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Magnesium (Mg) and its alloys continue to be extensively investigated for applications in the
automotive and aerospace industries as well as biomedical. Although the largest use of Mg is
desulfurization of steel, followed by alloying of aluminum, its primary attributes as the lightest
structural metal include high strength-to-weight ratio, good vibration damping, electromag-
netic and RF shielding, low toxicity, and controllable corrosion rates for dissolvable appli-
cations. It is because of these attributes that Mg will play a crucial role in reducing the carbon
footprint and forwarding the development of sustainable technology, specifically in the
replacement of conventional materials such as steels and aluminum alloys. Compared to
carbon fiber composites, Mg is more cost effective and can be readily recycled and offers
metallic ductile behavior.

Collaborative research and development by researchers, scientists, engineers, industry,
government agencies/laboratories, and academic institutions are actively working to develop
roadmaps for next-generation products and address these challenges through innovative alloy
designs and methods. The TMS Magnesium Committee has been actively involved in pro-
viding a platform for these institutions to disseminate the latest information, developments,
and cutting-edge research and development, and to present the latest research and development
trends related to magnesium and its alloys through the Magnesium Technology Symposium
held each year at the TMS Annual Meeting & Exhibition.

The twenty-fourth volume in the series, Magnesium Technology 2023, is the proceedings
of the Magnesium Technology Symposium held during the 152nd TMS Annual Meeting &
Exhibition in San Diego, California, March 19-23, 2022. The volume captures papers and
extended abstracts from 12 different countries. The papers have been categorized based on
topics pertaining to alloy design, fundamentals of plastic deformation, primary production,
recycling and ecological issues, characterization, joining, machining, forming, degradation and
biomedical applications, corrosion and surface protection, and computational materials
engineering.

The symposium began with keynote sessions that featured several distinguished invited
speakers from industry, government organizations, and academia, who provided their per-
spectives on the state of the art, goals, and opportunities in magnesium alloy research and
development. Andrew Sherman from Terves Inc./Magnesium-USA spoke about defending
patents/intellectual property. Aaron Palumbo of Big Blue Technologies addressed reductant
consideration in thermal pathways to primary magnesium metal production. Carolyn Woldr-
ing, co-founder of Magsorbeo Biomedical, discussed engineered bioabsorption for medical
implant applications. Mr. Michael Ren, Sunlightmetal Consulting Inc., spoke about primary
Mg production, specifically development of compound-vertical-retort technology for mag-
nesium production and its application. Norbert Hort with Helmholtz-Zentrum Hereon,
Geesthacht, Germany spoke about the concept of metastable vs. stable. Mohammadreza
Yaghoobi with the University of Michigan covered recent advances in PRISMS-Plasticity
software for simulation of deformation in Mg alloys. Mariyappan Arul Kumar from Los
Alamos National Laboratory gave a presentation about the combined effect of alloying and
grain size on the deformation behavior of magnesium alloys.
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In conclusion, the 2022-2023 Magnesium Committee would like to thank and express its
deep appreciation to all authors who contributed to the success of the symposium; our panel of
distinguished keynote speakers for sharing the newest developments and valuable thoughts on
the future of magnesium technology; all the reviewers for their best efforts in reviewing the
manuscripts; and the session chairs, judges, TMS staff members, and other volunteers for their
excellent support, which allowed us to develop a successful, high-quality symposium and
proceedings volume.

Steven Barela

Aeriel Leonard

Petra Maier

Neale R. Neelameggham
Victoria M. Miller
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Andrew Sherman

Abstract

Ten years ago, the American Invents Act was passed by
Congress. Despite lofty intentions, the AIA significantly
degrades the value of IP and patents. Terves has recently
gone through an enforcement action against a large
importer of foreign magnesium products. The current
system is rigged against small company inventors, with
non-technical administrative judges invalidating 84% of
patents in favor of infringers, versus <50% by multiple
skilled patent examiners during reexaminations. Enforce-
able IP is essential for American competitiveness to
complete with subsidized, unregulated, and lower cost
offshore locations. Terves is a member of the US
Inventor, representing 60,000 inventors focused on
restoring individual patent rights post AIA. Terves’
experience enforcing IP rights in today’s climate as well
as US inventors pending bill to restore patent rights will
be discussed along with potential strategies and actions
that inventors can take to mitigate AIA limitations.

Keywords

Magnesium ¢ Intellectual property ¢ US inventors

Background

Middle market materials manufacturers face stiff competition
for overseas competitors that have unfair advantages in
labor, regulatory, energy, and capital costs as a result of
operating out of non-free market economies. In order to
recreate a domestic manufacturing industry for critical
materials, including magnesium, public policy and invest-
ment is required to offset these substantial disadvantages.

A. Sherman (D<)
Terves LLC, Euclid, OH, USA
e-mail: asherman@tervesinc.com
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Recent developments include investment and production tax
credits, proposed rebates/credits for domestic sourced
materials, enhanced buy-American and domestic content
requirements, and public investment (loans, grants) to reduce
and spread capital risk. Intellectual property, including
patents, trade secrets, and trademarks (branding) can also
establish a barrier to offshoring. However, the American
Invents Act (AIA) has changed the patent landscape, making
enforcement more difficult and expensive.

