alloy

Enes Kurtulus, Irem Sapmaz, and Emrah F. Ozdogru

Abstract During the extrusion process of magnesium alloys, the extrusion speed
has different effects on the microstructure and mechanical properties of the mate-
rial. In this study, tubular extruded profiles produced from AM50 magnesium alloy
were investigated. Extrusion production was carried out with 1 mm/s, 1.5 mm/s, and
2 mm/s ram speed, respectively. Tensile tests were carried out on the tensile test
samples taken in the extrusion direction. As a result of these tests, yield strength,
tensile strength, and elongation values were achieved for different extrusion speeds
and compared with each other. In addition, microstructure investigation was carried
out, including particle sizes and hardness measurements on tensile test samples
via both optical and SEM analysis techniques. Finally, the fracture surfaces of the
samples were examined by the SEM method, and the differences were examined.

Keywords Magnesium alloy · AM50 · Extrusion speed ·Microstructure · SEM

Introduction

The use of lightweight magnesium alloys is according to the demand for a better
fuel economy and higher operating efficiency, and related reduction of exhaust gases
in automotive applications [1]. Magnesium alloys provide a higher weight reduc-
tion ratio due to their lower density than aluminum and steel [2]. According to the
comparison between Mg and other engineering materials, Mg alloys show similar
or even better specific Young’s modulus and high specific strength values [3]. In
industry, magnesium casting products are generally preferred because of their high
productivity, good surface quality, and dimensional precision accuracy. Even though
wrought magnesium alloys that have been used in structural applications have better
mechanical and ductility properties than casting products, their ability to plastic
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deformation is low due to having a hexagonal crystal structure [4]. Even though
extruded Mg alloys provide higher mechanical properties, the extrusion process
has crucial obstacles like lower extrusion speed and a narrower range of extrusion
temperatures [5].

Containing aluminum and manganese, AM50 magnesium alloy allows high-
energy absorption and elongation at high strengths. It is typically used in the auto-
motive industry for steering wheels, dashboards, and seat frames [6]. Some different
studies in the literature investigate the microstructure of AM50 magnesium alloy
under different conditions [7]. They contain die casting, rheo-casting, and extruded
solution treated conditions [8]. So far, systematic information about the relationship
between extrusion speed andmechanical properties is relatively limited for this alloy.
ForMg alloy extrusions, extrusion speed is one of the critical factors which influence
the extent of the dynamic recrystallization (DRX) process [9]. So, the mechanical
properties of Mg alloy extrusions are mainly dependent on the extrusion speed.
This study was carried out to investigate the influence of extrusion speed on the
microstructure and mechanical properties of the extruded AM50 magnesium alloy.

Experimental Method

The employed material is AM50 magnesium alloy. The chemical composition of
the alloy is shown in Table 1. The homogenization process was performed in the
annealing furnace, as 15 h at 400 °C for AM50 alloy.

The dimension of the extruded tube is 70 mm in diameter with 3.35 mm thickness
(Fig. 1a). The extrusion ratio is 36.90. The ram speeds are 1 mm/s, 1.5 mm/s, and
2 mm/s, respectively. While determining the limits, the evaluation was made in
terms of press capacity and appropriate product quality. When the speed of 2 mm/s

Table 1 Chemical composition of AM50 alloy tubes (values in weight percent, wt%)

Alloy Al Zn Mn Si Fe Cu Mg

AM50 4.5–5.3 <0.02 0.28–0.5 <0.05 <0.004 <0.008 Balance

Fig. 1 a Section view of extruded tube, b tensile specimens machined from extruded tube. (Color
figure online)
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is exceeded in the extrusion trials, hot cracking problems have been observed on the
extruded profile surface, and if the speed is below 1 mm/s, the extrusion press force
requirement exceeds the capacity.

Tensile test specimens were machined along the longitudinal direction of the
tubes according to the DIN 50125 standard (Fig. 1b). The tensile properties of the
alloy samples were evaluated using a universal testing machine (Shimadzu AG—IS
250 kN) at room temperature according to ISO EN 6892-1. Minimum of four and
maximum of six tests were done for analyzing tensile properties statistically.

Hardness tests were performed according to EN 6506-1 standard using a universal
hardnessmeasurementmachine (DIGIROCK-RBVBrinell,Vickers) at room temper-
ature. The Brinell hardness values (HB) of the samples were measured using
an indenter ball with a diameter of 2.5 mm. The load used was 62.5 kg. Five
measurements were done for each sample.

The metallographic specimens were taken from cross section of the hollow
profiles, and they were ground 180, 800, 1200, and 2000 sandpaper and polished
using 6 µm, diamond pastes. Then, specimens were etched by using 3.5 mL acetic
acid, 3 mL water, and 50 mL picral for 6 s. The grain size analysis was characterized
on selected specimens using a Nikon LV150NA optical microscope (OM). The mean
linear intercept method was used to measure the average grain size, and analysis was
performed by image analysis software called Clemex. The fracture surfaces after
the tensile tests specimens in each parameter were observed by scanning electron
microscopy (SEM) (JEOLNeoScope JCM-6000 Plus). EDX analysis was performed
with the help of the same device.

Results and Discussion

The average grain size of the AM50 alloys based on the extrusion speed is shown
in Table 2. According to the average grain size results of the extruded AM50 alloy,
there is no direct correlation between the ram speed and the average grain size of the
extruded magnesium alloy.

The microstructural images of extruded AM50 alloy are shown in Fig. 2.
According to the microstructures of the alloy, there can be observed a substructure
inside analyzed large grain which can be caused by not full dynamic recrystallization
during the extrusion process [10, 11]. The arrangement of large and small grains in
the microstructure has changed with the increased extrusion speed. It was found that
twinning bands have been generated in the material due to die exit temperature above

Table 2 Average grain sizes
according to ram speeds

Alloy Ram speed (mm/s) The average grain size (µm)

AM50 1 45

1.5 43

2 44
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Fig. 2 Microstructural images of the extruded AM50 magnesium alloy with different extrusion
speeds. (Color figure online)

460 °C. However, there is no correlation between the extrusion speed and the mass
of twinning bands for the extruded AM50 alloy.

The average mechanical properties of the tube extruded at different speeds are
shown in Table 3 and Fig. 3, respectively.

The typical SEM micrographs of the fracture surface of the extruded AM50
magnesium alloy after the tensile test are shown in Fig. 4. According to the fracture

Table 3 Average mechanical properties of the magnesium extruded alloys

Alloy Ram speed
(mm/s)

Yield strength
(MPa)

Ultimate tensile
strength (MPa)

Strain (%) Hardness (HB)

AM50 1 138.834 253.085 9.320 68.33

1.5 134.147 242.389 9.510 64.03

2 136.106 246.509 10.443 71.81



Investigation of the Effect of Extrusion Speed … 153

0

2.5

5

7.5

10

12.5

15

0

50

100

150

200

250

300

YS UTS Elongation

El
on

ga
tio

n 
(%

)

YS
 &

 U
TS

 (M
Pa

)
1 mm/s 1.5 mm/s 2 mm/s

Fig. 3 Mechanical properties of AM50 alloy at different ram speeds

surfaces of the tensile test specimens regarding the extrusion speed, the specimen that
extruded with 1 mm/s speed showed a brittle fracture. The fracture type was found
out as an intergranular. The fracture surface of the sample that extruded 1.5 mm/s
speed, lots of dimples, and cleavage steps revealed the mixture fracture mode of
ductile fracture and brittle fracture. When the extrusion speed increased to 2 mm/s,
the surface morphology included dimples were found more than planar, and the
surface morphology was found out a more likely ductile fracture. The interrelation
was investigated between a fracture surface and the strain value from the tensile test,
and the results were correlated with each other. The highest strain value was observed
in samples produced at 2 mm/s and had a more ductile fracture surface.

Additionally, the fracture type is affected slightly by the extrusion speed and
is more prone to change into a ductile fracture. However, there is hardly any link
between the extrusion speed and mechanical properties. In conclusion, when the
extrusion speed is increased, the number of polygonal-shaped particles and their
intensity in the structure were found to increase. The EDX analysis of the main
inclusions found out from the fracture surfaces of the tensile test specimens is shown
in Fig. 5. There were found two main polygonal shaped inclusions. These inclusions
are based on Mn and Mn-Si regarding the EDX results.
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Fig. 4 Fracture surfaces of the extruded AM50 alloy after the tensile test according to ram speed

Conclusion

In this study, the effects of extrusion speed on the microstructure and mechanical
properties of an extruded AM50 magnesium alloy were reported. The main findings
of the study were as follows:

• There is no direct correlation between yield strength and ultimate tensile strength
values with extrusion speed.

• The strain values of the AM50 alloy increase when the extrusion speed is higher.
• Hardness values do not show a direct correlation with the extrusion speed, but it

is found that the hardness values are maximum with 2 mm/s ram speed.
• The specimen extruded with 1 mm/s speed showed brittle fracture while it had a

ductile fracture surface at 2 mm/s extrusion ram speed.
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Fig. 5 EDX results of the main inclusions of extruded AM50 alloy. (Color figure online)

• It was found that twinning bands have been generated in the material, and the
arrangement of large and small grains in the microstructure has changed with the
increased extrusion speed.
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Understanding Deformation Behavior
of AM50 and AZ31 Magnesium
Extrusions with Various Heat Treatments
in Comparison with AA6063 and AA6082
Aluminum Extrusions
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Abstract The effect of the cooling methods after extrusion and subsequent heat
treatment on mechanical properties of AM50 and AZ31 were studied. For each alloy,
the influence of orientation of the specimen with respect to the extrusion direction
was also investigated in comparison with 6063 and 6082 aluminum extrusions. The
results obtained by hardness tests and Charpy impact tests demonstrate that heat
treatments have no significant effect on AZ31 and AM50 extrusions. Tensile test
results also generally support this statement; however, the elongation values of Mg
alloys displayfluctuations anddonot showany relationwith the corresponding tensile
and yield strength values. As a result, any relations between the elongation values
and the heat treatment conditions are not detected. AZ31 and AM50 extrusions
exhibit highly anisotropic behaviour. AA6063 and AA6082 aluminum extrusions
display low anisotrophy and provide high fracture energy values corresponding to
their elongationvalues.However,AM50andAZ31alloys provide low fracture energy
values regardless of their elongation values.
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Introduction

The elemental density of magnesium is 1.74 g/cm3, which is one-third that of
aluminum (Al). Therefore,magnesium extrusions can provide significant lightweight
for automobile applications due to their high specific strength, low density, and high
damping capacity [1, 2].

AZ (Mg-Al-Zn) types of alloys are the most popular magnesium extrusion alloys.
On the other hand, AM (Mg-Al-Mn) types of alloys are mostly used as cast parts
due to good ductility and toughness. However, AM types of extrusions have not been
widely investigated in the literature. In general, magnesium alloys exhibit a lower
extrusion speed thanAl alloys and a re-carried out at a higher pressure level [3, 4]. For
magnesiumextrusions, there exists a great discrepancy between tensile samples taken
from thedirectionparallel andperpendicular to the extrusiondirection.Consequently,
it exhibits anisotropic mechanical properties [5, 6]. Usage of Mg alloys is restricted
because of the limited ductility at room temperature, which can be attributed to its
hexagonal close-packed (hcp) structure [7, 8].

Mg-Al-based alloys may improve strength through the precipitation of the β–
Mg17Al12 phase in the matrix based on the alloy content. Al is the most effective
alloying element to strengthen magnesium through the precipitation of β–Mg17Al12
[9]. Zinc is next to Al in effectiveness as an alloying element for magnesium.
Manganese does not havemuch effect on tensile strength, but it does slightly increase
the yield strength of magnesium alloys [10, 11].

In this study, heat treatment responses and anisotropic behaviors of AZ31 and
AM50 magnesium extrusions and their reflections on energy absorption capabili-
ties of the alloys are investigated in comparison with AA6063-T6 and AA6082-T6
aluminum alloys.

Experiment

Materials used in the research were AZ31, AM50, AA6063, and AA6082 alloys
whose typical compositions are presented in Table 1. The magnesium plates were
extruded at 400 °C, quenched in water or air, and stretched by %1,3.

Table 1 Chemical compositions of the alloys (%)

Al Zn Mn Fe Cu Si Ni Ca Cr Ti Mg

AZ31 3.36 1.12 0.345 0.001 0.0003 0.0110 0.0002 / / / Balance

AM50 4.74 0.004 0.38 0.0022 0.0006 0.0224 0.0007 / / / Balance

AA6063 Balance 0.10 0.10 0.35 0.10 0.2–0.6 / / 0.10 0.10 0.45–0.9

AA6082 Balance 0.20 0.4–1 0.50 0.10 0.7–1.3 / / 0.25 0.10 0.6–1.2
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Fig. 1 Microstructural analysis of extruded plates. (Color figure online)

The graph of grain size analysis of the magnesium extrusions is presented in
Fig. 1. The microstructure of AM50 is less inhomogeneous and the grain size of
AM50 plates is smaller.

Experimental details in this study are presented in Table 2.
To investigate the effect of cooling methods after extrusion on mechanical prop-

erties and subsequent heat treat treatments, the trials were carried out. For trial 1,
extruded magnesium plates were naturally aged for 3 months. For trial 2, extruded
and naturally aged magnesium plates were subsequently artificially aged at 220 °C
for different times. For trial 3, extruded magnesium plates were solution heat treated
at 400 °C for 2 h and subsequently artifically aged at 220 °C for different times. For
trial 4, extruded and naturally aged Al plates were subsequently artificially aged at
185 °C for 6 h.

Table 2 Experimental approach and flows
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Brinell hardness was tested by applying a test load (62.5 kgf) with a 2.5 mm diam-
eter indenter. The hardness was measured at 3 points on each specimen. Hardness-
time data of the heat-treated specimens were plotted for trial 2 and trial 3. Addition-
ally, the effect of natural aging after the solution heat treatment (400 °C for 2 h.) was
also illustrated.

Sub-size tensile specimens were prepared according to ASTM E8/E8m-16a and
the tensile testing was carried out on a Shimadzu testing machine with a crosshead
speed of 0.5 mm/min to the yield point and 4.2 mm/min to the fracture. Charpy
(Simple-Beam) impact test specimens were prepared according to ASTM E23-07a
(Type C). The tests were repeated twice and the average values were presented.

The coupons for tensile tests and impact tests were machined in three directions,
0°, 45° and 90° with respect to the extrusion direction of the plates to investigate
the effect of the different heat treatment procedures on mechanical properties of the
magnesium alloys in comparison with AA6063 and AA6082 extrusions (Fig. 2).

Fig. 2 Tensile and Charpy test specimens used for trials. (Color figure online)
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Results

Hardness Test:

Natural aging curves for AM50 and AZ31 plates after solution heat treatment at
400 °C for 2 h are presented in Fig. 3.

The hardness values as a function of the heat treatment time for trial 2 and trial 3
were measured and illustrated in Fig. 4.

Fig. 3 Natural aging curve obtained after solution heat treatment at 400 °C for 2 h (W: Water
quenched after extrusion A: Air quenched after extrusion). (Color figure online)

Fig. 4 Hardness versus time curves for trial 2 and trial 3. (Color figure online)
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Tensile and Charpy Impact Tests:

Mechanical properties of AM50 and AZ31 under different heat treatments processes
were investigated by comparing tensile strength, yield strength, ductility, and impact
energy properties. AA6063 and AA6082 aluminum extrusions are also analyzed in
the figures below.

Anisotropic behavior of AM50 and AZ31 in the extruded condition, AA6063-T5
andAA6082-T5were also investigated by comparing tensile strength, yield strength,
ductility, and impact energy properties (Fig. 6).

Discussion

In this paper, the mechanical properties of AM50 and AZ31 extrusions subjected
to the different heat treatments have been studied in comparison with AA6063 and
AA6082 aluminum alloys.

The hardness results plotted in figure 3 and figure 4 demonstrates that natural
aging and also different heat treatments have no significant effect on hardness values
of AZ31 and AM50 extrusions. Tensile test results in Figure 5 also generally support
this statement; however, the elongation values of Mg alloys display fluctuations and
do not show any relation with the corresponding tensile and yield strength values. As
a result, any relations between the elongation values and the heat treatment conditions
are not detected. Energy absorption capacity of AM50 alloy is slightly higher than
AZ31 alloy according to the Charpy test results. This may be attributed to the fine
grain structure of AM50 extrusions. Based on the results, heat treatment has no
significat effect on fracture energy of AM50 and AZ31 extrusions.

The anisotropy of the alloys was characterized through tensile tests performed in
the extrusion, diagonal and transverse directions and shown in Fig. 6. AZ31 extru-
sions exhibit highly anisotropic behavior based on the yield strength and the elon-
gation values and less anisotropic behavior in terms of the tensile strength. AM50
extrusions also show anisotropic behavior based on the elongation values. However,
the tensile and the yield strength values of AM50 extrusions exhibit less anisotropy
compared to AZ31 alloy. The Charpy impact test results (Fracture energy) do not
show a good agreement with the elongation values of the magnesium extrusions.

AA6063 and AA6082 aluminum extrusions exhibit less anisotropic behavior.
Additionally, the impact test results of these alloys correspond to their elongation
values. Energy absorption capacities of aluminum alloys are much higher than both
magnesium alloys according to the Charpy impact test.
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Fig. 5 Heat treatment effect on mechanical properties on a Yield strength b Tensile strength
c Elongation d Fracture energy (Note: Artificial aging time is 5 h. for trial 2 and trial 3). (Color
figure online)
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Fig. 5 (continued)

Conclusion

The effect of the cooling methods after extrusion and subsequent heat treatment
on mechanical properties of magnesium alloys were studied. For each alloy, the
influence of orientation of the specimen with respect to the extrusion direction was
also investigated.

The results show that the heat treatment processes have no significant effect on
fracture energy AM50 and AZ31 magnesium alloys. Additionally, AZ31 and AM50
extrusions display anisotropic behavior during deformation, which has a profound
influence on their elongation values.