Introduction to PMT Group and Terves LLC

PMT group is a group of critical materials manufacturers,
including Terves LLC, which is North America’s only ver-
tically integrated producer of wrought magnesium. Parent
Company Powdermet Inc. was formed in 1996, when it
acquired the powder metallurgy assets of refractory materials
producer Ultramet Inc. Powdermet and its affiliates still
provide powder metal and cermet feedstocks and toll powder
production services for highly engineered materials. In 2013,
Terves LLC was formed to commercialize “engineered
response” materials which provide tailored responses to the
environment, including changing dimensions (expanding),
disintegrating, generating heat, releasing chemicals, or pro-
ducing a signal. In 2016, to meet demand and reduce costs
for domestically produced Tervalloy™ dissolvable magne-
sium alloys, Terves built a permanent mold foundry, added a
4000 ton extrusion facility and CNC machine shop, repre-
senting a significant investment in critical materials and
magnesium production. Today, Terves has established
capacity for over 1000 tons/annum of critical materials
(Mg) production, and has over 40 patents on numerous
magnesium alloys and engineered response materials and
their applications. In addition to extruded products and
powder metal and cermet feedstocks, Terves and Powder-
met also provide metal matrix composite materials, forging

S. Barela et al. (eds.), Magnesium Technology 2023, The Minerals, Metals & Materials Series,
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stock, fully machined parts to customer specifications, and
full assemblies built to OEM specifications.

As part of our efforts to diversify markets and products, in
2021, Terves commissioned Wagstaff to design and con-
struct North America’s only magnesium vertical direct chill
(VDC) casting system to be built in the last 35 years. With a
capacity of 3000-5000 tons/annum of magnesium billets,
Terves can support additional markets in recreation/sporting
goods, defense, aerospace, biomedical, energy storage, and
transportation lightweighting markets. To support these
markets, Terves has developed and licensed a number of
new heat treatable Magnesium alloys, including new mag-
nesium alloys specifically engineered for high plasticity
(energy absorption), high strength, lower cost (lower alloy
content and higher extrusion, forming, and rolling speeds),
and with reduced or eliminated high value rare earth con-
tents. When the new VDC comes on-line (spring, 2023), the
current permanent mold foundry will be converted to the
metallothermal production of rare earth metals, including
Nd, Gd, and Dy. Parent company Powdermet Inc. also broke
ground in August, 2022 on a new 30,000 sq ft facility to
produce MnBi (licensed from the critical materials institute)
rare earth free magnets, as well as NdFeB rare earth mag-
netic materials via strip casting using purified, recycled, or
internally reduced rare earth metals.

In 2014, Terves introduced its patent pending Terval-
loy™ dissolvable magnesium alloys. This development
transformed the oil and gas completions industry, reducing
water use and emissions during completion operations by up
to 92% by eliminating the need to drill out plugs while
flushing the produced debris from the 3-5 mile well-string
in order to reestablish communication with the geologic
formation. Plugs made from Tervalloy simply dissolve/
disintegrate upon exposure to fluid, salinity, and tempera-
ture, returning the magnesium to the seawater from which it
was originally extracted (Mg is 2% of seawater) in a con-
trolled manner. By 2017, when our first patents issued, the
majority of the market had been offshored to low cost Chi-
nese suppliers who use the pigeon process (high CO,) and
low cost labor, utilities, and regulations to out-compete
western manufacturers. Magnesium has been designated as a
critical material for lightweighting (including its use in
aluminum alloys, titanium production, and steel processing)
primarily due to unfair Chinese trade practices (https://doi.
org/10.3133/0fr20181021).

Patents are one strategy that act as a sword to attack
infringers, including unfair foreign competitors. Terves has
been working to enforce its patents, and after tracking a large
importer of infringing magnesium alloys, we filed for patent
enforcement/infringement in 2018. Terves LLC v. Ecometal
Inc., Case No. 1:19-cv-1611-DCN (N.D. Ohio 2019). After
more than three years, Terves prevailed at trial, and after
surviving two IPR’s and an ex-party reexamination, the
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patent validity, infringement, and lost profit damages were
established in district court, and a permanent injunction was
issued against the infringing parties. Terves continues to
enforce its patents to sustain North American manufacturing
and is increasing its investment and commitment to critical
materials production in the USA with a planned $27 M
investment in expansion and additional production at our
Euclid, Ohio facilities.

Patents, IP, and Enforcement Post AIA

The right to a patent was granted to authors and inventors in
the US constitution. It was the first time in history that the
common “man or woman” were allowed to own their
inventions. Prior to the US constitution, grants were by the
state, generally to landed and gentry class, and the common
person had no right to ownership at the national level. To
support sustainable domestic manufacture of critical mate-
rials, PMT group has over 100 patents issued or pending and
has invested heavily in IP creation and enforcement as a core
strategy to create barriers to (mainly) foreign competition
and to try and prevent rapid commoditization of products to
allow faster payback and acceptable returns on investment in
the capital intensive and long product life cycle materials
industry. After 26 years, (including several prior freedom to
operate, patent infringement, and theft of trade secret liti-
gations), the current enforcement experience has highlighted
the strengths and weaknesses, and expenses, of IP strategy.
In particular, the patent trial and appeals board (PTAB),
created under the AIA, and set up by big tech, has over-
turned 85% of all patents brought before it, using adminis-
trative court judges with no requirement for any patent or
technology expertise. The PTAB was designed with that in
mind by big tech. In fact, Googles’ main patent strategist,
Michell Lee, was appointed head of the patent and trademark
office by president Obama and instituted the rules and pro-
cedures designed to greatly weaken patent holders rights and
remedies, and to shield large corporations from patent
infringement damages. Ostensibly, the PTAB was supposed
to be a faster and cheaper method of resolving patent validity
as compared to district court proceedings. In reality, it was
designed in favor of large corporations to allow them to
utilize other peoples intellectual “property” without
compensation.

We are part of US Inventor, an organization of over
60,000 inventors working to restore patent rights that were
largely stripped by the PTAB under the American Invention
Act (AIA). According to the US Inventor website “The
America Invents Act of 2011 (AIA) created an easier way to
invalidate (revoke) an issued patent. The PTAB is an
administrative court with no jury and much less due process
than a real court. Rather than a lifetime-appointed judge, a
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PTAB trial typically has three attorneys who are called
Administrative Patent Judges (APJs). Since inception, 84%
of the patents that go through a PTAB process get fully or
partially invalidated (partially usually means the parts of the
patent that matter).

When you attempt to stop a large corporation from
infringing your patent, they will try to use the PTAB to
invalidate your patent. If you win one PTAB attack, you can
still be pulled into additional ones by the same or other
infringers. According to the AIPLA (American Institute of
Patent Law Association), a reasonable PTAB defense costs
$400,000 to $800,000. Historically, the typical inventor
would hire an attorney on a contingency basis to fight an
infringer (where the inventor doesn’t pay much up front and
the attorney gets a percentage of the verdict award or set-
tlement amount). Today, it is extremely rare for an attorney
to take any PTAB case on contingency.”

Furthermore, the AIA largely removed the ability to stop
infringers, we believe against the constitution (Supreme
Court ruled that patents are no longer a property right, to
allow the PTAB to exist). Per US Inventor “ The U.S.
Supreme Court decided that it was in the “public interest” for
a proven infringer to continue infringing because it could
serve the market better than a startup (Ebay, 2006). As a
result, even if you win your case, you will have to pass a
“public interest” test before an injunction can be issued to
stop the infringer. A startup vs an entrenched corporation
will typically fail this test, so you can’t stop the infringer.
You end up with a court-ordered royalty that you cannot
negotiate, and the infringer keeps your invention and the
market. This is often an impossible barrier for what would
have been, until recently, the next great American disruptive
startup.”

US Inventor is working to restore US Inventor rights,
including the ability of inventor-operators to opt out of the
IPR in favor of district court (IPRs are almost exclusively
filed in response to a claim of infringement), and the restore
the right no not be forced to license to a corporation that has
been found to infringe.

Terves’ experience in litigating was that it was long (over
three years), mainly due to the ability of the infringer to
delay and stall litigation and particularly discovery. We were
unable to serve or get discovery in china, and have aban-
doned our Chinese patents as worthless due to their extre-
mely poor legal system (no experts, no discovery, mainly
works on behalf of government interests, not private party
interests). Cost of litigating, including defending two IPR’s
and one reexamination, discovery, motions, and trial
approached $2M. We did receive a permanent injunction and
lost profits, proving to the jury that no reasonable alternative
to Tervalloy is available in the market, a major win.

One of Terves strategies to offset the power of the PTAB
has been to obtain a large number of patents and claims, to

increase costs of litigation against our IP portfolio. Terves
currently has more than five patents issued and over 350
claims issued on our dissolvable magnesium materials and
their application. However, this comes at significant cost to
both prosecute (obtain), defend (against claims of invalid-
ity), and enforce (attack infringers). This is in addition to
substantial investment in vertical integration, inventory, and
productivity to reduce costs, speed delivery, and meet all
demand for wrought magnesium in North America. We also
invest and collaborate to develop new alloys, heat treat-
ments, and production processes to enhance performance,
customize products for individual clients, and meet customer
demands in order to better compete with foreign producers
and importers.

In addition to our district court enforcement actions, we
have been researching ITC 337 exclusion processes. These
have been used by some startups (Aspen Aerogels, for
example) to block import of infringing product. The
advantage of 337 proceedings is they cannot be stalled by
legal maneuverings, and reach conclusion in 18 months or
less under statutory requirements, leading to an exclusion
order blocking imports of infringing products into the USA.
Disadvantages are that the costs are high and cannot be
recovered, nor can damages be recovered, and the exclusion
order needs to be enforced by an overworked customs and
border patrol. However, violators of the exclusion order are
subject to punishing fines and penalties that can reach
$100,000/day, and shipments and product can be confis-
cated. Those that have successfully pursued 337 have indi-
cated that they largely rely on the risk aversion of large
public users to enforce and comply, in addition to working
with customs and border patrol to identify and seize inbound
infringing products. This was successful in the case of Aspen
Aerogels, while it was unsuccessful in the case of crucible
materials, who won a general exclusion order for NdFeB
magnets but did not prevent offshoring (no magnets are
currently produced in the USA, despite the fact that they
were invented and at one time solely produced in the USA).
Many of the ITC procedures and precedents were set in the
crucible materials action, and ITC proceedings are increas-
ingly being used to enforce and enhance patent rights for
composition of matter and other utility patents.