AA6063 and AA6082 aluminum extrusions display low anisotropy and provide
high fracture energyvalues corresponding to their elongationvalues.However,AM50
and AZ31 alloy provide low fracture energy values regardless of their elongation
values. Therefore, the low energy absorption capacities of AM50 and AZ31 extru-
sions must be taken into account when these alloys are used in the automotive safety
crash parts.
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Fig. 6 Orientation effect of the specimens on mechanical properties on a Yield strength b Tensile
strength c Elongation d Fracture energy. (Color figure online)
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Fig. 6 (continued)
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Corrosion Protection of AZ80 and ZK60
Forged Magnesium Alloys
with Micro-arc Oxidation and Composite
Coating

Yuna Xue, Xin Pang, Sheji Luo, Xiaoyong Zhang, and Hamid Jahed

Abstract Wrought Mg alloys have attracted increasing attention for automotive
applications due to their homogeneous microstructure and enhanced mechanical
properties compared to as-cast alloys. However, in real service conditions, Mg struc-
tural components are susceptible to early failures due to the synergistic effects of
corrosion and mechanical loading, which severely hinder their high penetration in
the automotive industry. Therefore, the corrosion protection ofMg structural compo-
nents is of crucial importance. In this work, AZ80 and ZK60 Mg alloys were forged
under different temperatures, and then treated with micro-arc oxidation (MAO) and
micro-arc composite coating (MCC) which is the MAO plus E-powder coating. The
effects of forging processing parameters on the microstructure and corrosion proper-
ties of the alloys were analyzed, and the corrosion performances of theMAO-,MCC-
coated Mg alloys were characterized through salt spray corrosion test. Experimental
results demonstrated that the MCC coating provided robust corrosion protection for
the wrought Mg alloys.
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Introduction

Magnesium and magnesium alloys, owning to their low density and favorable
mechanical properties have attracted considerable attention for lightweight appli-
cations [1, 2]. At present, the magnesium components have not only focused on
internal parts in the automotive industry but also considered for external components,
such as the lower control arm of the front suspension [3–6]. However, low corrosion
resistance of magnesium and its alloys has significantly limited their applications
in the automobile industry, especially when they are exposed to aqueous solutions
containing aggressive species such as chloride [7]. The focus of this research project
is to explore advanced materials processing technologies improving the corrosion
resistance for manufacturing next-generation suspension components in passenger
cars.

A lot of research attention has been attracted to investigations on corrosion mech-
anisms of Mg alloys and approaches to improve corrosion resistance of Mg alloys.
Among the various corrosion mitigation strategies, surface coating is considered
one of the most effective and economic ways to prevent corrosion of Mg alloys [8].
Micro-arc oxidation (MAO) technique is considered very effective as it enables the
formation of thick ceramic surface coatings. The MAO coating has been reported to
enhance the corrosion resistance of Mg alloys significantly [9, 10]. A topcoat, as a
part of a typical coating system, is almost always necessary to achieve a high-quality
surface finish of Mg parts. E-powder coating was brought into this research which
is formed the micro-arc composite coating (MCC) with MAO coating to investigate
their effectiveness on the protection of the Mg alloys [11].

In this work, AZ80 and ZK60 alloys are selected as extrusionmaterials because of
their high aluminum and zinc contents, good forgeability, and outstanding strength.
Through investigating and comparing themicrostructures and corrosion resistance of
extruded, extruded-forged AZ80 and ZK60 alloys before and after MAO and MCC
surface treatment, the corrosion mechanism of the forged magnesium alloys with
MAO and MCC coatings will be systematically discussed.

Materials and Experiments

Materials

Commercially available AZ80 and ZK60magnesiummaterials in the forms of extru-
sion (8.2 Al, 0.42 Zn, 0.31 Mn, wt.% for AZ80E; 5.5 Zn, 0.71 Zr, wt.% for ZK60E;
other elements content as perASTMB91-17 standard [12])were studied in this inves-
tigation. The forging was conducted at CanmetMATERIALS (Hamilton, Canada)
using the billets which were cut down to a length of 680 mm. The direction in which
the billet was forged was perpendicular to the extrusion orientation of AZ80E and
ZK60E materials. Then the forging process was accomplished in a single step at a
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Fig. 1 Control arm and the
location of the cut coupons.
(Color figure online)

displacement rate of 20 mm/s. A forging was carried out at 250 °C for AZ80 and
300 °C for ZK60, respectively. The finished control arm and the coupons (65 × 10
× 3 mm3) extraction location from the control arm are represented in Fig. 1.

MAO and MCC Treatments

The MAO process was subjected using a single-pulse direct current power supply
developed by Xi’an University of Technology (China) at a constant current mode
with pulsed current at a frequency of 500 Hz. And, the electrolyte used for the MAO
process contained 0.065 mol/L of Na2SiO3, 15 mol/L of KF, and 0.18 mol/L KOH.
The pH of the silicate electrolyte solution was adjusted to 13 using KOH solution.
During the MAO process, the Mg alloy specimens were used as the anode, and a
stainless steel plate was served as the cathode. The processing parameters optimized
by our previous work [31] were a constant current density of 34 mA/cm2, a pulse
width of 80 μs for 10 min. After MAO processing, the specimens were first cleaned
ultrasonically in trichloroethylene, rinsed with deionized water, and then air-dried
and stored in the desiccator for further analysis.

E-powder coating was provided by the company JP Powder Coating Inc in Kitch-
ener, Ontario, Canada. E-powder coating is a “dry” process in which a spray gun is
usually used to apply the dry powder consisting of chemicals such as epoxy resin
and some curing agents onto the Mg surface. Curing in an oven is also necessary to
finalize the coating.

Specimen Examination and Test Methods

For metallographic characterization of the base alloys, optical microstructure of the
specimens were studied using the etching reagents, and the etching procedure was
immersing specimen face upwith gentle agitation until face turns brown. The surface
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and cross-sectional morphologies of theMAO- andMCC-coated different substrates
were investigated by XL30 SEM. Phase composition of uncoated and MAO-coated
specimens was identified by XRD analysis.

To characterize the corrosion performances of Mg alloys in the different
processing condition, the uncoated and coated specimens were put in a Salt Fog
Chamber (Singleton Corp. SCCH) and subjected to a fully static environment of a
salt fog according to ASTMB 117 and SAE J2334 standards [13, 14]. The corrosion
rate was analyzed by gravimetric measurements.

Results and Discussion

Microstructure and Surface Characterization

Figure 2 illustrates the optical micrographs of the microstructure of (a, b) AZ80
extrusion and AZ80 forged at 250 °C alloys. It can be seen that AZ80 extrusion
alloy has an α-Mg matrix embedded with secondary β-phase (β-Mg17Al12). It shows
a reasonably bimodal grain structure, with basal poles oriented perpendicularly to

Fig. 2 Typical LOM micrographs of a AZ80 extrusion, b AZ80 forged, c ZK60 extrusion and
d ZK60 forged. (Color figure online)
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the extrusion axis. The α-Mg matrix and β-phase in AZ80 extrusion alloy form a
multilayer structure paralleled to the extrusion direction (Fig. 2a). And the majority
of β-phase precipitates show a discontinuous lamellar aggregate similar to other
researchers reported by Zeng et al. [15]. The microstructure of AZ80 forged at 250
°C had a significantly finer grain structure relative to that of AZ80 extrusion alloy
(Fig. 2b). This finer grain structure is attributed to the process of dynamic recrystal-
lization (DRX) that is motivated by the forging processing temperature of 250 °C
[16].

The microstructure of the ZK60 extrusion alloy is shown in Fig. 2c. It can be
observed that the microstructure consists of a mixture of small equiaxed grains and
large bright elongated grains. Visible streamlines of the second phase particles (β-
MgZn2) parallel to the extrusion direction concentrate around the small grains. In
Fig. 2d, it is clearly shown that incomplete DRX was obtained at the forging temper-
ature of 300 °C for ZK60 extrusion alloy. The average DRX grain size is small which
is much finer than the initial ZK60 grain size (Fig. 2c), but the elongated strip grains
that are not completely recrystallized are still present. No twins are found in the
initial and forged microstructure of the ZK60 Mg alloys. ZK60 is prone to twinning
in forging at a low temperature (250 °C). When twins appear, twins can accelerate
the corrosion [17].

Fig. 3 The SEMmicrographs of the surface and cross section of MAO coatings on AZ80 (a, b) and
ZK60 (c, d) forged alloys. (Color figure online)
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Corrosion protective MAO coatings were deposited on AZ80 and ZK60 forged
alloy substrates. The surface and cross-sectionalmorphologies are presented inFig. 3.
Micro-pores with different sizes and some large oxide particles are apparent on their
surface (Fig. 3 a, c). There is no obvious difference in the surface morphology
of MAO-coated forged alloy substrates, relatively uniform micro-pores and the
randomly molten oxide particles were seen on the coating surface and integrated
each other, which can be attributed to the throwing out of molten compound and
gas bubbles from the micro-arc discharge channels during the MAO processing [18].
To evaluate the coating thickness and compactness of the MAO coating, the cross-
sectional micrographs are shown in Fig. 3b, d. The coatings were observed to have a
uniform and compact ceramic coating with strong adhesion to the matrix interface,
which may be the result of the initial dissolution of the substrate in the process of
MAO surface treatment. We can also see that these MAO coatings are composed of a
barrier layer which is relatively dense and compact at the coating/substrate interface
and a porous outer layer as displayed in Fig. 3b, d, which agrees very well with what
has been reported in the literature [19] for the microstructure of MAO coating onMg
alloy. The average thickness of the MAO-coated AZ80 and ZK60 forged alloys are
15.4 and 15.5 μm, respectively, which are very similar.

Figure 4 gives the SEM images of the cross-sectional microstructure of theMAO-
coated AZ80 and ZK60 forged alloys with a topcoat of powder coating. It can be
clearly seen that the coating system (MCC) consisting of two dense and uniform
layers were formed on the forged Mg alloys. And the average thickness of the E-
powder coating is 53.8 μm.

The XRD analysis of forged Mg substrates and MAO coatings follows that the
uncoated AZ80 forged alloy exhibit primarily α-phase (α-Mg) and secondary β-
phase (β-Mg17Al12), ZK60 for α-phase (α-Mg) and secondary β-phase (β-MgZn2).
MAO-coated specimens showed characteristic substrate and the ceramic compounds
corresponding to Mg, MgO, Mg2SiO4, and MgF2. Previous works have been inves-
tigated the mechanism of formation of different phases during the MAO process
[19, 20].

Fig. 4 SEM images of cross-sectionalmicrostructure of theAZ80 forged alloy (a) and ZK60 forged
alloy (b) with MCC coatings. (Color figure online)
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Corrosion Characterization

A comparison of the mass change (as shown in Fig. 5) between uncoated AZ80
substrates and MAO coating on different AZ80 and ZK60 Mg alloys exposed to 5
wt.%NaCl neutral salt fog environment at 35 °Cafter 35 corrosion cycles (840 h). The
AZ80 extrusion alloy shows a trend of severe deterioration of the mass loss rate than
the other alloys. After forging at 250 °C, the enhancement of corrosion resistance is
significantly evident. For MAO coating on AZ80 substrates, the corrosion resistance
mainly depends on the formation of the ceramic MAO layer in the early stages of
corrosion. When the MAO layer begins to break down, it is easier for the corrosive
aqueousmedium to penetrate the coating, through the breakdown areas in the coating,
eventually reach the substrate surface, thus accelerating the occurrence of corrosion
andworsening the corrosion resistance. For untreated andMAO-treated ZK60 alloys,
as shown in Fig. 5, they exhibit lower mass loss values than AZ80 alloys. Compared
to bare substrates, significantly less mass loss was seen for the specimens with MAO
coatings, which verified the robust protectiveness of the MAO coating on ZK60
alloys against corrosion.

At the desired time duration, the first break down sites on the surface of theMAO-
coated specimens after 6 days forAZ80 extrusion and forged alloys, 14 days for ZK60
extrusion, and forged alloys. In the salt spray corrosion test, due to the covering effect
and the chemical compounds of MAO coating, the corrosion of these substrates was
suppressed. The main difference between MAO-coated AZ80 and ZK60 alloys is
that the chemical composition contains Al element in the outer porous layer for
the MAO coating on AZ80 alloys and Zn element in the inner dense layer for the
MAO coating on ZK60 alloys, respectively. MAO-coated ZK60 alloys show better
corrosion resistance than MAO-coated AZ80 alloys, which is mainly due to the Zn
element being more stable than the Al element in MAO coating. Previous work
confirms these results by the MAO-coated cast Mg alloys [20].

Fig. 5 Comparative studies
of the mass loss of the bare
and MAO-coated AZ80 and
ZK60 in 5 wt.% NaCl in
35°C environment for
35 days. (Color figure online)
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Fig. 6 Optical images of the MCC-coated specimens after salt spray test for 77 days

TheMCC coating on AZ80 and ZK60 forged alloys were the salt fog environment
as per SAE J2334 standard after 77 corrosion cycles (1848 h) which is closer to
the service environment of the automobile components. At each time point, two
repetitive specimens of each type were taken out of the salt chamber for observation.
As can be seen from Fig. 6, for the MAO-coated ZK60 and AZ80 specimens with
E-powder coating, almost no corrosion was seen even after 77 days of salt spray
testing, especially on the coated ZK60 coupons.

Overall, E-powder as a topcoat is very effective as a top coating in the case of the
MAO pretreated Mg alloys for corrosion protection. The best corrosion performance
without a scribewas provided by theMAOpowder coating system on the ZK60 alloy.
Corrosion fatigue tests were conducted by our previous research for various coating
systems with E-coat as a topcoat [21, 22]. It was found that the coating systems
involving an MAO coating showed poor corrosion fatigue resistance because of
the ceramic brittle structure. But when the MAO tape with E-coat, it can seal the
micro-pores and micro-cracks in the MAO coating and created strong adhesion at
the E-paint/MAO coating interface. Therefore, the E-powder coating also possesses
similar effects as the E-paint coat. Furthermore, compared with the E-paint, the E-
powder can obtain a thicker, denser topcoat, and has a great protection effect on the
MAO coating.
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Conclusion

The corrosion and corrosion properties of the AZ80 and ZK60 extrusion and forged
alloys with MAO andMCC coatings were evaluated using advanced microstructural
and surface analysis techniques and long-term salt spray corrosion testing method.
The main findings are summed up as follows:

(1) The corrosion performance of AZ80 and ZK60 alloys depends considerably
on their microstructure, including the grain size and β-phase. It indicated that
the fine grain size and better β-phase (β-Mg17Al12 or β-MgZn2) can obtain
at different forging temperatures. The forged alloys greatly improved the
corrosion resistance.

(2) TheMAO coatings provided robust protection of AZ80 and ZK60 series alloys
as compared to the corresponding bare Mg substrates. When the MAO coating
was broken down, then the corrosion performances mainly depended on the
corrosion resistance of their substrates. The breakdown time of MAO-coated
ZK60 alloys is longer than that of MAO-coated AZ80 alloys, which shows
excellent corrosion resistance.

(3) The MCC coating shows a better corrosion performance than MAO coating;
MAO-coated ZK60 with powder coating showed the best corrosion perfor-
mance among all the investigated coat systems. The ability of coatedMg alloys
to resist general corrosion largely depends on the corrosion susceptibility of the
substrate, surface coating strategies, and the adhesive bonding between them.

Acknowledgments This work is financially supported by the Natural Sciences and Engineering
Research Council of Canada, the Automotive Partnership Canada (APC) program under APCPJ
459269-13 grant, and the Program of Energy Research and Development, Natural Resources
Canada. The authors gratefully acknowledge the kind technical support received from Chao Shi at
CanmetMATERIALS, Natural Resources Canada, Dr. Sugrib Shaha and Jie Wang at the University
of Waterloo, and Yi Shen at Xi’an Shiyou University during course of this work.

References

1. Joost WJ, Krajewski PE (2017) Towards magnesium alloys for high-volume automotive
applications. Scr. Mater. 128:107–112

2. Jian YG (2018) Sound Package Design for Lightweight Vehicles. SAE Tech Pap 2–3.
3. GrygucA, Behravesh SB, Shaha SK et al (2018) Low-cycle fatigue characterization and texture

induced ratcheting behaviour of forged AZ80 Mg alloys. Int J Fatigue 116:429–438
4. Gryguc A, Shaha SK, Behravesh SB et al (2017) Monotonic and cyclic behaviour of cast and

cast-forged AZ80 Mg. Int J Fatigue 104:136–149
5. Toscano D, Shaha SK, Behravesh B et al (2017) Effect of forging on the low cycle fatigue

behavior of cast AZ31B alloy. Mater Sci Eng a 706:342–356
6. Prahash P, Toscano D, Shaha SK et al (2020) Effect of temperature on the hot deformation

behavior of AZ80 magnesium alloy. Mater Sci Eng a 794(9):139923
7. Liu LJ, SchlesingerM (2009) Corrosion ofmagnesium and its alloys. Corros Sci 51:1733–1737



178 Y. Xue et al.

8. Wang J, Pang X, Jahed H (2019) Surface protection of Mg alloys in automotive applications:
a review. Mater Sci 6(4):567–600

9. Jiang BL, Ge YF (2013) Micro-arc oxidation (MAO) to improve the corrosion resistance of
magnesium (Mg) alloys. Woodhead Publishing Limited, pp 163–196

10. Vladimirov BV, Krit BL, Lyudin VB et al (2014) Microarc oxidation of magnesium alloys: a
review. Surf Eng Appl Electrochem 50:195–232

11. DuanHP,DuK,YanCWet al (2006) Electrochemical corrosion behavior of composite coatings
of sealed MAO film on magnesium alloy AZ91D. Electrochim. Acta 51:2898–2908

12. ASTM B91–17 (2017) Standard specification for Magnesium-Alloy forgings. ASTM 1–5
13. B117 A (2017) Standard practice for operating salt spray (fog) apparatus. ASTM 1–12
14. SAE J2334 (1998) Surface vehicel standard-Cosmetic corrosion lab test. SAE 1–10
15. Zeng RC, Xu YB, KeW, Han EH (2009) Fatigue crack propagation behavior of an as-extruded

magnesium alloy AZ80. Mater Sci Eng a 509:1–7
16. Gryguc A, Behravesh SB, Shaha SK et al (2019) Multiaxial cyclic behaviour of extruded and

forged AZ80 Mg alloy. Int J Fatigue 127:324–337
17. Merson D, Vasiliev E, Markushev M, Vinogradov A (2017) On the corrosion of ZK60

magnesium alloy after severe plastic deformation. Lett Mater 7:421–427
18. GuoHF, AnMZ (2005) Growth of ceramic coatings onAZ91Dmagnesium alloys bymicro-arc

oxidation in aluminate-fluoride solutions and evaluation of corrosion resistance. Appl Surf Sci
246:229–238

19. Duan H, Yan C, Wang F (2007) Effect of electrolyte additives on performance of plasma
electrolytic oxidation films formed on magnesium alloy AZ91D. Electrochim Acta 52:3785–
3793

20. Xue Y, Pang X, Jiang B et al (2020) Characterization of the corrosion performances of as-
cast Mg-Al and Mg-Zn magnesium alloys with microarc oxidation coatings. Mater Corros
71:992–1006

21. Shaha SK, Dayani SB, Xue Y (2018) Improving corrosion and corrosion-fatigue resistance of
AZ31B cast Mg alloy using combined cold spray and top coating. Coatings 8(12):443–465

22. Xue Y, Pang X, Jiang B, Jahed H (2019) Corrosion and corrosion fatigue performances of
micro-arc oxidation coating on AZ31B cast magnesium alloy. Mater Corros 70(2):268–280



Effect of Cation Species in the Electrolyte
on the Oxidized Film on the Anodizing
of Mg–Li–Al Alloys

Yuka Ichigi, Taiki Morishige, and Toshihide Takenaka

Abstract Mg–14mass%Li–3mass%Al (LA143) alloy has higher corrosion resis-
tance than previous Mg-Li alloys such as Mg–14mass%Li–1mass%Al (LA141).
However, the corrosion properties of the alloy are not enough to apply for practical
use without corrosion protection coatings. The anodization for Mg alloys is an effec-
tive technique to prevent metal surface from exposure to corrosion environment.
Phosphoric acid-based solutions containing metal cation are useful electrolytes to
form a thick oxide layer on the Mg surface. In this study, the effect of cation species
on the oxidized film was investigated. The film formed by each electrolytic solu-
tion was mainly composed of Mg3(PO4)2, AlPO4, MgAl2O4, and the phosphate and
oxide-containing each additive element were slightly present. Particularly, in the
electrolyte containing Ca, the dissolution of LA143 was suppressed about twice as
much as other electrolytes, and the most uniform and thick film was formed.