Summary

In summary, patents, trademarks, and trade secrets are one
set of tools to support domestic manufacturing. Innovation,
particularly process improvements to reduce costs and labor
content as well as creating new markets/demand, are more
powerful in the short run, but patents provide for longer term
sustainability, but only if they can be successfully enforced
and defended. Novel composition of matter patents are the



easiest to defend and enforce (as in the Tervalloy case, we
enforced composition of matter claims). Branding, including
trademarks, is an incredibly powerful and relatively easily
enforced tool to create a preference and loyalty but is more
difficult to achieve in the materials and manufacturing sector
serving OEM’s, as opposed to the consumer sector. Copy-
writes, including material performance specifications,
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quality documents, and validated property datasets, can also
create preferences and increase cost of competition in critical
applications. Finally, government intervention and public
policy efforts such as domestic content rules, tariffs, tax
incentives, and targeted investments are required to offset the
actions of foreign governments and non-free market econo-
mies to create fair trade, as opposed to free trade.
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Abstract

Thermal routes to produce primary magnesium metal are
generally demarcated with lower capital costs. However,
the range of operational costs are high depending on
reduction reactor efficiencies and configuration, labor
intensity, and the cost of reductant. Choosing a reductant
material can be a challenge in terms of logistics, supply
security, cost, and technical performance. Presented is an
assessment of possible reductant materials and the
interplay between heat of reaction, reactor and condenser
design, byproducts, and the behavior and role of impu-
rities. On one end of the reductant spectrum is the
reaction of carbon and magnesia, generating exclusively a
byproduct gas, along with the product magnesium metal,
and virtually no solid residue. Conversely, the reaction
between calcined dolomite and ferrosilicon generates
virtually no byproduct gas and nearly 6x more mass of
calcium silicates than magnesium metal. These chemis-
tries share engineering challenges that center on the
method of recovery products.

Keywords

Magnesium ¢ Pyrometallurgy ¢ Process technology ¢
Primary production ¢ Aluminothermic reduction
Techno-economics

Extended Abstract

Thermal production routes to produce primary magnesium
metal are generally demarcated with lower capital costs over
electrolytic processes. However, the range of operational
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costs are high depending on reduction reactor efficiencies
and configuration, labor intensity, and the cost of reductant.
Choosing a reductant material can be a challenge in terms of
logistics, supply security, cost, and technical performance.
For silicothermic reduction chemistry, three different reactor
configurations have been commercialized: Pidgeon, Bol-
zano, and Magnetherm. While the theoretical energy
required to drive the reaction are all about the same,
depending on reactor temperature, the reactor configurations
and heating methods give rise to large variation in applied
energy consumption, as reported in Table 1.

In addition to ferrosilicon, other reductants have been
explored including carbon, aluminum, carbides, and metal
alloys containing combinations of calcium, silicon, and/or
aluminum. On one end of the spectrum is the reaction of
carbon and magnesia, which generates the byproduct gas
carbon monoxide along with the product magnesium metal
and virtually no solid residue. Conversely, the reaction
between calcined dolomite and ferrosilicon generates virtu-
ally no byproduct gas and nearly six times more mass of
calcium silicate than magnesium metal. This solid byproduct
is practically valueless in industrial markets.

Use of aluminum metal, when used with calcined dolo-
mite, produces a calcium aluminate solid byproduct, a
value-add output (Reaction 1). Similarly, when reacted with
magnesia, the byproduct is magnesium aluminate spinel, a
high-value refractory (Reaction 2). Laboratory experiments
confirm the formation of spinel and high conversion of MgO
at relatively low reduction temperatures in the range of
1273-1473 K. Total gross energy consumption for an
MgO-to-ingot process was calculated to be 8.8 kWh/kgMg.
For all unit operations, electrified equipment is used or
assumed. Since there no direct emissions from the process,
all indirect emissions are related to the source of power. In
the USA, the national average of the electrical grid is 0.418
kgCO,.q/kWh, which results in estimated process emissions
of 3.7 kgCOyeq/kgMg with no direct greenhouse gas
emissions.
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Table 1 Comparison of theoretical and apparent energy consumption for various reduction chemistries to produce magnesium metal

Reduction Nominal operating Theoretical minimum energy
chemistry temp (K) (kWh/kgMg)
Silicothermic

Pidgeon 1473 4.26
Bolzano 1473 4.26
Magnetherm 1873 4.77
Carbothermic 2073 8.39
Electrolysis 973 7.32

Other

Aluminothermic 1473 3.12

CaC, 1473 4.17

SiC 1773 6.20

Ca-Si [1:3] 1473 3.88

Alloy

Al-Si [1:1] 1473 3.88

Alloy

Reported energy consumption GHG impact Source
(kWh/kgMg) (kgCO,/kgMg)

13.3-14.8 21.8-25.3 [1, 2]
7.0-7.3 10.1 [3]
~16 NR (4]
10-12 0.7-12.6 [5]
12-19 6-19 [3, 6]
No commercial operations [7]

GHG impact for the overall cradle-to-gate process is also reported for commercialized processes

R1: 3MgO + 3Ca0 + 2Al = 3Mg ) + CasALOg
R2: 4MgO + 2Al = 3Mg,) + MgAL O,

AH(298 — 1473K) = 950kJ
AH(298 — 1473K) = 818KkJ

Using laboratory and pilot data, a discounted cash flow
techno-economic model revealed a base-case capital inten-
sity of $3120 per ton-capacity of magnesium metal produced
for the MgO-to-ingot process boundary. Mining, trans-
portation, and calcination were not included. The value-add
spinel serves to offset the relatively high cost of aluminum
scrap, whose normalized cost is on par with ferrosilicon,
$550-1300/tMg. However, without the solid byproduct
revenue stream, a commercial plant on the order of 50,000

tpy results in a 24.9% internal rate of return and a $163.7
million net present value using a 12% discount rate and a sell
price of $4.00/kgMg. Sensitivity analyses, Fig. 1, revealed
that the sell price of magnesium was the most significant
factor affecting economic metrics along with the prices of
aluminum and MgO.

The use of aluminum as a reductant material was shown
to be effective with the benefit of a value-add byproduct. The
volatility of pricing over the past several years implies some
degree of uncertainty in economic forecasting which
increases the incentive to implement a production process
with more than one revenue stream.