Keywords Magnesium alloy · Magnesium–lithium alloy · Anodizing ·
Corrosion · Oxidized film

Introduction

Mg alloys are expected to be widely used as lightweight materials. However, since it
is difficult to cold-work hcp-structured Mg alloys, bcc-structured Mg–Li alloy was
developed to improve workability. Mg alloys easily corrode in a practical environ-
ment and require surface treatment to prevent corrosion. Anodizing, which is one of
the surface treatments, can obtain a better film thickness than the conversion coating
and can be expected to have a high anticorrosion effect.
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Furthermore, anodizing using a phosphoric acid-based solution has been estab-
lished for industrialMg alloys. These films have better corrosion resistance than films
composed of only MgO and Mg(OH)21). It has been reported that Mg–9mass% Al–
1mass% Zn (AZ91), which forms a film containing Mg3(PO4)2, exhibits corrosion
resistance of 1000 h andmore at a film thickness of 10μm2). Therefore, it is desirable
that these methods can be applied toMg–Li alloys. Furthermore, it has been reported
that when AZ91 was anodized in a Ca-based solution in which Ca2+ was added to
a phosphoric acid-based solution, the film showed good anticorrosion properties.
However, the cause of the difference in the amount of substrate dissolved and the
corrosion resistance due to the difference in the cation species in the solution has not
been clarified3). For highly reactive Mg–Li alloys, studying appropriate treatment
bath conditions has become a very important issue for further improving corrosion
resistance.

In this study, we focused on the solution and investigated the effect of the cation
species added to the solution on the film formation and anticorrosion action ofMg–Li
alloy by adding the element forming phosphate.

Experimental Procedures

The specimen used was LA143 (Mg–14.1 mass% Li–3.25 mass%Al) alloy prepared
by melting. The sample was cut to about 10 mm × 10 mm × 5 mm, and a copper
wire (ϕ1.00) as conductive leads was fixed. The treated area was exposed by 10 mm
× 10 mm, and the sample was embedded using a cold-embedded resin. The surface
of the sample was subjected to wet mechanical polishing to remove oxides on the
surface. In addition, a sample fromwhich organic substances on the surface had been
removed by degreasing with acetone was used for anodizing.

Ca, Fe, Mn, Zn, and Ni were selected as the cation species to be added to the solu-
tion. The solution was based on 0.1 mol/L H3PO4 (85.0% content). 0.05 mol/L
Ca(OH)2 (>96.0%), FeSO47H2O (99.0~102.0% content), MnSO45H2O (99.0%
content), ZnSO47H2O (99.5% content), and NiSO46H2O (99.0~102.0% content)
were mixed with the phosphoric acid solution, respectively. The anodizing was
treated at a voltage of 80 V and a time of 6 min. The surface and cross section of
anodized films were analyzed by XRD (RIGAKU RINT 2500 V) and SEM (JEOL
JCM-6000) -EDX (MP-00040EDAP). The effect of cation species was evaluated by
the amount of substrate dissolved and the film thickness. In addition, in order to eval-
uate the corrosion resistance of each film, each sample was immersed in a 5 mass%
NaCl (>99.5%) aqueous solution for 4 h, and the amount of hydrogen generated was
measured. The corrosion rate was calculated on the assumption that (1) it is in the
standard state and (2) the amount of Al dissolution is negligibly small. The reaction
formula and calculation formula are shown below.

Mg + 2H+ → Mg2+ + H2 (1)
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2Li + 2H+ → 2Li+ + H2 (2)

X = Y

4 · S · 22.4 × 103(ml · mol−1)
× {(MMg · cMg) (2MLi · cLi)} (3)

X: corrosion rate (g·cm−2·h−1) Y: H2 generation amount (ml) S: sample surface
area (cm2).

M: molar mass (g·mol−1) c: composition in atomic percent.

Results and Discussion

Anodized Film Characteristics

Figure 1 shows SEM images of the anodized LA143 surfaces with each solution.
The film formed in the Fe-, Mn-, and Ni-based solutions had large cracks spread
over the entire surface. On the other hand, in the Zn-based solution, although the
surface was relatively uniform, small cracks were observed in the oxide film. In
particular, the film formed in the Ca-based solution had no cracks and had the most
uniform surface. According to SEM–EDX and XRD analyses, the film was mainly
composed of AlPO4, Mg3(PO4)2, and MgAl2O4. In each solution, the anodized
film also contained phosphates and oxides formed by each cation species. These
compounds are known to be a film-constituting phase that exhibits an excellent anti-
corrosive effect on AZ911) 2). However, according to XRD analysis, the β-phase
(Li-solid solution) was detected in all the anodized films, the film formation was
insufficient regardless of the added cation species.

Figure 2 shows SEM images of the anodized LA143 cross section with each
solution. Similar to the surface, the film formed in the Fe-, Mn-, Ni-based solution
had large cracks spread inside. Particularly, the adhesion of the filmwas poor because
cracks were observed at the substrate/film interface. In the Zn-based solution, fine
cracks were observed inside, but no large cracks were observed at the substrate/ film
interface. The film formed in the Ca-based solution had no cracks inside, and the
interface adherence of the film was enough.

Figure 3 shows the relationship between the amount of substrate dissolution and
the film thickness. When the dissolution of the substrate was suppressed, there was
a tendency to form a thick film. Therefore, it is considered that dissolution of the
substrate is most suppressed in the presence of Ca2+, and a thick and uniform film is
formed.
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Fig. 1 SEM images of the anodized LA143 surfaces with each solution. a Ca-based b Fe-based
c Mn-based d Zn-based e Ni-based

Effect of Cation Species

Since the amount of base metal dissolution differed depending on the added cation
species, it is considered that each cation affects the ease of forming a film. The
chemical reaction of the main constituent phases of the film and the dissolution
reaction of the base metal are as follows:

3Mg2+ + 2PO−
4 → Mg3(PO4)2 �rG◦ = −349 kJ mol−1 4) (4)
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Resin Substrate

(a) (b) 

(c) (d) 

(e) 

Film

10 μm

Fig. 2 SEM images of the anodized LA143 cross sectionwith each solution. aCa-based b Fe-based
c Mn-based d Zn-based e Ni-based

MgO + Al2O3 → MgAl2O
27)
4 �rG◦ = −333.3 kJ mol−1 (5)

Al3+ + PO3−
4 → AlPO4 �rG◦ = −224 kJ mol−14) (6)

Mg + 2H+ → Mg2+ + H2 �rG◦ = −455 kJ mol−1 (7)

The film is considered to be formed by the reaction of Eq. (4) with the dissolved
Mg2+ and the reaction of Eq. (5) between the oxides formed by the dissolved oxygen
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Fig. 3 The relationship between the amount of substrate dissolution and the film thickness. (Color
figure online)

in the solution. In addition, since AlPO4 was observed, the reaction of Eq. (6) can
be considered, but because the dissolution of Al is negligibly small, it can be said
that another formation mechanism is involved. Composite oxides such as MgAl2O4

in the film are easily dissolved and are thought to be involved in the formation of
compounds containing Al. However, the substrate dissolution reaction of Eq. (1) is
more likely to occur spontaneously than these film formation reactions. Therefore,
dissolution of the substrate will proceed in all solutions. In particular, in Fe-, Mn-,
Zn-, and Ni-based solutions, the dissolution amount is considered to have increased
because the substrate dissolution reaction is themost spontaneous. On the other hand,
the film-forming reaction generated in the Ca-based solution is as follows:

3Ca2+ + 2PO−
4 → Ca3(PO4)2 �rG◦ = −447kj mol−1 4) (8)

Equation (7) is about the same as Gibbs energy of the Mg dissolution reaction,
and it is considered that Ca2+ in the solution formed Ca3(PO4)2 in the initial stage
of anodizing and slightly suppressed the dissolution of the substrate. Then, it is
suggested that the film-forming reaction of [4–6] changed to a more spontaneous
reaction so that the film grew and promoted the suppression of the dissolution of the
substrate.

Figure 4 shows SEMmapping images of phosphorus of the anodized LA143 cross
section with each solution. The film formed in Fe-, Mn-, and Ni-based solutions did
not have phosphorus concentrated on the substrate. Therefore, it was found that
even if Fe2 +, Mn2 +, and Ni2 + were added, stable phosphate was not formed on
the substrate. In the Ca, Zn-based solution, phosphorus was concentrated inside the
film, suggesting that phosphate was formed. However, with the addition of Zn2 +, the
amount of the substrate dissolved was large, as shown in Fig. 3, suggesting that the
formation of phosphate and the dissolution of the substrate continued to proceed at
the same time. On the other hand, when Ca2 + is added, the formation of Ca3(PO4)2
and the dissolution of the substrate have the same Gibbs energy, so it is considered
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Fig. 4 SEMmapping images of phosphorus of the anodizedLA143 cross sectionwith each solution.
a Ca-based b Fe-based c Mn-based d Zn-based e Ni-based. (Color figure online)

that stable calcium phosphate is likely to be formed on the substrate. As a result,
it can be said that the phosphate formed on the substrate suppressed the excessive
dissolution of the substrate and promoted stable film growth.

Corrosion Test

Figure 5 shows a surface SEM images of LA143 and the anodized sample after 4 h
immersion. White areas indicate corrosion products in all SEM images. Filiform
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corrosion progressed in LA143 that had not been anodized. More corrosion prod-
ucts were present in Fe-, Mn-, and Ni-based solutions than in LA143. Many cracks
and gaps were present on the surface and inside of these films, and gap corrosion
proceeded inside the films. Corrosion products similar to LA143 were produced in
the Zn-based solution. In particular, there were almost no corrosion products in the
Ca-based solution. Since these films had few cracks and the inside of the films was
dense, they expressed an anticorrosive effect and suppressed corrosion. It was found
that in such a film, the larger the film thickness, the higher the anticorrosion effect.
As shown in Fig. 4, when Ca2 + is added, the formation of Ca3(PO4)2 and the disso-
lution of the substrate have the same Gibbs energy, so it is considered that stable
calcium phosphate is likely to be formed on the substrate. As a result, it can be said
that the phosphate formed on the substrate suppressed the excessive dissolution of
the substrate and promoted stable film growth.

Conclusion

In this study, we evaluated the anticorrosion performance of LA143 alloy, which
was anodized with a phosphoric acid-based solution containing a cation species that
forms a phosphate and clarified the effect of the cation species on film formation.
When Ca2+ was added to the solution, Ca3(PO4)2 was spontaneously formed at the
initial stage of anodizing, and excessive dissolution of the substrate was suppressed.
Even when a cation species other than Ca2+ was added to the solution, the dissolution
of the substrate proceeded because the phosphate was not formed spontaneously. As
a result, a film with many cracks was formed. From the results of the corrosion
test, the anodized sample with the Ca-based solution showed good anticorrosion
performance. This is because the film without cracks suppresses the occurrence of
crevice corrosion.
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Fig. 5 Surface SEM images of LA143 and the anodized sample after 4 h immersion. a LA143
b Ca-based c Fe-based d Mn-based e Zn-based f Ni-based
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Effect of Microstructure on Corrosion
Behavior of Cold-Rolled Mg–Li–Al Alloy

Taiki Morishige, Hayato Ikoma, and Toshihide Takenaka

Abstract Mg–Li system alloy has excellent formability at room temperature due to
its crystal structure. However, exfoliation corrosion appears during the progress of
corrosion. Therefore, it is difficult to apply for the actual metallic products without
corrosion protection. Previously, the suppression of exfoliation could be attained
by recrystallization of cold-rolled alloy. The microstructural characteristics were
completely changed by recrystallization, so a detailed investigation is required for
the explanation of exfoliation corrosion origination. In this study, the origination of
exfoliation corrosion ofMg–14mass%Li–1mass%Al alloy with various microstruc-
tures such as as-rolled, only recovered and recrystallized state. As the results, the
induced strain during severe deformation is amajor factor of expression of exfoliation
corrosion.

Keywords Magnesium · Exfoliation · Corrosion ·Microstructure

Introduction

Mg–Li system alloy with over 11 mass% Li has body-centered cubic crystal struc-
ture, therefore this alloy is able to severe plastic forming at room temperature. It
is expected that this system alloy such as LA141 (Mg–14 mass% Li–1 mass% Al)
is the lightest structural metal material with excellent formability for practical use.
However, bcc-structured Li solid solution alloy has poor corrosion resistance because
Li element has less noble potential than Mg. It has also been reported that the exfo-
liation corrosion appeared in cold-rolled Mg–Li alloys [1–4]. The microstructure of
as-rolled alloy has elongated grains and includes high dislocation density and residual
stress by severe cold-rolling. These are the factor of expression of exfoliation corro-
sion. Previously, authors reported that the elongated grains in cold-rolled LA141
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Table 1 The chemical composition of as-received LA141 alloy (in wt.%)

Li Al Ca Zn Si Fe Cu Ni Mn Mg

13.74 1.09 0.29 0.004 0.024 0.003 <0.001 0.001 0.038 Bal.

alloy brought the filiform corrosion along the grain boundary and this resulted in
exfoliation origination. It is important to make a detailed investigation of the initial
stage of exfoliation corrosion to improve the reliability of this alloy. In some litera-
tures, the exfoliation is caused by a wedge effect by corrosion products in the grain
boundary [4]. On the other hand, microcracks at the track of filiform corrosion were
observed and the crack expands during corrosion progression [2]. It is considered
that the cause of crack propagation may be evoked by residual stress by cold-rolling.
In this study, the effect of annealing without recrystallization of cold-rolled LA141
alloy on exfoliation corrosion resistance was investigated.

Experimental Procedures

The chemical composition of the as-received Mg–14 wt.% Li–1 wt.% Al alloy
(LA141) is shown in Table 1. The ingot was cut off with the size of 20 × 30 ×
10 mm3. This ingot was subjected to homogeneous heat treatment at 400 °C for 8 h
in an argon atmosphere. Cold rolling was performed with 85% of rolling reduction
at room temperature. The annealing temperature after rolling was at 100 °C only for
recovery of the work hardening without static recrystallization. The hardness test
was conducted using a micro-Vickers hardness test with 0.1−N load and 10 s of
holding time. Corrosion tests were performed for 12 h with the as-rolled and the
annealed conditions. The longitudinal section of the as-rolled and the annealed spec-
imens were mirror-like polished and immersed in the solution of 5 wt.% NaCl in
distilled water. Microstructures of as-rolled specimens were observed after mounted
epoxy resin and etched by 10 mL HNO3 + 90 mL methanol solution after polishing.
The exfoliation corrosion was determined by macroscopic observation and thickness
change of the specimens. The thickness change ratio was calculated as the thickness
of the specimen after immersion divided by the thickness of the as-rolled specimen.

Results and Discussion

The microstructure of as-rolled LA141 alloy has elongated grains along the rolling
direction. The homogenized LA141 (before CR) alloy has equiaxial large grains with
>200 µm. There were no precipitates such as AlLi and other intermetallic phases in
the grain boundary. The grain thickness was approximately 2 µm and all annealed
specimens have almost the same microstructure as shown in Fig. 1. The relation-
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50 μm

before CR as-rolled 

1h annealed 8h annealed

Fig. 1 Microstructures of LA141 alloy before corrosion test

ship between hardness and annealing time of specimens were shown in Fig. 2. The
hardness decreased with increasing annealing time because the introduced strain by
severe plastic deformation during cold-rolling was released by annealing. The corro-
sion immersion tests were performed on these as-rolled and annealed specimens until
the occurrence of exfoliation corrosion. The expression time of exfoliation corrosion
increases with the progression of recovery. In the initial stage of corrosion, corro-
sion pits were observed and the filiform corrosion, originated by pits, progresses as

Fig. 2 The relationship
between hardness and
annealing time. (Color figure
online)
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Fig. 3 The relationship
between annealing time of
cold-rolled LA141 alloy and
the exfoliation origination
time. (Color figure online)
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intergranular corrosion along the elongated grains. Even though the fully annealed
condition, the exfoliation corrosion was observed at 8 h of immersion as indicated
in Fig. 3. It is considered that there are some factors for the origination of exfo-
liation corrosion such as grain geometry, corrosion products in the crack, residual
stress by plastic deformation. All the specimen has elongated grains in this work.
Therefore, the microcracks and cleavage were formed by filiform corrosion progres-
sion. As a result of microstructural observation of immersed specimens, there are
corrosion products of Mg(OH)2 on the corrosion microcracks in all specimens. The
corrosion products in the grain-eliminated gaps provide the tensile stresses through-
thickness direction. This stress operates the tearing the grains neighboring the corro-
sion products. This is one of the factors to propagate the crack when the corrosion
progression [4]. The residual stress introduced during the cold-rolling accelerates
the crack propagation and tearing the grains at the grain boundary. This is the reason
that the origination of exfoliation corrosion was delayed with increasing annealing
time. The relationship between the annealing time and the thickness change ratio
after 8 h immersion was shown in Fig. 4. The thickness change ratio decreased with
the progression of recovery. This result means the exfoliation corrosion dominantly
developed in the specimen includes residual stress. This stress by cold-rolling was
released during annealing. Nonetheless, fully annealed specimen appeared exfolia-
tion corrosion at 8 h of immersion test because the corrosion products formed at the
grain-eliminated gaps and tearing the grains. However, the initiation of microcracks
is affected by residual stresses during cold-rolling. The relaxation of residual stresses
by annealing could decreases the sensitivity of microcrack origination and tearing
at the grain boundary. As a result, even though the exfoliation corrosion appears the
cold-rolled LA141 alloy with the microstructure of elongated grains with the fully
annealed condition.
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Fig. 4 The relationship
between annealing time and
the thickness change ratio at
8 h of immersion test
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Conclusion

The effect of annealing on the origination of exfoliation corrosion in LA141 alloy
was investigated. The exfoliation corrosion appeared not only in as-rolled but in fully
annealed specimen with elongated grain microstructure in as-rolled. However, the
sensitivity of exfoliation corrosion decreased by annealing to release the residual
stresses during cold-rolling. The corrosion products in the microcracks facilitate the
progression of exfoliation.
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Improvement in the Corrosion
Resistance of AZ31 Magnesium Alloy Via
a Composite Coating of the Zn–Ce
LDH/Oxide