Fig. 1 Sensitivity analysis for

selected factors on IRR
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Norbert Hort

Abstract

Most metallic materials are often cast. This is a highly
dynamic process where composition and solidification
conditions can become a challenge due to the appearance
of porosity, shrinkholes, segregations, and the formation
of intermetallic phases. Heat treatments are applied to get
rid of segregations, stable, and metastable intermetallic
phases for homogenization purposes and to obtain a
material that is homogeneous with an adjustable property
profile. However, often it is observed that the dissolution
especially of metastable phases really takes long times
(hundreds or even thousands of hours) and high temper-
ature which is accepted in the academic world but not
acceptable for real industrial applications due to time and
costs. Especially for biodegradable metals, metastable
phases perhaps could be regarded as “stable” when the
time of absorption is in range of a few weeks only and
could be used to adjust properties.

Keywords

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

Extended Abstract

To develop new metallic materials (alloys), it is useful to
know the requirements of the application (unless it is just
basic academic issues). This can be a desired strength, a
forming ratio, surface roughness, corrosion rate, etc. Further,
it also makes sense to know what process route is required to
meet the application requirements. If the starting material is
produced via a casting route, if it is subsequently heat treated
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and formed, and if the surface is modified, then the new
material should meet the process requirements in addition to
the material requirements. All in all, this is a rather complex
process that can definitely be mapped experimentally.
However, for some time now, there have also been
approaches to first create a “digital twin” with suitable pre-
diction tools before actually starting the experiments.

Melting, casting, and solidification are usually very
dynamic processes. There are many influencing factors such
as the melting and boiling point of the matrix or alloying
elements, vapour pressures, density, whether phases are
already formed in the melt or during solidification, etc. The
melting and solidification process is also very dynamic. Also
of importance are addition and removal, the reaction of the
elements involved with tools. Furthermore, the geometry of
the materials to be cast also has an influence on the
microstructure that forms. Segregation also occurs, as does
the formation of intermetallic phases, mainly at the end of
solidification (usually at eutectic temperatures).

After the Bronze Age came the Iron Age. Around 1400
BC, iron was successfully produced in Asia Minor. The
superiority of this material compared to bronzes quickly
became apparent. However, until the nineteenth century, it
was costly to produce iron in large quantities. Iron could be
produced in a racing furnace and forged steel could be
produced through subsequent forging processes. In the
Middle Ages, the first blast furnaces were developed that
were actually capable of smelting iron. However, one
problem was to control the carbon content. Therefore, it was
first cast iron that was used in larger quantities. To obtain
malleable iron, the pig iron from the blast furnace was
melted again in a fresh fire. The properties of the iron could
be specifically influenced by tempering, carburising,
quenching, and annealing. It was not until the second half of
the eighteenth century that usable methods were available
for producing cast steel, which, through forging processes,
became the steel that was already similar to today's steel.

S. Barela et al. (eds.), Magnesium Technology 2023, The Minerals, Metals & Materials Series,

https://doi.org/10.1007/978-3-031-22645-8_3


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22645-8_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22645-8_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-22645-8_3&amp;domain=pdf
mailto:norbert.hort@hereon.de
https://doi.org/10.1007/978-3-031-22645-8_3

12

N. Hort

Fig. 1 a Mg—Gd phase diagram
[2], b appearance of Mg;Gd (in
red circles) during in situ
synchrotron radiation diffraction
investigations (Gr represents the
graphite crucible, f = MgsGd),

¢ TEM and EDX results showing
the presence of Mg;Gd [1]
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Metastable—Stable

In any case, this was one of the essential processes for
industrialisation.

What does this have to do with stable and metastable? If
you look at an iron-carbon state diagram, you usually see
two phase diagrams: the stable one (cast iron: Fe + graphite)
and the metastable one (Fe + Fe;C). Cast iron has largely
lost its importance. Cast steel is also still used. The basis of
modern industry, however, is steel, which is usually pro-
duced by continuous casting, heat treated, and shaped into
the desired form and processed by forming processes.
Essential, however, is the fact that we consider and apply the
metastable Fe—C system. However, Fe;C, which is actually
not in thermodynamic equilibrium, is so stable under the
right process conditions that it can actually no longer be
called metastable. Even the C dissolved in Fe can be kept in
Fe by suitable processes and alloying elements and often
does not transform into Fe;C or even graphite. Thus, the
metastable Fe—-C system (steel) can, indeed must, be con-
sidered a stable system over a long period of time.

Virtually, all magnesium alloys are firstly produced by
melting, casting, and solidification. The selection of alloying
elements was often empirical and, as already mentioned,
segregation, intermetallic phases, shrinkage, etc. were
observed. Very often, however, it was not the intermetallic
phases that were expected based on looking at state dia-
grams. Something else had formed, and the reason for this is
that metastable phases had often formed first under real
conditions. These can indeed be eliminated by suitable heat
treatments. However, it was often observed that metastable
phases did not transform directly into stable phases. An
example is shown in Fig. 1 regarding the Mg—Gd system [1].
With respect to cooling rates, a Mg;Gd intermetallic forms
first rather than the stable MgsGd intermetallic. This is not in
agreement with the published Mg—Gd phase diagram that
shows MgsGd as the stable § phase [2]. Moreover, a large
number of metastable phases often first formed from the
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saturated solution in complex precipitation sequences before
a stable state was reached. Again, the Mg—Gd system can be
used as an example [3]. Diffusion is the cause as well as time
and temperature.

The literature frequently reports heat treatment times
ranging from a few hours to days often weeks at selected
temperatures. While the former is still acceptable for
industrial processes, the latter is really only of academic
interest. For a creep-resistant magnesium alloy, however,
exposure under load at high temperatures is an application
that ultimately involves heat treatment over a long period of
time. Therefore, information is needed here as to which
phases transform when and at what temperature. But what if
the application temperature is 37 °C and the material is to
dissolve within a few months (1 month, 31 days = 744 h)?
This is the requirement for a degradable magnesium implant.
Here, too, heat treatments are often carried out to obtain a
stable homogeneous material. But what if the metastable
phases we eliminate in this way would have a positive
influence on the application profile? Why would we want to
avoid something like that? Why don’t we use this specifi-
cally to adapt to the required property profile?
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Abstract

Bioabsorbable magnesium alloys have often been studied
in the context of absorbing too quickly, with the goal of
obtaining a slower absorption rate for adequate use as a
temporary implant material. While this is an important
challenge to overcome, it oversimplifies the needs of
surgeons and patients while not accounting for the
requirements of various applications and the technolog-
ical complexities of absorption. Through our presented
work, we are building magnesium alloy capabilities to
engineer the bioabsorption profile for optimizing implant
performance based on requirements such as implant size,
time to healing, and anatomical differences.
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Extended Abstract

A large challenge in bioabsorbable material technology is
designing implants that can meet the needs of implant
indications. Often, bioabsorbable metals are limited by
absorption profiles that cause complications (e.g., alloys that
degrade too quickly to maintain mechanical integrity
through healing or alloys that degrade too slowly to be
considered a temporary implant). Micro-alloying, along with
material processing, is a technique that has been applied to
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magnesium alloys to produce slower degrading alloys to
accommodate strength through healing. These alloys were
engineered to have a reduced absorption rate; however, they
lack characteristics necessary for oxide breakdown and thus
absorption rate remains slow after healing [1, 2].

Increasing the alloying content of Zn and Ca in a Mg—
Zn—Ca alloy system, along with optimizing processing
parameters, allows for manipulating the formation and
morphology of secondary phases (Mg,Ca and ternary IM1).
Differing only in Zn content, a study of two Mg—Zn—Ca
alloys demonstrated ternary IM1 phases act as
nano-cathodes and increase the absorption rate and the
acceleration of the absorption rate of an alloy with increased
Zn content versus an alloy containing only Mg,Ca sec-
ondary phase [2]. Balancing the formation of these sec-
ondary phases by altering processing to achieve an
optimized absorption profile needs further study.

Presented is a summary of the work to date on optimizing
the formation of Mg,Ca phase and IM1 phase IMPs and
their effects on the material’s absorption profile. In addition,
results will characterize the unique stages of absorption to
model an alloy capable of maintaining mechanical integrity
through the useful life of an implant and then increasing in
absorption rate to fully absorb in a timely manner. This work
was designed to develop a magnesium alloy with an
absorption profile optimized based on the biomedical inputs
of an application. By engineering the absorption profile,
implant life and function will be able to meet surgeon needs
for a target anatomy.
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Abstract

It has been established that additions of Ca and Zn to
magnesium can yield wrought materials with a weak
crystallographic texture that is desirable for formability.
This study explores how Zn and Ca additions affect the
static recrystallization kinetics and mechanisms in mag-
nesium alloys compressed using a Gleeble thermome-
chanical processing simulator. The effect of these alloying
additions on the texture evolution and grain growth
kinetics during post-deformation annealing will be
discussed.

Keywords

Recrystallization * Mg alloy sheet ¢ Thermomechanical
processing

Extended Abstract

It has been established that additions of Ca and Zn to
magnesium can yield wrought materials with a weak crys-
tallographic texture that is desirable for formability [1-6].
This study explores how Zn (0, 1, and 3 wt %) and Ca (0 and
0.1 wt %) additions affect the static recrystallization kinetics
and mechanisms in magnesium alloys compressed using a
Gleeble thermomechanical processing simulator. The effect
of these alloying additions on the texture evolution and grain
growth kinetics during post-deformation annealing will be
explored.

Rectangular prism specimens (20 mm x 15 mm x 10
mm) were machined from 30 mm diameter extrusions such
that the prior extrusion direction is parallel to the
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compression direction. A Gleeble 3500 thermomechanical
processing simulator was used to conduct the plane strain
compression (PSC) tests and subsequent annealing treat-
ments. The Gleeble utilizes direct resistance heating that is
controlled using feedback from a thermocouple spot welded
to the specimen surface. After a thermal soak of 600 s at the
deformation temperature, the specimens were subjected to a
compressive strain of 0.2. Immediately following deforma-
tion, the specimen temperature was ramped to the annealing
temperate at a rate of 5 °C per second. For tests in which the
deformation and annealing temperature are equal, annealing
in-situ within the Gleeble allows one to study very short
annealing times with the confidence that the specimen
temperature is being held consistently throughout the pro-
cess. Following annealing, the specimens are immediately
quenched using forced air. Optical microscopy and electron
backscatter diffraction (EBSD) was used to characterize the
grain size, grain morphology, and crystallographic texture.
Grains with a grain orientation spread (GOS) less than or
equal to 1 degree were classified as recrystallized. Grains
with a higher misorientation were characterized as being
deformed.