Vahdat Zahedi Asl, Jingmao Zhao, and Yahya Palizdar

Abstract The pH values of the solution, ratios of the cations, intercalated
compounds, and hydrothermal conditions are the main parameters that influenced
the layered double hydroxides (LDHs) efficiency. In this paper, the composite of the
Oxide/LDH coatings, containing Zn2+ andCe3+/Ce4+ asmetal cations, were prepared
on the AZ31 substrate by a combined co-precipitation and hydrothermal processing
method for the first time. To investigate the effect of Ce ions on the deposition of
the suitable coating on AZ31, the LDHs with different ratios of the cations were
synthesized. The comprehensive characterizations of the morphology, composition,
structure, of the synthesized coatings, were investigated by SEM,XRD. PDP and EIS
measurements were conducted to compare the corrosion behaviors of the coatings.
The self-healing ability of the scratched samples was investigated. The finding of this
study proves that a composite coating composed of the uniform scaffold-like clusters
of the oxides incorporated with the LDH plates is successfully produced which can
retard the corrosion of the AZ31 effectively.
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Introduction

Recently, the layered double hydroxide (LDH) structures which are shown by the
general formula of M2+

1−x M
3+
x (OH)2

x+
(A)n−

x/2.mH2O , have attracted the scientist’s
attention as a promising smart structure to be utilized in the anti-corrosion coatings
[1]. Generally speaking, these LDH structures are formed from the hydroxides of the
divalent and trivalent cations which are designated as the M2+ and M3+, respectively.
The total valence of the hydroxide layers is positive, but it becomes inert via inter-
calating the anions (An−) such as carbonates and nitrates, which can be exchanged
by other ions, between the hydroxide layers. Thus, the ion-exchange ability of the
LDH sheets makes these structures more efficient in the anti-corrosion performances
and self-healing properties of the coatings [2]. Various methods have been investi-
gated to apply the LDH nanosheets into the coatings such as adding the powders
of the LDHs in the polymer matrix, direct deposition of the LDHs on the surface
by electrodeposition methods, and growth of the LDH structures on the surface via
chemical conversion process (in situ and coprecipitation method) which is attracted
much attention recently for the deposition of the LDH coatings on the light alloy
materials [3]. Thus, one of the most valuable cost-effective environmentally smart
coatings for magnesium alloys is the LDH coating. However, increasing the protec-
tion efficiencies of the LDH coating was taken into the consideration by the scien-
tists, recently. In order to enhance the anti-corrosion performances as well as the
self-healing properties of the LDH coatings, the main parameters such as pH values
of the solution, ratios of divalent and trivalent cations, intercalated compounds, and
hydrothermal conditions, etc., during the synthesizing have been investigated. In this
regard, various studies such as increasing the hydrophobicity of the LDH coatings [4,
5], intercalation of the different anions [6, 7], and the growth behavior of the LDH
coating in different pH values [8, 9] have been investigated. Also, Hoshino et al.
have reported that in the high pH values of the hydrothermal process, the composite
coating of the oxides (ZnO) and LDHs could be deposited on the surfaces [9]. Addi-
tionally, an effect of the different kinds of the trivalent cations on the microstructures
and anti-corrosion performance of the LDHs where the pores of the film were sealed
by Nanoplates oriented nearly perpendicular to the substrate, have been reported by
Wu et al. [10]. The cerium is one of the effective cations that could intercalate into the
LDH structures and enhance the anti-corrosion performances of the coatings [11].

During the last decade, scientists have tried to apply composite coatings onmagne-
sium alloys in order to enhance various properties (anti-corrosion, self-healing, wear
resistance, adhesion) of the coating altogether [12]. The combination of the LDHs
coatings with the cerium compounds, which are known as environmentally friendly
inorganic inhibitors, has attracted the attention of scientists recently [12, 13]. Incor-
poration of the cerium cations with Zn–Al LDH film has been investigated and the
results confirmed the enhancement of the anti-corrosion performances [14]. Also,
Smalenskaite et al. found that Ce3+ can dope into the LDH structure and revealed
that the brucite-like layers of the Mg3Al1-xCex LDHs could be synthesized [15]. The
intercalation of the cerium cations into the LDH structures as trivalent or tetravalent
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cations and combining with the divalent cations (Zn and Mg) has also been previ-
ously reported [11, 15–18]. It is worth mentioning that the intercalation of the high
amount of the cerium cations into the LDH structures is limited; thus, it is not easy
to intercalate the cerium cations in high percentages due to the big ionic size of
the cerium cations, especially in the trivalent form where the free aluminum cations
exist in the solution [19]. It was, however, seen that by increasing the pH values of
the solution consisting of the Zn and Ce cations, the Ce ions with different valance
charges (higher amount of the tetravalent with small ionic size compared to the triva-
lent form) appeared, and its combination with hydroxides, oxides, and carbonates
was observed [20].

In this study, the higher pH values (above 12.5) where the hydrothermal solution
contains only the Zn and Ce cations were utilized to investigate the one-step in situ
fabricability and feasibility of depositing theOxide/LDHcomposite coating onAZ31
magnesium alloy. Also, the anti-corrosion performances and the microstructures of
the coatings with different Zn/Ce ratios were investigated to compare the protection
efficiencies of the prepared coatings.

Experimental Process

Synthesizes of the Coating

The mechanically polished AZ31 magnesium alloy plates with the size of the pieces
of 25 × 25 × 2 mm3 were used as substrates. The Oxide/LDH composite coating
was synthesized via a two-step hydrothermal process [11]. In this regard, two kinds
of the solution with different Zn/Ce ratios (3 and 2) were prepared by dissolving Zn
(NO3)2.6H2O (0.2 and 0.3 M) and Ce (NO3)3.6H2O (0.1 M) in the 75 ml DI water.
The prepared solution was placed in three-neck flasks while stirring in an oil bath at
80 °C. Then 75 ml DI water containing 2 gr Na2CO3, 1 gr NaOH were dropped into
the solutions. Finally, the pH of the precursor solution was adjusted to approximately
13 and then poured into the Teflon-lined autoclave in which the surface-treated AZ31
substrates have been vertically placed. After heating the Teflon-lined autoclave for
24 h. at 125 °C, the coated samples were taken out, washed with DI water, and dried
with warm air. The samples were named ZC213 and ZC313, respectively.

Surface Characterization

The crystallographic investigation has been done by the (Rigaku D/Max2500X,
Rigaku, Japan) equipment with a Cu target (λ = 0.154 nm). Also, the data
was processed by X’Pert HighScore software (Version 1.0). The microstructural
morphology and chemical composition of the coatings were investigated by the
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field-emission scanning electronic microscopy (FE-SEM) equipped with an energy
dispersive X-ray spectrometer (EDS). The entire sample was pre-sputtered with gold
to obtain an excellent conductivity for the SEM observation.

Electrochemical Tests

Gamry (Interface 1000) equipment was used to investigate the corrosion resistance of
the AZ31magnesium alloys with and without coatings in 3.5wt.%NaCl solution and
the conventional three-electrode system. After leaving the samples in the solution
for 1 hr. the electrochemical impedance spectroscopy (EIS) was measured in the
range between 100 kHz and 10 MHz and the results were fitted with ZSimpWin 3.5
software. The polarization curves were prepared within -500 mV to+ 1500 mVwith
respect to the OCP and the potential scan rate was 2mVs−1.

Self-healing Properties

After scratching the surface of the ZC213 sample with a sharp knife, the sample was
placed in 3.5 wt.% NaCl solution for 2, 7, and 21 days, respectively. OLYMPUS-
BX61 optical microscope (OM)was utilized to observe the self-healing phenomenon
in the scratched coating. Also, after 21 days process, the SEM equipped with
the energy dispersive spectroscopy (EDS) was utilized to study the morphological
features and the composition of the scratched area.

Results and Discussion

Characterization of the Coatings

TheXRDpatterns that identify the phases and the crystalline structures of the coatings
are shown in Fig. 1. The peaks of the (003) and (006) planes that illustrate the
existence of the LDHs flakes in the coating occur at around the 2θ position of 11°
and 22°, respectively. However, the sharp intensities of the diffracted peaks of the
LDHs for the ZC213 sample are approximately higher than the ZC313 sample which
could indicate the higher percentage of the LDHs flakes in the composite coating.
The peaks at around 2θ position of the 28°, 32°, and 34° are related to the cerium
oxide, cerium hydride, and zinc oxide which indicates the oxide form of the elements
due to the higher pH values of the synthesizes process. According to the diffraction
pattern of the ZnO with the PDF Card No: 01-070-8072 and the peak intensities, the
presence of a higher amount of zinc oxide in the ZC313 compared to ZC213 could
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Fig. 1 XRD results of ZC213 and ZC313 samples. (Color figure online)

be confirmed. Also, the higher ratio of the Zn/Ce cation in the ZC313 could prove
the hypothesis related to the synthesizing process. Additionally, the reflected peaks
at around 50° and 62° are related to the zinc hydroxides which could confirm the
formation of the LDHs structures in higher amounts due to the higher intensities of
the peaks for ZC213. The cerium cations have two states of the valences (Ce3+ and
Ce4+), where the ionic size of the Ce3+ is bigger than the Ce4+ and thus, intercalation
of the Ce4+ into LDH structures would be more convenient [18, 21]. As well, the
intercalation of the tetravalent cerium into the LDH structure would be possible.
However, increasing the pH value leads to oxidation of the Ce3+ to Ce4+ which could
be deduced from the following equations:

4Ce3+ + 4OH− + O2 + 2H 2O → 4Ce(OH)2+2 (1)

Ce(OH)2+2 + 2H 2O ↔ Ce(OH)4 + 2H+ (2)

Consequently, intercalation of the cerium cations into the LDH structures would
be in the combination of the Ce (III) and Ce (IIII) hydroxides in high pH values.
Furthermore, because of the high pH values of the solution, the Al ions could be
released from the substrate and incorporate into the LDHs formation and leads to the
deposition of the ZnCeAlLDHswhich has inhibition properties [22]. Also, according
to the Pourbaix diagram, at high pH values of the precursor solution, the cations (zinc
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and cerium) could be converted into the oxide form via the following equations [9,
21, 23]:

2Ce(OH)2+2 (aq) + 2OH−(aq) → CeO2.H2O(s) + H2O (3)

2Ce(OH)2+2 (aq) + 2OH−(aq) → CeO2(s) + 2H 2O (4)

Consequently, a one-step in situ deposition of the oxide/LDHs composite coatings
would be possible when the pH of the precursor solution consisting of Zn and Ce
cations is approximately 13.

Microstructural morphologies and related EDS results of the different areas of the
ZC213, ZC313 coating are shown in Fig. 2. Accordingly, two kinds ofmicrostructure
can be seen in the coatings. Also, by changing the ratios of the Zn/Ce cations, the
microstructures can be changed significantly. As seen in Fig. 2a, the common flower-
like morphology of the LDH sheet that is previously reported are in area 2. Also, in
area 2 of Fig. 2d, the same morphologies are seen [6, 24]. However, the amounts of
the perpendicular curved plate-like LDH microcrystals for ZC313 are less than the
ZC213 sample which is in good agreement with the XRD results. The cluster-shaped
structures in the ZC213 sample could be the results of the oxide form of the zinc
and cerium elements in agreement with the EDS results (Fig. 2b, e). ZC213 sample
containing a higher amount of the cerium compound (about 27wt.%) would have the
potential to enhance the inhibition properties and anti-corrosion performance of the
coating [25, 26]. The coating of the ZC213 sample containing a uniform scaffold-like
structure can be suitable for increasing the protective properties as well as the wear
resistance of the coating [27, 28]. However, the higher amount of the Zn compound
due to the higher ratios of the Zn cations in the precursor solution (Zn: Ce: 3) means
that the free Zn which could not incorporate with the cerium cations in the LDH
structures prevents the formation of the uniform scaffold-like clusters. Also, the
higher Zn caused the formation of cracks on the coating which would deteriorate
corrosion resistance.

Corrosion Properties

The corrosion rate of the AZ31magnesium alloy, ZC213 sample, and ZC313 sample
were comparatively investigated via the potentiodynamic polarization (PDP) tech-
nique. Generally, lower corrosion currents and higher corrosion potentials reveal the
lower corrosion dynamic rate and a lower corrosion thermodynamic tendency of the
related coating. In this regard, the weak polarization zone (between ± 10 and ±
70 mV vs. Ecorr) was chosen to investigate the PDP results with the EC-Lab software
[29]. According to Fig. 3, the bare AZ31 magnesium alloy showed the highest corro-
sion current density and the lowest corrosion potential (icorr = 1.2 × 10−5 A cm−2,
and Ecorr = -1.57 V versus SCE). Meanwhile, the anti-corrosion properties of the
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Fig. 2 SEM of the a ZC213 sampled) ZC313 sample and corresponding EDS results of b area 1
of ZC213 c area 2 of ZC213 e area 1 of ZC313 f area 2 of ZC313 sample. (Color figure online)

AZ31 were enhanced approximately by two orders of magnitude via applying the
composite coating on it. The icorr and Ecorr values for ZC213 and ZC313 samples are
9.7 × 10–8 A cm−2, 4.5 × 10–7 A cm−2, and −1.26 V versus SCE, −1.31 V versus
SCE, respectively. The highest anti-corrosion properties are related to the ZC213
sample due to the uniform scaffold-like structure which is in good agreement with
the microstructures in Fig. 2. A reasonable explanation for the above results is that
the composite coating consists of the oxide clusters and LDH plates that prevent the
aggressive ions the reaching the substrate. Also, in the ZC213 coating, the uniform



202 V. Zahedi Asl et al.

Fig. 3 Potentiodynamic polarization curves of bare AZ31 magnesium alloy with and without the
coating of ZC213 and ZC313 coatings that were immersed in 3.5 wt % NaCl solution. (Color figure
online)

oxide clusters could make the coating more stable and block the penetration sites of
the aggressive solution through the coating. In the anodic branches around −0.8 V,
some breaks have happened and the corrosion current increased sharply which could
be due to the breaking of the protective layers, especially for the ZC313 sample.
However, after the breaks occurred and the corrosion current in the ZC213 sample
increased, the currents rapidly pulled back and decreased which is attributed to the
healing effect of the LDHs and cerium containing oxide clusters properties. Thus,
the deposition of the cerium hydroxides (low water solubility) on the surface exactly
in the corroded areas could be the main reason for this event.

Figure 4 illustrates theNyquist plots, corresponding equivalent circuit, and typical
bode diagrams as well as the fitted curves of the ZC213 and ZC313 samples. Gener-
ally, a bigger loop of the Nyquist plots represents the higher resistance of the coating.
Also, the impedance modulus in the lower frequencies reveals the corrosion resis-
tance [30]. In this regard, the values of the impedance in the 10 mHz indicate that the
ZC213 sample had better protective properties, which are consistent with the result
of the Tafel polarization.

The equivalent circuit of the fitted curves is listed in Table 1. To fit the results of
the EC, the ZSimpWin 3.5 software was conducted, and the results were accepted
when the χ2 parameter was lower than 5 × 10–3 [29]. The Rs value represents the
resistance of the solution. Regarding the inherent inhomogeneity of the coating and
the metal surface, the capacitors in the equivalent circuit have been represented by
the constant phase elements (CPEs). The Rout and Qout values are related to the outer
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Fig. 4 a Nyquist plots and corresponding equivalent circuit and b Bode diagrams for different
coatings on the AZ31 magnesium alloy that were immersed in 3.5 wt. % NaCl solution. (Color
figure online)

porous part of the composite coatings. The Rout value of the ZC213 is higher than
the ZC313 which indicates the higher stability of the outer part of the coating. The
Rin and Qin values reveal the resistance and capacitance of the inner dense layer of
the composite coatings which the results of this part are approximately equal in both
coatings. The Rct and Qdl value denote the charge-transfer resistance and the electric
double layer capacity at the interface. The ZC313 sample has shown a lower amount
of Rct which could be due to the higher amount of the pores or capillary channels
compared to the ZC213 coating.

Long-term Immersion

Generally, the LDH plates as the smart structures which have the ion-exchange
ability could heal the defected areas of the coatings [31]. On the other hand, the
LDH-based film is the storage and release inhibitor on demand as a result of ion
exchange between anions and corrosion-relevant anions such as chloride and/or
hydroxyl anions. Besides, environmentally friendly cerium compounds, which have
healing abilities due to the deposition of the hydroxide form in the defected areas,
could be one of the appropriate alternatives for the chromium compounds [11].
Thus, the combination of the cerium compounds and the LDH structures would be
the conventional method to fabricate a smart anti-corrosion coating. In order to inves-
tigate the healing efficiencies of the composite coating the scratched coated sample
has been placed in the 3.5wt.% NaCl solution for different times (Fig. 5). After
2 days of immersion, some black parts have been observed on the scratched areas of
the ZC213 surface, which could be the effect of the corrosion products. Also, after
7 days of immersion, growth of the black areas nearly stopped which could indicate
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Fig. 5 The scratched part of the ZC213 sample that was immersed for a 2 days, b 7 days, c 21 days,
in the 3.5%wt NaCl solution. Also, d, e illustrate the SEM and EDS of the 21 days of immersion
sample, respectively. (Color figure online)

the inhibition properties. Consequently, even after 21 days, corrosion products did
not grow further on the surface and no sign of the pitting was detected on the surface
and the scratched areas as deduced via the SEM picture and EDS results (Fig. 5d, e).
On the other hand, the presence of Zn, Ce, C, O, and Cl in the scratched area could
prove the migration of the zinc and cerium from the host layers into the solution and
formation of the hydroxide films on the substrate.

Conclusion

In the current study, the one-step in situ synthesis of the composite coating containing
oxides and LDHs via the hydrothermal process was investigated for the first time. It
is found that the hydrothermal method in the high pH values (≈13) of the precursor
solution containing only cerium and zinc cations in the ratios of 2, and the carbonates,
would be an appropriate method to fabricate a smart composite coating with high
efficiency. The synthesized LDH structures were composed of the Zn2+ and the
complex of the Ce3+ and Ce4+. The oxide/LDHs composite coating consists of a
high amount of cerium compounds (≈27wt.%) with the incorporation of the LDH
structures were successfully applied on the magnesium alloy (ZC213), which have
shown an appropriate self-healing property and anti-corrosion performance (9.7 ×
10–8 A cm−2).
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Improvement of Corrosion Resistance
by Zn Addition to Mg Alloy Containing
Impurity Ni

Koki Ezumi, Taiki Morishige, Tetsuo Kikuchi, Ryuichi Yoshida,
and Toshihide Takenaka

Abstract There is the deleterious influence of corrosion resistance of Mg alloy
by contaminant of impurity element Ni during Mg recycling. Mg2Ni precipitates
trigger the galvanic corrosion with Mg matrix phase. Zn addition into Mg alloy
may reduce the detrimental impact of impurities because a small amount of Ni
element is dissolved into Mg-Zn intermetallic phase. Therefore, the microstructure
and corrosion behavior were investigated by changing the amount of Zn in Mg
alloy with a trace amount of Ni. From the results of the microstructural observation,
Ni element existed in MgZn2 intermetallic phase when the Zn content exceeded 6
mass%, to change the existing state of Ni whereas Mg2Ni phase was dispersed in
Mg-Zn alloy with a few percent of Zn.