Figure 1 illustrates the microstructure evolution follow-
ing annealing at 350 °C in Mg-3Zn-0.1Ca (wt %) alloy
specimens after being deformed at 350 °C using a strain rate
of 0.5 s~'. The mean grain size is stable at approximately
20 um up to 60 s (Fig. 2a). Grain growth occurs when the
annealing duration is increased to 600 s. Though the average
size is stable at short times, the grain size distribution does
shift towards smaller grains as the annealing duration
increases to 60 s. Little recrystallization is observed after
10 s, but the extent of recrystallization increases notably
after 60 s (Fig. 2b). The majority of the microstructure is
recrystallized after annealing for 600 s.

This microstructure evolution suggests that the Mg—3Zn—
0.1Ca alloy subjected to these deformation conditions
recrystallizes through a continuous process. There was little
evidence of nucleation and growth of recrystallized
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Fig. 1 Inverse pole figure maps
of a Mg—3Zn-0.1Ca (wt %) alloy
subjected to a compressive pass
of 0.2 true strain at 350 °C using a
strain rate of 0.5 s~' and
subsequently annealed at 350 °C
for the time (¢) indicated. All
maps are 400 pm wide (For
interpretation of the figure
legends, the reader is referred to
the web version of this article.)
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Fig. 2 Evolution of a the mean grain size and b the area fraction
recrystallized as a function of annealing time at 350 °C

(RX) grains. Up to 60 s the deformed grain size is constant.
Rather than the deformed grains being slowly consumed by
growing recrystallized grains, the deformed grains recover
and recrystallize through transformation of the low angle
subgrain boundaries into high angle grain boundaries. An
example of the subgrain structures prevalent in this alloy can
be seen in the sample annealed for 10 s in Fig. 3.

Static recrystallization in this alloy under similar pro-
cessing conditions results in weak, off-basal textures [1, 7].
The mechanisms by which this texture reduction occurs are
still under investigation. One contributing factor, nucleation
of randomly oriented nuclei within shear bands and twins [8—
10] was not observed in this case. Though continuous re-
crystallization is not associated with a significant reduction in
texture [11], a growth advantage of off-basal grains [7, 12] or
the absence of the a growth preference for basal grains (as
seen in the AZ31 alloy [13]) [12, 14, 15] can preserve and
slightly reduce the already weak as-deformed textures seen in
some of the Mg-Zn-Ca ternary alloys. Co-segregation of Zn
and Ca to the grain boundaries may alter grain boundary
mobilities and contribute to these orientation-dependent
growth rates [4, 12]. Victoria-Hernandez et al. have
observed the retention of off-basal (here transverse
direction-split) grains during continuous static recrystalliza-
tion (extended recovery) in Mg—0.6Zn-0.6Ca—0.1Zr (wt %)
[16]. Future work will explore how changes in the Zn and Ca
content impact the recrystallization mechanisms and kinetics.
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Fig. 3 Grain boundaries overlaid on an EBSD image quality map for
the sample annealed for 10 s. (For interpretation of the figure legends,
the reader is referred to the web version of this article.)
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Qiwen Qiu and Jun Song

Abstract

Magnesium (Mg) and its alloys are the lightest structural
metals with high specific strength. Yet they suffer from
low ductility, which limits their wide industrial applica-
tions. The stacking fault energy (SFE), which governs
core structures and movability of dislocations, is an
important property for understanding plastic behavior of
Mg alloys. Although the SFEs of Mg alloys have been
widely studied, general quantitative models to accurately
predict SFEs in Mg alloys are still absent. Moreover, the
SFE of common ternary alloys is rarely studied. We carry
out high-throughput calculations to show the effects of
single solutes and solute pairs on SFEs in ternary Mg
systems. With the help of machine learning, a theoretical
model for predicting SFE has been developed. The work
provides some fundamental mechanistic insights for
understanding dislocation behavior in Mg alloys, and
useful ICME tools in developing rational alloy design
recipes towards Mg alloys with enhanced ductility.

Keywords

Magnesium alloys ¢ Stacking fault energy
First-principles calculations ¢ Dislocation slip

Introduction

The stacking fault energy (SFE) is crucial to deformation
and failure of metallic materials. In particular, it plays a
major role in prescribing key mechanical parameters, such as
dislocation energy, ideal shear strength, Peierls stress, and
cross-slip stress, among others [1]. It also governs in part the
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core structures and mobilities of dislocations and thus plastic
behaviors of materials [2]. SFEs have been therefore widely
studied in face-centered cubic (fcc), body-centered cubic
(bee), and hexagonal close-packed (hcp) metals [3]. Unlike
the cases of fcc and bcc metals, hcp metals possess maxi-
mum four independent slip systems which are insufficient for
plastic deformation according to von Mises requirement.
This intrinsic property leads to the low ductility of hcp
metals, thereby becoming a bottleneck that limits their
applications. Especially for magnesium (Mg), one of the
lightest structural materials with high specific stiffness, it
also suffers from poor formability at room temperature [4].
A detailed insight into stacking fault energy is needed to
understand the fundamental deformation mechanism.
Experimental studies of Zhao et al. [5] indicated that low
SFE enabled high density of stacking faults leading to the
promotion of dislocation accumulation. Investigation of
Yuasa et al. [6] into Mg—Ca—Zn alloys showed that the
plastic anisotropy is not only related to the value of SFE in
single or multiple slip planes but also controlled by the ratio
of SFE between different slip planes and the disembrittle-
ment parameter (ratio of the surface energy to SFE). The
addition of rare earth elements, like Y and Gd, has been
proved to be an effective approach for improving
room-temperature ductility of Mg alloys [7]. However, there
appeared clear divergence and debate on the underlying
improvement mechanism among scholars. One opinion
thought that the I, stacking fault acted as the nucleation
source for pyramidal (Pyr.) {c + a) dislocation which is
critical for deformation in ¢ axis. The addition of Y reduced
I; SFE thus enables the movement of dislocations on Pyr.
planes [8]. The opponents considered the enhanced ductility
is related to the different effects of rare earth elements on
Pyr. I and Pyr. II planes. One reason is that the effects of Y
on I; SFE can also be achieved by Al at similar concentra-
tions [9]. So, we can see that comprehensive calculation of
SFEs among different slip plane and alloying elements is
necessary to avoid making one-sided conclusion. In fact, the
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effects of common alloying elements have already been
studied, and some relationships between atomic radius,
electronegativity or chemical effects and SFEs have been
found [10]. Unfortunately, these relations are either irregular
or qualitative, making it ineligible for predicting SFEs of Mg
alloys. Besides, to calculate SFE of each atom on each slip
plane is time-consuming. Therefore, the establishment of a
quantitative model may help to quickly screen for an
alloying element with specific SFE. This is also favorable for
understanding the deformation mechanism, developing Mg
alloys with high-ductility, and saving calculation resources.
Besides, most of the research about SFE are on the effect of
single solute. The SFE in ternary alloys is rarely studied. So,
the effects of solute pairs on SFE were also considered in this