Keywords Mg · Corrosion · Zinc

Introduction

Mgalloy has the characteristics of being the lightest and high specific strength among
practical metal materials, and in recent years, the demand has been expanding in the
transportation equipment field and the like. Along with this, the amount of Mg scrap
increases, so recycling of Mg is drawing attention. However, impurities such as
Cu, Fe, and Ni are mixed in the recycling process. Since these impurity elements
have a small solid solution limit, they form a cathode portion with a low hydrogen
overvoltage and elute Mg violently. At the same concentration, it has been clarified
that it acts as an active cathode in the order of Ni> Fe> Cu and promotes the corrosion
of Mg. Fe impurity can be easily separated by Mn addition, but no effective removal
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method has been established for Cu and Ni. From past reports, it is clear that by
addition of Zn, which has a high affinity for Mg-0.2mass% Cu, the intermetallic
compound phase of Mg(Zn, Cu)2 can be formed and the effect of Cu on corrosion
can be suppressed.

Therefore, in this study, since Cu, Zn, and Ni are transition elements with consec-
utive atomic numbers, the suppression of the influence of Ni was investigated by
addition of Zn in the similar way as neutralizing Cu on corrosion.

Experimental

The experimental apparatus is illustrated in Fig. 1. A furnace tube was placed in
the center of the electric furnace, and a thermocouple for temperature measurement
was inserted into the electric furnace so as to touch the furnace tube. A gap between
the furnace core tube and the upper part of the electric furnace was filled with a
heat insulating material, and pure Ti rod (made by Nilaco Co., Ltd.) as a stirring rod
was inserted into the rubber stopper above the furnace core tube. The inside of the
furnace core tube was once evacuated by a vacuum pump (ULVAC G-10DA), argon
gas was filled so that the inside of the furnace core tube became atmosphere pressure,

Fig. 1 Schematic diagram
of experimental apparatus.
(Color figure online)
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Ar
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Electric   
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and heating was started using an electric furnace. In order to prevent damage to the
furnace core tube due to a rapid temperature change, after reaching 550 °C, the
temperature was raised again after holding for 40 min. After reaching 750 °C, the
sample was taken out of the electric furnace after being held for 3 h while stirring
every 30 min and then naturally cooled.

The composition of the produced sample was analyzed by an X-ray fluorescence
analyzer (JEOL JSX-1000) with a collimator of ϕ2.0 mm. At that time, in each
sample, an average value of three measurements was taken as each composition.

Immersion test was performed to observe the corrosion form and measure the
corrosion depth of each sample. It was adjusted to 5 mass% NaCl aqueous solution
using distilled water and NaCl (>99.5% special grade made by Kishida Chemical).
The sample was placed upright in a beaker with a volume of 500mL, and a graduated
cylinder with a rubber stopper having a volume of 200 ml was placed on the top of
the beaker. 500 mL of 5 mass% NaCl aqueous solution was put into a graduated
cylinder and a beaker, and the sample was completely immersed in the 5 mass%
NaCl aqueous solution. Since the corrosion weight loss volume can be calculated
from the bubbles generated in the aqueous solution during the immersion test, the
corrosion rate was determined by calculating the corrosion weight loss volume from
the amount of hydrogen gas generated after immersing the test piece for 4 h and
dividing by the surface area and time of the test piece.

Figure 2 shows a schematic diagram of the experimental setup for measurement
of hydrogen gas evolution.

The reaction formula in the immersion test and the corrosion calculation formula
are shown below.

(Reaction formula):

(anode reaction) Mg → Mg2+ + 2e−

(cathode reaction) 2H+ + 2e− → H2 ↑

(Calculation formula):

Corrosion rate(g cm−2 day−1) =hydrogen generation(L)

22.4
(

L
mol

) × 24.3(g/mol)

× 1

corrosion area(cm2)
× 24(h)

4(h)

For the purpose of observing the presence or absence of precipitates on the
measurement surface and the microstructure for each Zn content after the immersion
test, measurement with an optical microscope (made by Nikon ECLIPSE MA 100)
was performed. In addition, using a digital microscope (made by KEYENCE VHX-
2000), surface observation, macrostructure observation, and depth measurements
were made.

A tabletop scanning electron microscope (made by JEOL JCM-6000 accelera-
tion voltage 15 kV) was used to observe the surface of the sample. In addition,
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Fig. 2 Schematic diagram of hydrogen generation amount measuring device. (Color figure online)

elemental mapping was also performed by energy dispersive X-ray analysis (made
by JEOLMP-00040EDAP). The state of existence of elements in the precipitate was
investigated by EDX element mapping.

XRDanalysis (made byRigakuRINT-2550Vacceleration 40 kVdiffraction angle
from 10 to 90° wave source Cu Kα with wavelength 1.5406 Å scan speed 40.00°/
min number of steps 0.02°) was performed to identify the constituent phases of the
sample. Identification of constituent phases for the measured peaks was performed
using the inorganic chemistry database.

Results and Discussion

Figure 3 shows the SEM image of each sample. White precipitates appeared as the
Zn content increased. From Fig. 3, the area ratio of the precipitates starts to increase
when the Zn content exceeds 4 mass%, and the precipitates are remarkably present
in a network form at the Zn content of 6 mass% and more. Therefore, it is suggested
that the precipitation phase changes with increasing Zn content.

Figure 4 shows the XRD pattern of Mg-Xmass%Zn-0.1mass%Ni (X = 2, 4, 5,
6, 9). From Fig. 4, the peaks in all regions were clearly seen. A peak of Mg2Ni
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Fig. 3 SEM image of each organization before immersion
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Mg-9Zn-0.1Ni

Mg-6Zn-0.1Ni

Mg-5Zn-0.1Ni

Mg-4Zn-0.1Ni

Mg-2Zn-0.1Ni

Mg
Mg2Ni
MgZn2 
Mg51Zn20

Fig. 4 XRD pattern of Mg-Xmass%Zn-0.1mass%Ni (X = 2, 4, 5, 6, 9). (Color figure online)
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was observed up to a Zn content of 4 mass%. Mg51Zn20 and MgZn2 phases were
remarkably observed as the Zn content increased. From this, it indicates that the
constituent phase changes with the increase of the Zn content. Further, only the Mg
matrix and Mg2Ni were observed even when the Zn content is 2 mass% or less.

Next, we focused on the existence state of Ni. Figure 5 shows the results of EDX
mapping of Mg-6mass% Zn-0.1mass% Ni. Table 1 shows the results of the point
analysis at that time. Two distinct white phases were observed. There are two types
of white, dark white, and light white. From the results of SEM–EDX and XRD
patterns, the dark white precipitate was MgZn2 and the light white precipitate was
Mg51Zn20. In addition, since Ni was not concentrated in the light white part and
was present only in the dark white part, it is considered that Ni was concentrated in
MgZn2.

Zn Ni

Mg

Fig. 5 Mapping image of Mg-6mass% Zn−0.1mass% Ni. (Color figure online)

Table 1 Point analysis result Element Concentration (at.%)

Point1 Point2 Point3

Mg 27.78 63.05 97.59

Ni 12.68 0.04 0.02

Zn 59.54 36.90 2.41
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Let the atomic radius of the main component metal r0 and the atomic radius of
the alloy component elements be rA. The value of | r0–rA | / r0 is within 15%, the
solid solubility is generally large, so the Hume-Rothery rule that a substituted solid
solution is likely to form is mentioned. The rule is considered as the reason why
Zn was used for detoxifying Cu. When the values of r0 is Zn atom and rA is Cu
atom sizes were substituted and calculated, the value was 4.48%, which was smaller
than 15%, so it was considered that substitutional solid solution is possible. This
time, assuming that Ni is a substitutional solid solution in the Zn part of MgZn2, the
values of r0 = Zn, rA = Ni were substituted and calculated, the value was 7.46%,
which was smaller than 15%. Therefore, it is considered that Ni was substituted and
solid-dissolved at the position of Zn as in the case of detoxifying Cu. Since Mg
forms a eutectic compound with Zn in the case of containing Zn of 6 mass% and
more in the Mg-Zn binary phase diagram, the addition of 6 mass% and more of Zn,
Ni element does not form a compound with Mg, but Ni present at the position of Zn
with a closer atomic radius, which is considered to form Mg(Zn,Ni)2. In addition,
unlike the previous case, since Ni is concentrated on the entire surface of MgZn2, it
is suggested that Ni is completely concentrated on MgZn2 and the existing state of
Ni was changed.

Figure 6 shows the relationship between the Zn content of Mg-Xmass%Zn-
0.1mass%Ni (X = 0, 1, 2, 4, 5, 6, 9) and the corrosion rate. In a structure with
a low Zn content, Ni acts as a cathode because it forms a compound as Mg2Ni, and
the micro-galvanic corrosion that promotes anodic dissolution of the matrix phase is
progressing, so it is suggested that the corrosion resistance is not so much improved.
It can be seen that when the Zn content is 4 to 6 mass%, the corrosion rate gradu-
ally decreases. This is because MgZn2 is gradually formed and Ni is taken into the
MgZn2, whereby the existing state of Ni is gradually changed, and the compound
containing Ni does not act as a cathode and suppresses the influence of Ni on corro-
sion. It is considered that the corrosion resistance has improved. Then, by adding 6
mass% or more of Zn, Ni does not form a compound with Mg but forms a compound
with MgZn2 which is a Mg-Zn eutectic compound. Therefore, the existing state of

Fig. 6 Relationship of Zn
content and corrosion rate.
(Color figure online)
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Ni changes, and Ni is incorporated into MgZn2 to formMg(Zn,Ni)2. It is considered
that the absence of Ni as Mg2Ni acting as a cathode significantly suppressed the
influence on corrosion and improved the corrosion resistance of the Mg alloy to the
same extent as the Mg-5Zn compound containing no Ni. Therefore, it is considered
preferable to add 6 mass% or more of Zn when Mg contains 0.1 mass% of Ni.

Conclusion

Even if the composition contains Ni, the presence of MgZn2 is expected to improve
corrosion resistance by incorporating Ni into the precipitate. By adding 6% by mass
or more of Zn, the corrosion resistance was equivalent to that of the Ni-free Mg-5Zn
alloy. It is believed that the presence of MgZn2 can change the presence of Ni and
reduce the effect of Ni on corrosion resistance. Therefore, it was clarified that the
corrosion resistance can be improved to a practical level by adding Zn of 6% bymass
or more.



The Role of Native Oxides
on the Corrosion Mechanism of Laves
Phases in Mg–Al–Ca Composites

Markus Felten, Jakub Nowak, Patrick Grünewald, Florian Schäfer,
Christian Motz, and Daniela Zander

Abstract Magnesium–aluminum–calcium composites are characterized by ther-
mally stable Laves phases, which enable high-temperature material applications.
Nevertheless, immersing the material into an electrolyte causes an increased corro-
sion rate as a consequence of micro-galvanic effects among the Laves phases and the
matrix. The Volta-potential difference determined under atmospheric conditions on
a freshly polished surface using Scanning Kelvin Probe ForceMicroscopy (SKPFM)
is a valid measure for the micro-galvanic coupling and the dynamic growth kinetics
of a native oxide film. In the present study, the time-dependent native oxide film
formation of magnesium–aluminum–calcium alloys is analyzed via in situ SKPFM
measurements. An inhomogeneous evolution of the Volta-potential on the Laves
phases compared to the matrix indicates heterogeneous native oxide formation.

Keywords Native oxides · SKPFM · Mg–Al–Ca composites · Laves phases

Introduction

The mechanical strength of magnesium (Mg) increases with aluminum (Al) as an
alloying element by precipitation hardening through the intermetallic β-phase [1].
However, reduced stability of the β-phase at operating temperatures above 150 °C
inhibits high-temperature applications of the material [2]. With calcium (Ca) as
an additional alloying element, thermally stable Laves phases with increased creep
resistance are formed as a function of the Ca/Al ratio [3, 4]. These secondary phases
further enhance the micro-galvanic effect of Mg alloys as a consequence of the
relatively low standard potential of Mg. Under immersion conditions, an increasing
free corrosion potential occurs resulting from an evolving oxide-/hydroxide layer
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[5]. The chemical composition and stability of this oxide-/hydroxide layer depend
on the native oxide layer formed under atmospheric conditions [6, 7]. The contact of
metallic magnesium with oxygen forms an initial MgO layer according to (1) [8].

Mg + O2− → MgO + 2e- (1)

The formation of this layer is characterized by an inverse-logarithmic kinetics
based on theMott–Cabreramodel [8–10]. In a second step, a relatively thinMg(OH)2
layer is obtained on the surface of the native oxide as a result of the MgO hydration
with adsorbed water molecules according to (2) [6]. Therefore, the native oxide layer
can be described by the duplex structure shown in Fig. 1a [6, 11].

MgO + H2O → Mg(OH)2 (2)

The structure of the native oxide is further altered by the alloying elements.
Nordlien et al. [7] revealed anAl accumulation in the native oxide layer resulting in an

Fig. 1 Schematic representation of the native oxides on a pure Mg, bMg with Al in solid solution
c Mg with more Al in solid solution and d the effect of Ca in solid solution. (Color figure online)
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increased oxide stability, which lead to a reduced hydration tendency (see Fig. 1a–c).
Up to anAl content of 5wt.% in solid solution they observed a saturation of 35%Al in
theMgO layer. Feliu et al. [12] and Souda et al. [13] additionally showedCaOcompo-
nents in the native oxide layer as a consequence of Ca impurities in the Mg alloys.
CaO components cause a larger lattice strain at the metal/oxide interface, due to the
1.36 times larger atomic radius of Ca2+ ions compared to Mg2+ ions. By segregating
Ca2+ ions to the oxide/atmosphere interface, the lattice distortion decreases, resulting
in a time-dependent accumulation of Ca2+ ions in the outer oxide layer (see Fig. 1d)
[13]. While Scanning Kelvin Probe Force Microscopy (SKPFM) studies have been
used predominantly to determine Volta-potential differences between the secondary
phases and the matrix to assess micro-galvanic effects under immersion conditions,
Revilla et al. [14] showed that in situ SKPFMmeasurement is furthermore capable of
representing the growth kinetics of the native oxide. They observed two phases of the
Volta-potential after imprinting a scratch on an Al surface. The first phase consists of
a rapid increase of the Volta-potential while the second phase comprises a reduced
time depending change of the Volta-potential. The first phase was associated with a
rapid reaction-controlled phase of nucleation, while the second phase was described
by an inverse-logarithmic oxide growth according to the Mott–Cabrera model.

Materials and Methods

In the present study, the alloys listed inTable 1were ground up to a #4000SiCgrid and
subsequently polishedwith a diamond suspensionwith a 0.25μmgrain size. Directly
after the application of a SiO final polishing, in situ SKPFM measurements were
performed using a Dimension Icon AFM from Bruker Corporation. The frequency-
modulated peak force mode and a working distance of 100 nm with a scan velocity
of 0.5 Hz were used. A constant bias voltage of Ub = 6 V and the alternating
voltage of UAC = 4 V were applied to the silicon nitride tip (PFQNE) from Bruker
Corporation. The measurements were performed under atmospheric conditions at
room temperature and a humidity of approx. 35%. Prior to each measurement, an
additional calibration was performed on a gold/aluminum-coated silicon reference
sample, enabling the indication of the Volta-potential with respect to gold (Au). An
EDX analysis was subsequently performed on the same location using the Sigma
VP SEM from Carl Zeiss AG and the Oxford-X-Max EDX detector from Oxford

Table 1 Nominal chemical composition of Mg and Mg–Al–Ca composites

Alloy Al
[wt.−%]

Ca
[wt.−%]

Ca/Al
[−]

Mg
[wt.−%]

Condition
[−]

1 – – – 99.999 as cast

2 3.68 3.80 1.03 Bal as cast

3 5.44 1.73 0.32 Bal as cast
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Instruments. Additionally, several EDX line scans were performed on theMg–Al–Ca
composites within the interdendritic domain to evaluate the content of Al and Ca in
the matrix.

Results and Discussion

Microstructure

Figure 2 shows two representative evaluations of the EDX line scans conducted on
the interdendritic domain of the alloys 2 and 3. At a distance of a few μm from
the secondary phases, the concentration of Al and Ca in the solid solution is nearly
constant. Table 2 shows the averaged concentrations of four different line scans.

Fig. 2 Representative illustration of the performed EDX line scan analysis for a, b alloy 2 and c,
d alloy 3. (Color figure online)

Table 2 Averaged
concentration of the Al and
Ca concentration in the matrix

Alloy Matrix Al content
[wt.−%]

Matrix Ca content
[wt.−%]

1 – –

2 1.7 ± 0.3 0.4 ± 0.2

3 3.2 ± 0.4 0.1 ± 0.05
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Alloy 3 with the highest nominal Al content exhibits also quantitatively the highest
Al content in the matrix. The Ca contents of 0.1 and 0.4, respectively, are under the
detection limit of the EDX analysis and are therefore only considered as a qualitative
feature of a higher Ca concentration in the solid solution of alloy 3.

Pure Mg

Figure 3a–d shows the time-dependent evolution of theVolta-potential of alloy 1 after
the polishing process. The development of the Volta-potential is divided into three
phases. In the first phase (0–2 h), theVolta-potential increases rapidly around approx-
imately �V = 150 mV. However, during the subsequent second phase (2–13 h), the
Volta-potential exhibits a reduced time depending change of �V = 50 mV and
remains nearly constant at a potential of approximately V= -1150 mVAu throughout
the third phase. This variation of the Volta-potential thus corresponds to the inverse-
logarithmic oxidation kinetics observed by Revilla et al. [14] and may therefore
correspond to the growth of a MgO layer according to the Mott–Cabrera model.

Fig. 3 In situ SKPFM measurements of alloy 1 after a, 0 h b 6 h, c 15 h with the corresponding
average Volta-potential of the selected region as a function of time after the polishing process.
(Color figure online)
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Mg3.68Al3.80Ca

Figure 4a–d displays the evolution of the Volta-potential of alloy 2 as a function of
time after the polishing process. The initial evolution of the Volta-potential measured
on the matrix is comparable with pure Mg up to 6 h after the polishing process. In
this phase, the evolution of the Volta-potential may also be described by inverse-
logarithmic oxidation kinetics and is thus related to the oxide growth. However,
the maximum Volta-potential in this phase is approximately V = −750 mVAu. The
higher maximum Volta-potential of alloy 2 might result from the higher Al content
in the matrix. Thereby, the nobler Al accumulates progressively in the MgO layer
and causes the higher Volta-potential. In contrast, the period of 9–15 h after the
polishing process shows a reduction of the Volta-potential of approximately �V =
500 mV. This variation has not been described in the literature under atmospheric
conditions. The hydration of the MgO layer might cause such a reduction of the
Volta-potential [15]. Nevertheless, Al in the MgO layer causes a reduced tendency
to hydration compared to pure magnesium [7]. Since the evolution of the Volta-
potential of pure Mg in Fig. 3 reveals no reduction of the Volta-potential, hydration
seems to be an unlikely explanation for the reduction of the Volta-potential. Whereas
themigration of the less noble Ca2+ ions into the top layer of theMgOfilmmay cause
the observed reduction of the Volta-potential. The development of the Volta-potential

Fig. 4 In situ SKPFM measurements of alloy 2 after a, 0 h b 6 h, c 15 h with the corresponding
average Volta-potential of the selected region, as well as the Volta-potential difference of the phases,
as a function of time after the polishing process. (Color figure online)
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of theMg2CaLaves phase shows a qualitatively similar behavior in comparison to the
more noblematrix. However, theVolta-potential increasesmore rapidly in the growth
phase of the MgO layer, resulting in an inversion of polarity from �V = −100 mV
to �V = + 100 mV with respect to the matrix. This accelerated increase of the
potential suggests a different structure of the oxide-hydroxide layers. Although there
is no knowledge about the structure of an oxide layer on the Laves phases so far, a
higher Al content could cause such a variation. Based on the inversion of the polarity,
one can clearly conclude that for the assessment of micro-galvanic effects between
two phases, the Volta-potential difference in the freshly polished state should be
used, since a growth of the native oxide layer can distort the real difference of the
work function. The reduction of the Volta-potential associated with Ca migration,
on the other hand, is quantitatively the same compared with the matrix, leading to a
constant Volta-potential difference.

Mg5.44Al1.73Ca

Figure 5a–d shows the evolution of the Volta-potential of alloy 3 as a function of the
time after the polishing process. The development of the Volta-potential is qualita-
tively comparable with alloy 2. After the increase of the Volta-potential, associated

Fig. 5 In situ SKPFM measurements of alloy 3 after a, 0 h b 6 h, c 15 h with the corresponding
averageVolta-potential of the selected regions, aswell as theVolta-potential difference of the phases,
as a function of time after the polishing process. (Color figure online)
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Table 3 Maximum
Volta-potential measured
during in situ SKPFM
analysis

Alloy Matrix Al
content
[wt.−%]

Matrix Ca
content
[wt.−%]

Max.
Volta-potential
[mVAu]

1 − − −1150

2 1.7 ± 0.3 0.4 ± 0.2 −720

3 3.2 ± 0.4 0.1 ± 0.05 −540

with the oxide growth and the incorporation of Al into the native oxide layer, a peak
occurs after 6 h at V = −540 mVAu. Subsequently, the Volta-potential decreases
about �V = −400 mV before reaching an approximately constant plateau after
13 h. The decrease in the Volta-potential is comparable in magnitude to that shown
in Fig. 4, suggesting that this effect is caused by the alloying elements Ca or Al in
the Mg–Al–Ca composites and thereby illustrates that migration of Ca2+ ions in the
native oxide layer is the potential underlying mechanism.

Based on the results of the maximum achieved Volta-potential shown in Table 3, it
is evident that with increasingAl content a highermaximumVolta-potential occurs in
the investigated time period. The Al content of the matrix is lower than 5 wt.%, hence
themaximum saturation of Al in the native oxide layer as described byNordlien et al.
[7] has not been reached. Therefore, a higher maximum Volta-potential as a result
of a higher concentration of Al in the native oxide layer appears to be a reasonable
mechanism for this effect.

Both the thickness and the chemical composition of the native oxide layer are
known to influence the electrochemical corrosion properties of Mg and Mg alloys.
The growth of the layer observed by in situ SKPFM measurements suggests that an
almost terminated growth of the native oxide layer is reached after approximately
15 h. In order to determine comparable electrochemical properties of Mg alloys, this
period should subsequently elapse before performing the electrochemical measure-
ments. However, the observedVolta-potential curves need to be statistically validated
and the effect of different native film thickness on the electrochemical properties of
Mg needs to be further experimentally investigated.

Conclusion

In situ SKPFM studies on Mg–Al–Ca composites under atmospheric conditions
revealed a time-varying development of the Volta-potential immediately after the
polishing process. Based on the comparison with the Volta-potential evolution of
pure Mg, the growth kinetics and the composition of the native oxide layer were
derived. The following conclusions are obtained:

• In situ SKPFM measurements show an inverse-logarithmic growth of the native
oxide on Mg and Mg–Al–Ca composites according to the Mott–Cabrera model.
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• With increasing Al content of the alloys, a higher maximum Volta-potential is
observed throughout the studied time period.

• The in situ SKPFMmeasurements of theMg–Al–Ca composites show a reduction
of the Volta-potential of about�V= 500mV after a global maximum. This effect
was associated with the migration of Ca2+ ions in the native oxide layer.

• A nearly constant Volta-potential is achieved in the investigated alloys after about
15 h. This plateau is associated with a reduced oxide growth.

• Avarying oxide layer growth on the secondaryMg2Ca Laves phase and thematrix
causes an inversion of the polarity.
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Numerical Modeling of the Forging
Response of a Magnesium Alloy Control
Arm

Bruce W. Williams, Tharindu Abesin Kodippili, Jonathan McKinley,
Stephan Lambert, and Hamid Jahed

Abstract The pronounced temperature and strain-rate sensitivity of magnesium
alloys were apparent during full-scale forging of control arm components. To achieve
the required fatigue resistance of ZK60 and AZ80 control arms, it was necessary to
forge at a low temperature of 300 °C. At this temperature, a slow strain rate was used
to ensure the force required for forging was within the available load capacity of
the equipment. The final forging sequence required to achieve complete material fill
of the component was determined through a combination of experimental forging
and numerical simulations. The temperature and rate sensitivity of the alloys and
the material model utilized in the simulations will be detailed. Differences between
Adaptive Remeshing (AR), Arbitrary Lagrangian–Eulerian (ALE), and Combined
Eulerian–Lagrangian (CEL) finite element methods for predicting large deformation
under isothermal conditions will be discussed. The challenges of forging a complex-
shaped magnesium alloy component are highlighted.

Keywords Magnesium forging · Euler–Lagrange · Strain rate · Temperature

Introduction

The high levels of strain induced during forging decrease porosity and refine grain
structure compared to the cast structure leading to an increase in strength, ductility,
and fatigue resistance. The Hexagonal Close-Packed (HCP) crystal structure leads
to poor (bending) ductility at room temperature but excellent formability at elevated
temperature. The formability of Mg alloys is significantly influenced by temperature
and strain rate, which can vary during the forging process. The use of Finite Element
(FE) simulations can reduce design cost and time and has been employed by various
researchers [1–7] in the forging response of Mg alloys. It is necessary to use a FE
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method capable of capturing the high levels of strain induced during forging. Also,
a well-calibrated material model, one that captures the softening response of Mg
alloys due to dynamic recrystallization as a function of temperature and strain rate,
is required.

The goal of the current work was to produce a prototype Mg alloy control arm
that achieves weight reduction yet with a stiffness and fatigue resistance compa-
rable to an aluminum alloy control arm. This required both experiment and simu-
lation throughout the development process. Three simulation methods to capture
high deformation were used in this study including Adaptive Remeshing (AR),
Arbitrary Lagrangian–Eulerian (ALE), and Combined Eulerian–Lagrangian (CEL)
which are solution techniques available in the commercial software DEFORM3D
and ABAQUS. AR and ALE are meshing techniques with a mainly Lagrangian
framework where the mesh moves, whereas the CEL technique is based on material
moving through the mesh as with an Eulerian framework.

Several small- and intermediate-scale forgings were conducted to aid in the devel-
opment of the forging process for the control arm but were also used to validate the
FE model. The microstructure, texture, strength, ductility, and fatigue response anal-
ysis of these specimens are detailed in literature including, but not limited to, [8,
9] and will not be addressed in the paper. It is of note that the specimens forged at
250 °C showed the highest strength and fatigue resistance.

Forging Experiments

Commercial ZK60 and AZ60 alloys were considered in this work. Initially, small
uniaxial compression tests were performed using aGleeble to characterize the stress–
strain response of the two alloys at temperature ranging from 300 °C to 450 °C with
strain rates ranging from near quasi-static (0.001 s−1) to 1 s−1. The test details and
results for ZK60 are summarized by Hadadzadeh et al. [10] and by Prakash et al. [11]
for AZ80. The stress versus strain response from the Gleeble tests is shown in Fig. 1
at 300 °C and 450 °C for various strain rates. It is of note that the strain at which
the softening occurs is much less than that induced during forging of the control
arm such that it would be expected that the full control arm experienced dynamic
recrystallization. Additionally, the response between AZ80 and ZK60 is similar for
the same temperature and strain rate, with AZ80 displaying slightly higher strength.

Several laboratory-scale forgings were carried out to aid in the development
process for the control arm, as shown in Fig. 2. The Gleeble specimens were 10 mm
in diameter by 15 mm length. The “pancake” forgings were 88.9 mm diameter with
133 mm length and the “flatbread” forgings were 63.5 mm diameter by 65 mm.
The “coin” forgings were 20 mm diameter by 45 mm length and the T-shape design
was selected to produce material flow in two directions. The I-beam was 63.5 mm
diameter with 65 mm length and was used to assess underfill, forging defects, and
flash formation. All these experiments with tests performed between temperature of
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Fig. 1 Stress versus strain response of AZ80 and ZK60 at a 300 °C and b 450 °C for various strain
rates reproduced from data in [10, 11]. (Color figure online)

Fig. 2 Laboratory-scale forgings of Mg alloys a Gleeble, b pancake, c flatbread, d coin, and
e I-beam specimens. (Color figure online)
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a) b)

sweep

Fig. 3 a Mg control arm geometry and b forging die. (Color figure online)

300 °C and 450 °C with strain rates varying from 0.001 s−1 to 1 s−1 were used to
validate the FE models. Details of the experiments are given in [12, 13].

The first step in the design of the control arm was to perform load optimization
simulations to ensure that the required stiffness could be achieved. Having produced
a preliminary shape of the control arm, the forging die was then designed. Consid-
eration was given to the parting line, die side thrust, corner radii, fillet radii, ribs,
draft angles, and flash geometry. Full details of the design are given in [14]. Once
the geometry was designed, another structural analysis was performed to estimate
the fatigue performance indicating a fatigue critical area in the sweep of the control
arm. The geometry of the Mg control arm and the forging die is shown Fig. 3.

The control arms were forged from extruded bar stock 63.5 mm in diameter and
about 700 mm in length. The three steps in the forging process involved bending,
flattening, and forging as shown in Fig. 4. The operations were all performed at the
same temperature and involved pre-soaking the billet to temperature for at least 2
hours prior to each operation. The tooling was at room temperature for the bending
and flattening operations, but the rate was sufficient to prevent heat loss during
forming. The final forging operation was conducted in a heated die which ensured
isothermal forging conditions.

Initially, ZK60 and AZ80 forgings were conducted at 450 °C but it was realized
that the control arm would not have the required fatigue resistance. Laboratory-scale
testing indicated a significant improvement in fatigue performance when forging was
conducted at 250 °C compared to 450 °C, as therewas a remarkable strength improve-
ment while still achieving a dynamically recrystallized grain structure. Forging could
not be conducted at this temperature for the control arm due to tearing in the bending
and flattening operations and over-loading of the hydraulic press in the final forging
stage. Forging would need to be conducted at 300 °C to ensure the required fatigue
resistance of the control arm was achieved. Figure 5 shows the difference between
a ZK60 control arm forged at 450 °C and 300 °C. There is significantly more flash
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Fig. 4 Operations for forging control arm a bending, b flattening, and c forging. (Color figure
online)

Fig. 5 ZK60 control arm forgings at a 450 °C and b 300 °C. (Color figure online)

formation in the sweep area for the 450 °C forging, in an area where fatigue is crit-
ical. The flattening operation was important to ensure that a defect (Fig. 6a) would
not present itself in the sweep area during forging and simulation was used to help
optimize the flattening operation.

To forge the control arm at 300 °C within a realistic load (that is, the 1500-ton
limit of the hydraulic press), it was necessary to greatly reduce the strain rate during
forging, as shown in the displacement versus time response seen in Fig. 7. Whereas
the ZK60 forgings conducted at 450 °C took 30 s (to achieve final displacement with
an additional 30 s hold at 1500-ton), it was approximately 1000 s to forge at 300 °C.
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Fig. 6 Defects in forging on control arm a defect in flash in a fatigue critical area and b underfill
of the top bushing. (Color figure online)

Fig. 7 Displacement versus
time response during forging
of ZK60. (Color figure
online)

Simulation Models

The models performed with DEFORM3D used a Lagrangian framework with Adap-
tive Remeshing (AR). The step increment was set to 0.1 mm/step, yielding 635 steps
for 63.5 mm displacement which was sufficient to prevent convergence issues and
mesh distortion. A simulation of the bending operation (Fig. 4a) was not performed.
In other words, the stress and strain state from the bending operation was not carried
forward to the flattening simulation. Rather, the starting geometry was the bent bar
which was meshed with about 150,000 tetrahedron elements with a mesh size of
about 2 mm. The forging die surfaces were considered rigid. Mesh sensitivity studies
confirmed that this level of mesh size produced accurate forging results within a
reasonable computational time.

The Arbitrary Lagrangian–Eulerian (ALE) simulations were performed in
ABAQUS. This technique is mainly a Lagrangian framework in which the mesh
moves with the Eulerian framework to allow nodes to move easily along boundaries,
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Fig. 8 Combined Eulerian–Lagrangian mesh a Eulerian block mesh and b solid meshes of upper
and lower dies (Lagrangian) and portion of Eulerianmeshwithmaterial indicating the initial position
of the bar. (Color figure online)

with remeshing between a defined number of steps. The bent bar was modeled with
about 57,000 hexahedral elements and about a 2 mm mesh size. The die surfaces
were each modeled using about 20,000 four-noded shell elements. Remeshing was
specified to occur every 5,000 steps with 10 mesh sweeps in the explicit solver.

The Combined Eulerian–Lagrangian (CEL) technique within ABAQUS was also
used for the forging simulations. In this method, a stationary block mesh was used
in which the material could flow. The Eulerian block mesh is shown in Fig. 8 and
comprised of about 5,000,000 hexahedral elements of 2 mm size. The simplicity of
the block mesh was counter-acted by the large number of elements required, and
a more optimized mesh could be considered for future work. Unlike the AR and
ALE models where rigid and deformable shell elements were satisfactory for the die
surfaces, it was necessary to use solid elements, as seen in Fig. 8b, for the forging
dies to prevent material escape during contact between the dies and bar. Also shown
is the initial bar based on elements in the block mesh for which material is defined.
Material only flows within the mesh when it comes into contact with the dies. Only
isotropic (von Mises) deformation was used for the CEL simulation but anisotropic
material flow should be considered in future work.

All simulations were performed under isothermal conditions. The dies and
preform temperature were kept the same and constant during the entire forging
process.

The flow stress curves shown in Fig. 1 were used to describe the stress–strain
response of ZK60 andAZ80 in theAdaptive Remeshing (AR) simulations performed
in DEFORM3D. For wrought magnesium alloys, the intensity of asymmetry and
anisotropy decreases with increasing temperature. The Hill48 anisotropic yield func-
tion was used in the DEFORM3D models to capture the anisotropic response of the
materials. Yield tension/compression symmetry was assumed between the tempera-
tures of 300 °C and 450 °C, though this would not be the case for wrought magne-
sium alloys deformed at room temperature. Future work should consider comparing
the tension and compression responses at elevated temperature to confirm yield
symmetry/asymmetry.

The Hill48 yield function is given by

f (σ ) =
√
F(σ22 − σ33)

2 + G(σ33 − σ11)
2 + H(σ11 − σ22)

2 + 2Lσ23
2 + 2Mσ31

2 + 2Nσ12
2 (1)
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where the anisotropy is described by the six coefficients, F, G, H, L, M, and N with
11−, 22−, and 33− being the extrusion, transverse, and radial directions, respec-
tively. This model has been used to model the anisotropic response of wrought AZ80
by Kobold et al. [6]. In the current work, the uniaxial compression tests were used to
define F,G, andH. Shear hat tests [15] were performed to generate data for the shear
coefficients L, M, and N. Shear hat tests were performed on the Gleeble at strain
rates of 0.1 s−1 and 1 s−1 at multiple temperatures for AZ80 and ZK60 alloys. The
shear hat geometry and force versus displacement response of an AZ80 specimen
performed at 300 °C at 1 s−1 are shown in Fig. 9 [13].

The resulting coefficients for AZ80 at 300 °C at 1 s−1 were F = 0.413, G =
0.413,H = 0.705, L = 1.45,M = 1.45, and N = 1.82 [13]. The resulting anisotropic
yield function is compared to the isotropic (von Mises) yield response in Fig. 10.

Fig. 9 a Shear hat test geometry and b force versus displacement response of AZ80 at an Extrusion
Temperature (ET) of 300 °C and a strain rate of 1 s−1 [13]. (Color figure online)

Fig. 10 Comparison of
isotropic and anisotropic
yield surfaces for AZ80 at
300 °C (σ33 = 0, σ12 =
0, σ23 = 0, σ31 = 0). (Color
figure online)
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As mentioned above, yield symmetry (the same response in tension and compres-
sion) was assumed. Under planar loading conditions, there is only a small difference
between the isotropic and anisotropic responses. There were slight differences in
the anisotropic flow response for AZ80 and ZK60 between 300 °C and 450 °C and
strain rates between 0.1 s−1 and 1 s−1. Consequently, the coefficients for AZ80 at
300 °C and 1 s−1 were deemed sufficient for all temperature and strain-rate ranges
considered in the study.

Models for predicting damage during forging simulations are detailed in [16–
18]. Rao et al. [16] studied several damage models and concluded that the normal-
ized Cockroft and Latham criterion was among the most reliable models to predict
damage. In the DEFORM3D models, failure was modeled using the Cockroft and
Latham criterion which is given by

ε̄∫

0

σmax

σ̃
d ε̄ ≥ C (2)

where σmax is the maximum principal stress, σ̃ is the effective stress, and ε is the
effective strain. The material has failed when the integral exceeds the critical damage
value, C. Xue et al. [18] indicated critical values between 0.26 and 0.46 at 400 ºC
for strain rates ranging from 0.001 s−1 to 0.1 s−1 for AZ80. In the current, it was
found that specifying a critical damage value of 0.3 [19] allowed good agreement
with experiment for all cases. Although it would be expected that this value would
vary slightly for each material with temperature and strain rate, it was the intent to
ensure that no damage occurred in the main body of the component during forging
and any damage would be limited to the flash region.

Friction plays a role during forging as it can resist flash formation, leading to
reduced underfill, but a larger coefficient of friction increases the load required for
forging. Reducing the friction coefficient too much may lead to too much flash and
underfill. The forgings conducted at 450 °C were conducted with graphite lubricant
whereas a graphite/polymer lubricant was used at 300 °C. Ring compression tests
[12, 13] were carried out to determine that the coefficients of friction for the graphite
and graphite/polymer lubricants were 0.2 and 0.05, respectively.

Forging Simulations

The simulations were validated using the laboratory-scale experiments (Fig. 2).
Figure 11 shows the predicted response from an ALE coin forging simulation
performed with isotropic deformation and a constant flow stress of 30 MPa. The
predicted shape was in reasonable agreement with the experimental for the coin
forging. ALE could predict the deformation to high levels of plastic strain (>100%).
However, there were convergent issues when simulating the I-beam and control arm
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Fig. 11 ALE coin forging with isotropic deformation and flow stress of 30 MPa. (Color figure
online)

(with ~60,000 hexahedral elements) forgings with ALE, such that it was not pursued
further in this work. An advantage of the ALE technique is that the deformation
can be easily tracked using tracer particles by following the movement of the mesh.
The complex stress and strain state along a certain particle path can then be used to
predict texture, as was the case in [20] for Mg alloy extrusions, and ALE should be
considered further in future work.

Figure 12 presents overlays of the predicted (yellow) and experimental shape of
a coin forging of ZK60 forged at 450 °C and 0.4 mm/s and an I-beam forged from
ZK60 at 450 °C and 0.06 mm/s [12]. The simulations were conducted using the AR
technique in DEFORM3D and show good agreement with the measured shape.

The load versus displacement responses predicted from AR simulations consid-
ering isotropic (vonMises) and anisotropic (Hill48) deformation for ZK60 coin forg-
ings at 450 °C and 0.4mm/s are comparedwith themeasured response in Fig. 13 [12].
The final load predicted for the anisotropic simulation is in better agreement with
the final load measured, whereas during forging the isotropic response is in better
agreement with the measured response. This suggests that using anisotropic material
behavior will result in slightly improved predictions of the forging load required.

To assess the influence of temperature on forging of the control arm, AR simula-
tions were performed with AZ80 material properties in the isotropic condition, using
a friction coefficient of 0.2 and a temperature of either 350 °C or 400 °C at 1 s−1.
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Fig. 12 Overlap of measured and predicted shapes (yellow) for a coin forging of ZK60 at 450 °C
and 0.4 mm/s and b I-beam of ZK60, 0.06 mm/s, 450 °C [12]. (Color figure online)

Fig. 13 Comparison of load versus displacement response between experiment, isotropic (von
Mises) and anisotropic behavior [12]; ZK60 coin forging conducted at 450 °C and 0.4 mm/s. (Color
figure online)

The flow stress responses at each temperature and the corresponding load prediction
for forging the control arm are shown in Fig. 14 [13]. The results show that even a
small temperature difference of 50 °C can significantly influence the load required for
forging, with 2,270 tons predicted at the higher temperature and 4,820 tons required
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Fig. 14 a Flow response of AZ80 at 350 °C and 400 °C at 1 s−1 and b corresponding forging load
response [13]. (Color figure online)

at the lower temperature. To reduce the load required at 300 °C to realistic values, it
was necessary to reduce strain rate.

Another way to reduce the forging load is to reduce the coefficient of friction, but
if friction is reduced too much there could be increased flash formation and underfill.
Figure 15 shows the forging pattern predicted from CEL simulations performed with
a friction coefficient of either 0.2 or 0.05, with the corresponding load response
shown in Fig. 16. The simulations were performed based on the flow response of
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Fig. 15 Predicted influence from CEL forging simulations of friction for coefficient of friction of
a 0.2 and b 0.05. (Color figure online)

Fig. 16 Predicted influence
of friction on forging load
response of control arm.
(Color figure online)

AZ80 at 400 °C and 0.1 s−1 which is also shown in the figure. The higher coefficient
of friction leads to less flash formation in the sweep, a fatigue critical area, of the
control arm. Though the effect of friction is seen in the load response only near the
end of the forging process, the forging load required is significantly reduced for the
lower friction coefficient with a value of 1,050 tons compared to 1,590 tons for the
larger value. A friction coefficient of 0.05 was achieved using a graphite/polymer
lubricant compared to only graphite lubricant with a value of 0.2. The forging die
was designed using simulations with a friction coefficient of 0.2.

In addition to reducing the strain rate and coefficient of friction, it is needed to be
ensured that there was minimal underfill and no damage in the control arm. This was
accomplished by performing several AR simulations with the most accurate material
description (strain rate and anisotropy) to optimize the preform shape (Fig. 4a and
b) to ensure the final control arm was defect free. An advantage of DEFORM3D
was the ability to track the fold line formation during forging which occurred when
two separate material surfaces came together. This was a fatigue critical region and
it needed to be ensured that the fold line was pushed out of the sweep (Fig. 3a). The
progression of the fold is indicated in Fig. 17.
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Fig. 17 Predicted progression of fold line in the sweep region of the control arm. (Color figure
online)

A contour plot of the damage is shown in Fig. 18 indicating that there was no
damage in the main body of the control arm (damage level < 0.15) and that the most
likely locations of damage were in the flash.

The final simulation of the ZK60 control arm forged at 300 °Cwith a displacement
versus time profile given in Fig. 7 is shown in Fig. 19a. The corresponding ZK60
forging is shown in Fig. 19b (also shown in Fig. 5b and Fig. 6b). It can be seen that
the flash geometry was captured pretty well, except with an over prediction of flash
at the top bushing.

Fig. 18 Predicted influence of friction on forging load response of control arm. (Color figure online)
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Fig. 19 Predicted influence of friction on forging load response of control arm. (Color figure online)

There are a few factors that might explain the differences between simulation and
experiment. During experimental forging there were small temperature differences
(±10 °C) that were not captured in the isothermal simulations. As shown above,
even small temperature difference can influence the forging response of magnesium
alloys. The simulations also assumed a constant friction coefficient, while in forging
trials this could vary based on the amount of graphite/polymer lubricant applied,
sliding distance, and pressure. Additionally, the assumption of one set of parameters
for anisotropic deformation at all strain rates might have a slight influence on the
results.

Conclusions

Three finite element simulation methods were studied to capture the large level
of strain induced during warm forging of magnesium alloys, including Adaptive
Remeshing (AR), Arbitrary Lagrangian–Eulerian (ALE), and Combined Eulerian–
Lagrangian (CEL). All three methods accurately captured the response of simple
forging geometries. The pronounced influence of temperature and strain rate for
magnesium alloys became apparent during the simulations. As the complexity of
the forging geometry increased, the AR and CEL techniques were shown to produce
more accurate predictions. The most advanced simulations incorporating tempera-
ture, strain rate, and anisotropic plastic deformation dependence were carried out
using the AR technique. To forge a control arm with the required fatigue resistance,
it was necessary to forge at 300 °C. A slow strain rate is needed to be used to prevent
unrealistically large forging loads. The AR and CEL simulation techniques aided in
the design of thefinal forging process. TheAR technique proved reliable for capturing
defects and ensures the prototype control arm was defect free. The combined use of
simulation and experiment reduced the development time and cost of the prototype
control arm. The material models presented for magnesium alloys can also be used
for simulation of manufacturing processes of other components.
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Kink Deformation Dynamics of LPSO
Alloy from the Experimental Viewpoint
of Multilayer Structure Deformation

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

Abstract The kink deformation dynamics of a unidirectionally solidified 18RLPSO
alloy, which is a typical stacking material of hard and soft layers, was investigated
via hybrid in situ pulsed-neutron diffraction combined with acoustic emission (AE)
measurement at room temperature under the condition of mainly activating a kink
deformationmode. It was found that distinctive kink formation starts after themacro-
scopic yield point from the evolution of neutron diffraction peaks of several lattice
planes,whereas the angles between the formed kink planes and the initial undeformed
planes have a broad range from the basal plane distribution after kink deformation.
Additionally, the size of the formed is widely distributed from the interpretation of
the absolute energy distribution of the detected AE signal. The study revealed that
kink formation does not occur randomly but follows a specific statistical distribution
expressed by the waiting time of the AE signal event. We propose that one possible
kink formation mechanism is the incremental deformation theory that considers the
effect of initial internal stress. This theory is based on the rheological treatment of
stacking hard and soft layers of arbitrary mutual fractions. It may account for the
experimental characteristics of the formation of ridge-type or wedge-type kinks and
sinusoidal kinks of various sizes.

Keywords LPSO · Neutron diffraction · Acoustic emission

Introduction

When Mg-based LPSO alloy, which is a stacking material of hard and soft layers, is
introduced into the kink structure by hot extrusion, it exhibits both high strength and
good ductility comparedwith common commercialMg alloys [1]. Thus, it is expected
to serve as a novel lightweight structuralmaterial. However, the reason for its strength
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and its mechanism is not fully understood despite numerous studies [2, 3]. Various
kinks have been observed in different materials, including metals [4], minerals [5],
ceramics [6], and polymers [7]. These include ortho-type (kink band), wedge-type
(conjugated kink band), ridge-type, and wavy (sinusoidal) kinks. Particularly, ridge-
type and wavy kinks are dominant inMg-based LPSO alloys. To determine the cause
of the high strength in Mg-based LPSO alloys with kink structures, it is important
to determine the kink formation mechanism by introducing effective kinks. There-
fore, evaluating the dynamics of kink formation is indispensable. Kink formation
dynamics in a unidirectionally solidified 18R single-phase Mg-based LPSO alloy
[8], which is a typical and simple LPSO structure system, and has been observed to
be intermittent rather than continuous [9]. Hence, it is useful to use acoustic emission
(AE) measurements to detect the dynamic changes in microscopic structures inside
bulk samples by identifying elastic waves generated by microscopic deformation,
combined with crystal structural monitoring techniques, such as diffraction of the
bulk sample. In this paper, we mainly report the statistical characteristics of kink
formation dynamics based on the analysis of AE signal data obtained by hybrid
in situ neutron diffraction measurements under compressive stress loading.

Experimental

Hybrid in situ pulsed-neutron diffractionmeasurements under compressive loading at
room temperature were performed by TAKUMI, BL19 [10] in MLF, J-PARC. Here,
“Hybrid” implies that neutron diffraction measurements and AE signal detection
are performed simultaneously. An AE system (1283 USB AE Node, Micro 30) by
Physical Acoustics Corporation, USA was used. A unidirectional solidified 18R
LPSO alloy, Mg85Zn6Y9, [8] was used as a sample. Here, “unidirectional solidified”
means that the c-axis of crystal plates is aligned perpendicular to a growth direction.
The obtained alloy was machined into a cylindrical shape of 8 mm diameter and
16 mm length, with the cylindrical axis perpendicular to the crystallographic c-axis
of theLPSOstructure. The samplewasmounted,with the cylindrical axis of 45° to the
incident neutron beamdirection, into a loadingmachine at room temperature. Pulsed-
neutron diffractions of several planes in the axial and radial directions of the sample
were collected simultaneously using a pair of neutron detector banks. The AE sensor
was attached to a sample attachment of the loading machine several centimeters
apart from the sample end. Compressive stress was loaded up to approximately
250 MPa with a strain rate of approximately 4.2 × 10–5/s and a strain of up to −0.2
along the cylindrical axis. A strain gage attached to the sample surface was used for
macroscopic strain monitoring. Neutron diffraction data were obtained by the event
record technique and converted to a diffraction pattern ranging from 0.7 to 3.2 nm.
The AE signal was measured using a threshold technique that collected various data,
such as the waveform of the elastic wave, detection time for event occurrence, and
absolute energy of elastic wave. In this study, we primarily used the detection time
and absolute energy to perform analysis.
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Results

It is known that the experimental condition primarily causes kink deformation as
a deformation mode [8]. This study confirmed its behavior by neutron diffraction
evolution, as shown in Fig. 1. The left vertical axes correspond to the d-spacing
of the lattice, whereas the right vertical axes correspond to the macroscopic stress
for both Fig. 1a, b. The horizontal axes correspond to the macroscopic strain for
both Fig. 1a, b. The lattice planes were indexed using the crystal structure of P3212,
a = 1.11 nm, c = 4.7 nm [11]. Figure 1a shows the evolution in which the
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the direction of the (0 0 0 18) plane ranged broadly from approximately 30° to 90°
with a weak peak. These features indicate that the formed kinks have various angles
between the formed kink planes and the initial undeformed planes.

Figure 3 shows the frequency distribution for the absolute energy of the detected
AE signals after the yield point, indicating that the distribution varies widely over
eight digits and ranging from six digits in the energy scale. Because the absolute
energy is related to the deformation size, this distribution implies that the kink
formation mechanism allows for various kink sizes. Another characteristic is power
law-like behavior over eight digits in the high-energy region. This implies that kink
size is scale free; more precisely, there is no characteristic scale for kink size.

Therefore, the main process of the formation mechanism may not include the
characteristic size. This feature justifies a continuum deformation treatment, which
we will discuss later. Furthermore, there is a flat part in the lower energy region,
which corresponds to smaller deformation. This implies that kink deformation of the
small scale does not obey the abovementioned continuum treatment. Figure 4 shows
the frequency distribution of intervals of two adjacent AE signal detection times,
namely, the waiting time associated with kink deformation in the uniaxial compres-
sive loadingof the sample.Thevertical scale inFig. 4a is linear,whereas that of Fig. 4b
is logarithmic. If kink formation occurs randomly following the Poisson process,
the frequency distribution of the waiting time becomes an exponential distribution.
However, the distribution shape in Fig. 3 is significantly different from that of the
exponential distribution. This implies that kink deformation does not occur randomly
for the experimental loading condition. In contrast, this frequency distribution has
the following remarkable features:

Fig. 3 Absolute energy
distribution of the detected
AE signal. (Color figure
online)
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Fig. 4 Frequency distribution of waiting time of the AE signal a linear scale, b log scale. (Color
figure online)

• The distribution has a sharp peak.
• The distribution is skewed (asymmetrical).
• The distribution has a heavy tail (long tail).

These are characteristics of a stable distribution (α Lévy stable distribution). If we
adopt this distribution as a frequency distribution of waiting time, we can interpret
it as a unified distribution, namely, the same dynamics for all kink formations. The
stable distribution is defined as follows: assume x1 and x2 are independent copies of
random variable x. Random variable x is stable when random variable ax1 + bx2 (a
and b are constants) has the same distribution as cx+ d (c and d are constants). There
is no analytical expression of the probability density function of a stable distribution,
and it is expressed by the Fourier transform of the characteristic function as follows:

f (x) = 1

2π

∞∫

−∞
ϕ(t)e−i xt dt (1)

The characteristic function is expressed using four parametersα, β,χ, δ as follows:

ϕ(z) = exp
[
iδz − γ |z|α{1 + βsgn(z)ω(z, α)}] (2)

ω(z, α) = tan
πα

2
(α �= 1) (3)

ω(z, α) = 2

π
log|z|(α = 1) (4)

0 < α ≤ 2,−1 ≤ β ≤ 1, γ > 1 (5)
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However, to obtain a probability density function by determining four parameters
of the characteristic function of a stable distribution is difficult, and we did not
obtain it. We propose that the frequency distribution of the kink formation statistics
is expressed by a stable distribution.

Discussion

There are several theories about the kink formation mechanism in metallurgy,
including the Hess and Barrett theory [12]. This theory is based on dislocation move-
ment and offers a microscopic explanation of the formation mechanism of a macro-
scopic kink. Starting from the Euler buckling of an elongated rod, an ortho-type kink
is formed by the generation of vertically aligned positive and negative edge disloca-
tion pairs and dislocation multiplication. In the case of ridge-type kink formation,
opposite ortho-type kinks of the same size are formed almost simultaneously and
coalesce. However, when the theory is applied to the kink deformation in the LPSO
alloy, its validity becomes unclear because the kink of the LPSO alloy observes at
arbitrary positions rather than special one which is theoretical expectations. There is
ambiguity in the special formation account of ridge-type kinks, and, by experiment,
the formed kink size has a wide distribution. Another theory, proposed by Frank and
Stroh [13], does not consider initiation of kink formation. First, this theory initially
assumes the presence of an elliptic kink region and considers its growth to form
a kink band. The elliptical shape is attributed to the effect of the attractive force
between both ends of the parallel positive and negative dislocation pair. Similar to
the theory by Hess and Barrett, the basis for the initial kink as applied to the kink
formation in the LPSO alloy is unclear. These theories are based on dislocation
theory. In contrast, continuum deformation in the mesoscale obtained from AE data
interpretation is useful from the viewpoint of general deformation features.

Furthermore, incremental deformation theory [14, 15] introduces a type of
continuummechanics applied in geology. This theory focuses on the instability of the
averaged rheological properties of a homogeneous anisotropic material stacking of
hard and soft layers in the presence of internal stress. In this theory, the deformation
behavior is described as follows [14, 15]:

(L − P)
∂4


∂x4
+ 2(2M − L)

∂4


∂x2∂y2
+ L

∂4


∂y4
= 0 (6)

M = N + P/4 (7)

L = Q + P/2 (8)

P = (S22 − S11) (9)
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where Φ is the displacement function, N is the compressive modulus, Q is the shear
modulus, and S11 and S22 are the initial stresses. The general solutions of Eq. (6) can
be expressed as follows:


 = f1(x + ξ1y) + f2(x − ξ1y) + f3(x + ξ2y) + f4(x − ξ2y) (10)

where ξ is arbitrary constant and f1, f2, f3, and f4 are arbitrary functions.
The most remarkable feature is that instabilities are dependent on L,M, and P for

real ξ via the following equation:

Lξ 4 + 2(2M − L)ξ 2 + (L − P) = 0. (11)

Two instabilities—type 1 and type 2—are under the conditions given below:

M/L >
1

2
; P/L > 1type 1 (12)

M/L <
1

2
; 1 > P/L > 4M/L(1 − M/L)type 2 (13)

In the case of type 1 instability, sinusoidal fluctuations occurs. In contrast, the
kink band structure is produced in type 2 instability. Moreover, if layer fluctuation
exists in some layered regions, it may formwedge-type kinks via similarmechanisms
of type 2 instability. Intermittency and size dependence for the formation of wedge-
type kinks are ensured by numerous fluctuation regions and sample sizes. Our results
support these findings.

Conclusion

We performed hybrid in situ pulsed-neutron diffraction for a unidirectional solidifi-
cated 18R LPSO alloy. We determined the start of the distinct kink formation and the
dependence of the angle between the kink plane and the initial undeformed direction
from neutron diffraction. The distribution of absolute energy and waiting time of
AE signal events were also determined. One possible kink deformation mechanism
in the 18R LPSO alloy is a mechanism explained by the incremental deformation
theory with initial internal stress as proposed by Biot.
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The Influence of Recrystallization
on the Temperature Dependence
of Twinning in Magnesium Alloys

Abhijit Brahme, Kaan Inal, Raja K. Mishra, Amir Farzadfar,
and Etienne Martin

Abstract The nucleation of twin formation, an important mechanism in the defor-
mation of magnesium alloys, is still an active topic of discussion. The twin formation
is generally tied to the amount of shear stress resolved on the twin system. This work
sheds light on the formation of twins by studying the deformation in three different
Mg alloys. The alloys are deformed at 350C. The flow curves show the signature of
dynamic recrystallization in all the alloys. The resultant microstructures are studied
optically and using electron backscatter diffraction maps. The results clearly show
the formation of dynamic recrystallized (DRX) grains is primarily located inside the
twins. The volume fraction of DRX and twins is calculated using ASTM E562-02
standard from the optical micrographs. The volume fraction of DRX and twins thus
calculated shows inverse correlation. Thus, indicating that the increase in the DRX
leads to decrease in the amount of twinning by reduction in the conditions conducive
for twin formation.

Keywords Magnesium · Twinning and recrystallization

Introduction

Mechanical twinning plays an important role in the deformation ofmagnesium alloys
[1]. It facilitates accommodation of deformation along the c-axis, especially when
the pyramidal slip is inactive [2], since all of the easy slip directions, < 1120 >,
are perpendicular to the c-axis. Twinning in Mg alloys has been studied by various
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researchers over the past few decades, yet there is no clear consensus on the exact
criterion for the inception/nucleation of twins. There has been much debate on what
yield criterion is appropriate for twinning. Most analytical treatments assume a crit-
ical shear stress criterion similar to Schmid’s law for slip [2–4]. These look at the
resolved shear stress on the twinning direction and based on a threshold decides if the
particular twin system will be activated or not. Several authors have demonstrated a
weak relationship if any between the Schmid factor and twinning [5–8]. Mu et al. [5]
showed that the primary twin variant was not the one with the highest Schmid factor
rather the one with the most accommodation by the neighboring grains. Lind et al.
[8] confirmed this observation on 3D in situ neutron diffraction. Similar conclusions
were reported by Pei et al. 2012 and Mishra et al. 2019 on almost no correlation
on the volume fraction of twin and the Schmid factor measured from microstruc-
tural observations [6, 7]. Moreover, the amount of twinning as reported in multiple
studies [9, 10] is strongly temperature dependent while CRSS is usually reported to
be temperature independent [11, 12]. Despite the impressive number of publications
in this area the CRSS for twinning remains to be established for Mg alloys.

There are several possible mechanisms for twin formation [13, 14]. For all cases,
twin nucleation is inhomogeneous and requires stress concentration. One major
source of stress concentration arises from dislocation piles-up along the grain bound-
aries (GB) [15–17]. These sources of stresses can be relaxed by the formation of low-
energy dislocation configurations (LEDS) [18]. The formation of LEDS is favored
by diffusion and thus temperature. In Mg alloys, the formation of LEDS is impor-
tant since it leads to continuous dynamic recrystallization (cDRX) [19]. This work
discusses the possibility of a new yield criterion for twinning based on the analyses
of dynamic recovery and recrystallization. In the proposed research, the tempera-
ture dependence of twinning in three different magnesium alloys is linked to their
recrystallization behavior.

Experimental Procedure

Three different Mg alloys, Mg-2.Y, Mg-5Zn-2Y, and Mg-2.9Zn, were produced by
induction melting. The exact composition of the three alloys can be found here [20].
The as-cast texture of the three alloys was evaluated by XRD using a Bruker D8
diffractometer. Figure 1 shows the typical as-cast random texture obtained from the
cast materials. Compression samples weremachined with an aspect ratio (h/d) of 1.5,
the height, h, of the sample is parallel to the longitudinal direction of the cast rod.
Compression tests were performed at 350 °C and at a true strain rate of 1 s−1. The
samples were compressed to three strains, half of the peak strain, peak strain, and
strain of 1, and they were then water quenched to room temperature. Microstructure
analysis of compressed samples was performed by optical microscopy and EBSD
using a Hitachi S-3000 FE-SEM. The polished samples were electropolished in 10%
Nital solution at 20 V. For optical microscopy, the samples were etched with acetic
picral solution.
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Fig. 1 X-ray {00.2} pole figures representing the initial (as-cast) texture of Mg-2.9Zn alloys. The
longitudinal (LD) and radial directions of the cast rod are used as reference frames. (Color figure
online)

The volume fractions of twins and recrystallizedmaterial were determined using a
simple point counting technique (ASTM E562-02). Three to six digital micrographs
were taken of each sample at magnifications ranging from 100x to 200X. Next, 31
points by 18 points grid was superimposed on the images. The volume fraction of
twin and recrystallized grains was determined by calculating the ratio of the number
of points located within such features to the total number of points.

Results and Discussion

The true stress–true strain (σ—ε) curves determined under the present conditions are
illustrated in Fig. 2. The three materials show evidence of DRX. The flow stress rises
rapidly to a peak stress at a relatively low strain; strain softening then occurs leading
to a steady state at high strains. The addition of Yttrium increases the hardening rate
significantly leading to higher peak stress. The lower peak stresses in Mg-5Zn-2Y
and Mg-2.9Zn alloys are also associated with higher softening prior and after the
peak stress.

In order to evaluate the appearance of DRX grains and twinning, samples were
deformed to half of the peak strain, peak strain, and strain of 1. A typical series of
such microstructures taken at half of the peak strain is displayed in Fig. 3. At the
peak strain, DRX did not start in the two alloys containing Y while fine DRX grains
can be observed in Mg-2.9Zn alloy in Fig. 3c. The DRX mechanism in Mg alloys
has been studied previously by [19]. The authors shown that new DRX grains first
begin by the formation of LEDS and the continuous integration of new dislocations
leads to the formation of new grains with high angle boundaries.

The formation of DRX grains is favored along grain and twin boundaries [21].
Similar observations have been reported in other Mg alloys [22, 23]. The formation
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Fig. 2 Stress–strain curves obtained after uniaxial compression at 350 °C and true strain rate of
1 s-1

of twins along twin boundaries and in the twin lamella is shown in Fig. 4. Figure 4a
shows an EBSD-IPF map of the Mg-5Zn-2Y taken at peak strain. In Mg-2.9Y, only
few DRX grains can be observed after a strain of 1. Figure 4b shows DRX grains
forming inside a contraction twin. The evolution of DRX grains with strain is shown
in Fig. 5a for the three alloys. After half of the peak strain, approximately 15% of
the microstructure undergoes DRX in Mg-2.9Zn and reaches 100% at a strain of
1. When Y is added, DRX is retarded. The effect of Y on recrystallization kinetic
has been investigated previously. It is shown that Y in solid solution decreases the
mobility of GBs [24] and the formation of LEDs [25]. In Mg-5Zn-2Y alloy, DRX
begins above half of the peak strain. At the peak strain, approximately 10% of the
Mg-5Zn-2Y microstructure is made of DRX grains. The formation DRX increases
sharply above this point and the microstructure is almost fully recrystallized (~85%)
after a strain of 1. In the Mg-2.9Y alloy, DRX begins after the peak strain and only
25% of the microstructure recrystallizes after a strain of 1.

The rapid initiation of DRX in Mg-Zn also coincides with an important reduction
in the twin volume fraction when compared with the Mg-2.9Y alloy (see Fig. 3).
This can be partially explained by the fact that DRX begins first inside twins and
thus decreases the number of visible twins in the microstructure. For this reason, the
DRX twins that can be obviously identified (like in Fig. 4b) were counted as a twin
in Fig. 5b. The measurements were not performed at half of the peak and peak strains
in some alloys since the amount of DRX is important and the twins with DRX cannot
be distinguished properly at those strains in theMg-5Zn-2Y and theMg-2.9Y alloys.

By comparing the volume fraction ofDRXand twins in Fig. 5, one can observe that
twin volume fraction is higher in alloys that have a lower DRX volume fraction. The
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Fig. 3 Optical images showing the microstructure evolution immediately after compression to the
half of the peak strain in a Mg-2.9Y, bMg-5Zn-2Y, and c Mg-2.9Zn

Fig. 4 OIM images showing dynamic recrystallization in a Mg-5Zn-2Y at peak strain and b Mg-
2.9Y after a strain of 1. The HABs (>15°) are shown in black and the LABs (<15°) are shown in
white in b only. (Color figure online)
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Fig. 5 Volume fraction of a DRX and b twinning as a function of strain level for the three alloy
compositions. The error bars correspond to the standard deviation associated with the measurement
taken on different optical images. (Color figure online)

highest volume fraction of twin is observed inMg-2.9Y followed byMg-5Zn-2Y and
Mg-2.9Zn. DRX in Mg alloys is preceded by the formation of LEDS, suppressing
the dislocation piles along GBs. This results in lower stress concentration at the
boundaries that are likely to result in sites for twin nucleation. Accordingly, less
twins form in Mg-5Zn-2Y compared with Mg-2.9 Y as can been be seen in Fig. 3.
At the half peak strain, no DRX grain can be observed in the Y containing alloys, but
since DRX kinetic is higher in Mg-5Zn-2Y more LEDS are likely to form reducing
the amount of stress concentration in form of piles-ups at grain boundaries. In this
case, the suppression of twinning when temperature increase seems to be correlated
to the formation of LEDs rather than the activation of non-basal slip systems.

Conclusions

This work analyzes the amount of twinning and the DRX for three Mg alloys
deformed at 350 °C. Microstructural observations clearly show the presence of twins
in the Yttrium-containing alloys. For investigation using electron backscatter diffrac-
tion maps show that in those alloys the DRX grains are primarily located along the
twin boundaries and in the twins. The Yttrium-containing alloys show lower volume
fraction of DRX when compared to the Mg-2.9Z alloy. This work clearly shows that
the amount of DRX and the occurrence of twins are inversely correlated. This gives
credence to the hypothesis that the presence of DRX substructure leads to reduc-
tion in the conditions favorable for twin formation through a reduction in the stress
concentration.
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Recycling and Environmental Issues



Effects of MgCl2 and NaCl
on Si-Thermic Reduction of MgO
in Recycle of Mg-air Battery

Atsushi Hayashida, Toshihide Takenaka, and Taiki Morishige

Abstract The effects of the chlorine content used as electrolyte should be controlled
in the recycle process of Mg-air battery. The influence of MgCl2 and NaCl in Si-
thermic reduction of MgO has been studied in this study. The mixture of MgO with
MgCl2 or NaCl was reduced by metallic Si at 1150 °C for 3 h, and the reduction rate
was estimated. The reduction rate without MgCl2 or NaCl addition was about 55%
under our reduction condition, and 1 mol% addition of MgCl2 rarely affected the
reduction rate. However, the reduction rate decreased with added amount of MgCl2,
and became about 15% in 10mol%addition. Even 1mol%addition ofNaClworsened
the reduction rate, and the reduction rate decreased with the addition amount. It is
confirmed that the chlorine should be removed before Si-thermic reduction in the
recycle of Mg-air battery.

Keywords Si-thermic reduction · Recycle of Mg-air battery · Effects of chloride ·
Mg metal production

Introduction

Mg-air battery is paid attention as an energy storage and conversion device, [1–4]
and its recycling should be required in the near future. [5] The recycle of Mg metal
is particularly important in Japan from the view of Mg supply. In the recycle of used
Mg-air battery, the reduction of oxidized Mg electrode which mainly consists of
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Mg(OH)2 is necessary. Some other elements which are contained in Mg(OH)2 from
used Mg-air battery must be controlled.

Si-thermic reduction is widely applied to Mg metal production from dolomite,
MgCa(CO3)2, and Pidgeon process iswell known. [6] The total reaction of Si-thermic
reduction of dolomite is shown as follows:

MgCa(CO3)2(s) + 1/2Si(s) → Mg(g) + 1/2Ca2SiO4(s) + 2CO2(g) (1)

In the recycle of used Mg-air battery, Mg(OH)2 is calcined to MgO, CaO, and
Si or Fe-Si is mixed and the reduction is carried out around 1500 K under vacuum,
and the reduction (1) occurs. The elements contained in Mg(OH)2 from used Mg-air
battery can be influenced; it is especially considered that the chlorine content strongly
affects the reduction because the reduction occurs at the interface of solid MgO and
Si.

The influence of a small amount ofMgCl2 orNaCl added toMgOandCaOmixture
was studied in this study. MgCl2 or NaCl was added to Mg(OH)2 and Ca(OH)2
mixture, and the mixture was calcined. Metallic Si was added to the calcine mixture,
and the reduction was carried out at 1150 °C. The product and residue were analyzed
after the reduction, and the influence of MgCl2 and NaCl was discussed.

Experimental Method

The compounds used in this study were anhydrous Mg(OH)2 (>95%), Ca(OH)2
(>96.0%), MgCl2 (>99.5%), NaCl (>99.5%), and Si (99%, 75 µm). MgCl2 or
NaCl was mixed with Mg(OH)2 and Ca(OH)2 in water as the composition was
Mg(OH)2:Ca(OH)2:MgCl2 or NaCl = 1:1:x (x = 0.01, 0.05, 0,1, and 0.15) in molar
ratio. The solution was dried longer than 24 h, and then calcined at 800 °C for 3 h,
where Mg(OH)2 and Ca(OH)2 were decomposed to MgO and CaO. Si was added
to the calcined mixture as MgO:Si = 2:1 in molar ratio, and pressed to be a green
compact.

The schematic diagram of thermic reduction equipment is shown in Fig. 1. The
green compact (just “specimen” herein after) was set on a BN boat and heated at
1150 °C for 3 h under vacuum, where the Si-thermic reduction of MgO occurred.
After Si-thermic reduction, the residual material on the BN boat and the product
condensed near cooling part were collected. The residual material and the product
were observed by SEM–EDX and analyzed by XRD.
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Fig. 1 Schematic diagram of thermic reduction equipment. (Color figure online)

Results

Reduction Products Condensed on Cooling Part

A small amount of materials was condensed on the inside surface of cooling part
outside the furnace. The SEM images of the condensed materials for the specimens
with 10 mol%-MgCl2 or 10 mol%-NaCl are shown in Fig. 2 with their element
distributions. The condensedmaterials seemed very fine particles, andmainly consist
of Mg and O. It is considered that Mg vapor was formed by the reduction in the high-
temperature part, condensed in the cooling part, and oxidized when it was taken out
after the experiment. Clwas also detected in the condensedmaterials for the specimen
with MgCl2 and NaCl, and Na was also detected in the condensed materials for the

Fig. 2 The SEM images and elements distributions of the products with a 10mol%-MgCl2 and
b 10mol%-NaCl. (Color figure online)
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specimen with NaCl. It is indicated that the added MgCl2 and NaCl were partially
vaporized and condensed in the cooling part.

The amount of the condensed materials was very little, so XRD analysis and the
weight measurement could not be performed.

Residual Specimens After Si-thermic Reduction

The SEM images and element distributions of residual specimen with 5 mol%-NaCl
are shown inFig. 3. Si particles seemed todecrease in residual specimens thanoriginal
specimens regardless of addition amounts ofMgCl2 or NaCl, and it is considered that
Si reacted in thermic reduction. Concentrated area of Ca, Si, and O (in red circle in
Fig. 3) was seen. XRD analysis of residual specimen with 5 mol%-NaCl is shown in
Fig. 4, and this particle can be identified as Ca2SiO4, which is not seen in the original
specimens, and seen only in residual specimens despite the additional amounts of
MgCl2 or NaCl. Ca2SiO4 is a by-product of reduction of MgO from (2), so it is
considered that MgO was reduced regardless of adding MgCl2 and NaCl.

2MgO(s) + 2CaO(s) + Si(s) → 2Mg(g) + Ca2SiO4(s) (2)

CaCl2 was also detected in the residual specimens with MgCl2 and NaCl, and
Na2SiO3 was also detected in residual specimens with NaCl from XRD analysis.
These substances show that other reactions except reduction of MgO can occur.
Therefore, it is considered that these reactions or substances influence reduction of
MgO. These reaction formulas are shown in (3)–(5).

MgCl2(g) + CaO(s) → CaCl2(l) + MgO(s) (3)

Fig. 3 TheSEMimages and elements distributions of residual specimenswith 5mol%-NaCl. (Color
figure online)
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Fig. 4 XRD analysis of
residual specimen with
5mol%-NaCl. (Color figure
online)

2NaCI(g) + CaO(s) → CaCI2(I ) + Na2O(s) (4)

Na2O(s) + Ca2SiO4(s) → Na2SiO3(I) + 2CaO(S) (5)

Reduction Rate

The weight of residual specimens decreased regardless of addition amount of MgCl2
and NaCl. The weight of products condensed on cooling part could not be measured
due to being very little, so the reduction rate was calculated with the decreasing
amount of weight by (6).

Reduction rate(%) = (Ws − Wr )/WMg × 100% (6)

where Ws, Wr, and WMg are the weight of specimens, residual specimens, and Mg
from MgO in the specimens, respectively. Volatilization of MgCl2 and NaCl during
thermic reduction was considered against calculation of reduction rates. Reduction
rates of addition of MgCl2 or NaCl and no addition are shown in Fig. 5. Reduction
rates improved slightly than that of no addition when 1 mol% and 15 mol%-MgCl2
were added.Reduction rates decreased obviouslywhen5mol%and10mol%-MgCl2,
and 1~ 0 mol%-NaCl were added. Therefore, it is considered that very little amount
of MgCl2 can improve reduction rate, and NaCl needs to be removed because NaCl
largely impedes reduction of MgO.



272 A. Hayashida et al.

5 10 15

20

40

60

0
addition amount (mol%)

R
ed

uc
tio

n 
R

at
e 

(%
) Addition of MgCl 2

Addition of NaCl
No addition

Fig. 5 Reduction rates of addition of MgCl2 or NaCl and no addition. (Color figure online)

Discussion

Effects on reduction rates can strongly depend on the contact condition of particles
in specimens. Reduction of MgO is a solid phase reaction and contact of MgO,
CaO, and Si is needed for reduction. Good factor can be molten CaCl2. Molten
CaCl2 coating on these particles can make the contact condition better and improve
reaction rate of reduction of MgO. Bad factor can be volatilization of MgCl2 and
NaCl. Volatilization of MgCl2 and NaCl can increase the pores in specimens, and
worsen contact condition to make lower reaction rate of reduction of MgO. Molten
CaCl2 coating as good factor can affect more strongly when 1 mol% or 15 mol%-
MgCl2 was added. Volatilization of MgCl2 and NaCl as bad factor can affect more
strongly when 5 mol% or 10 mol%-MgCl2 or 1~10 mol%-NaCl was added.

If reduction time is long enough for complete reduction of MgO, it would be
possible to obtainmoreMgmetal. However, it could not be good fromboth ecological
and environmental side as it needs more time than no addition of MgCl2 and NaCl.
To decrease CaO which works to promote reduction of MgO can make it impossible
to reduce all amount of MgO to Mg metal.

It is found that both MgCl2 and NaCl volatilized during thermic reduction and
were condensed in reduction products. Therefore, volatilization of MgCl2 or NaCl
can badly effect on purity of Mg metal. It is considered that MgCl2 or NaCl needs
to be removed from the point of view of high-purity Mg production.

Conclusions

In this study, the influence ofMgCl2 andNaCl on the recycling ofMg fromwasteMg-
air battery was investigated. In particular, their effects and permission ranges were
examined experimentally. MgO was reduced to Mg metal in the Si-thermic process
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evenwith the addition ofMgCl2 or NaCl. The reduction rates improved slightlywhen
1 mol% and 15mil%-MgCl2 were added. However, it decreased when 5 mol% and
10mo%-MgCl2 and 1~10 mol%-NaCl were added. The positive effect of chloride
addition is the formation of molten CaCl2 which improves the contact condition of
particle, but the volatilization of MgCl2 and NaCl during the Si-thermic process can
worsen the reduction process. Permission range of MgCl2 is about 1 mol%, but NaCl
needs to be removed as much as possible for the efficient Mg recycling process.
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C2 B. Kara et al.

Fig. 5 Heat treatment effect on mechanical properties on a Yield strength b Tensile strength
c Elongation d Fracture energy (Note: Artificial aging time is 5 h. for trial 2 and trial 3). (Color
figure online)
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Fig. 5 (continued)
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