paper.

Method

First-principles DFT calculations using Vienna Ab-initio
Simulation Package (VASP) have been performed on a
series of binary Mg alloys [12-14]. The workflow to cal-
culate SFE using slab shearing method is shown in Fig. 1.
Structure settings were used to determine the configuration
size, slip direction, and substituted solutes. VASP settings,
including INCAR and KPOINTS settings, can be obtained
whether by pymatgen [11] package or manual input. Below
for simplicity we refer to the binary Mg alloy as Mg-X where
X stands for the alloying (solute) element. The solute ele-
ments in Mg considered are categorized into three groups,
being (i) main group elements (Li, Na, K, Rb, Ca, and Sr),
(i) transition elements (all elements in 3d and 4d), and (iii)
RE elements (La, Nd, Sm, Gd, Dy, Er, and Yb). In calcu-
lations, the influence of solutes on unstable SFEs (E,) and
stable SFEs (E) of basal, prismatic, and Pyramidal II (ab-
breviated as Pyr. II below) slips was investigated, with the
solute atom introduced by substituting a Mg atom on the slip

Fig. 1 Workflow to calculate
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plane. The generalized stacking fault energy curves (GSFEs)
were calculated using the slab shearing method [15, 16]
where atoms above the slip plane are displaced by a shift
along Burgers vector (b) relative to the atoms below, fol-
lowed by relaxation in the direction normal to the slip plane.
The E, and Eg can then be extracted from the GSFE curves
obtained. A 96-atom supercell with 12 layers and a vacuum
gap of 15 A between periodically repeated slabs was used in
the calculation. In order to study the effect of solute pairs on
SFE, different configurations of solutes were shown in
Fig. 2. And the solute site distributions were shown in
Table 1. Additional benchmark calculations were also per-
formed to confirm that the dimensions of the supercell are
sufficient. A cut-off energy of 400 eV and a 7 x 7 x 1
Monkhorst—Pack k-point mesh were used in our calculations.
Internal coordinates of atoms within the supercells as well as
the shape of the supercells were fully relaxed by the
first-order Methfessel-Paxton smearing method with the
width = 0.1 eV. The energy and force convergence criteria
were set as 107> eV and 1072 eV/A, respectively.

Results
Binding Energy

To determine whether two solutes could form a solute pair,
the binding energy between each two solutes was calculated
using the formula below:

EI)J(Y = E[Mgn72XY] - E[Mg,171X] - E[Mgnfl Y] + E[Mgn]
(1)

where E[Mg, ,XY] is the energy of the bulk with solute
X and Y at first near neighbor (1NN) or second near neighbor
(2NN), and E[Mg,_,X] and E[Mg,_,Y] are the energy of a
bulk with single solute X or Y, respectively. And E[Mg,,] is

SFE Input Original and faulted structure generation
Structure Unit cell Slab Conventional | primitive Primitive
_—
settings generation slab Add slab
vacuum
VASP Faulted Slip Original Solutes
settings /| structure structure substitution

!

VASP

5 ——— Database
calculation
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Fig. 2 Configurations of solute
pairs

the energy of pure Mg. When the binding energy is minus,
the two solutes attract each other and may form a solute pair.
If the binding energy is positive, the solutes repel each other.
Part of the calculated binding energy is shown in Fig. 3. We
could find that if both of the two solutes are larger than Mg,
the INN binding energy is usually positive, such as Ca with
rare earth elements. On the contrary, if one of the solute is
larger than Mg, and the other one is smaller than Mg, then
the binding energy of 1NN becomes minus.

Effect of Single Solute on SFE

To probe the effects of alloying elements on the 12 SFEs of
basal plane, we plot the SFE values in a periodic table of
elements (as shown in Fig. 4) and divide it into three zones:
Zone I (alkali and alkaline earth metals), Zone II (transition
metals), and Zone III (rare earth elements). The calculated
SFEs in this work show a good agreement with previous
DFT calculation results. It can be noticed that the SFEs show

Table 1 Distribution of solute
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a gradient decrease with the numbers of electron shells in
Zone I and a gradient increase with the atomic number in
Zone III. We deduce the changes in SFEs derive from the
size effect of solutes. Placed substitutional solutes in the
lattice introduce elastic strain considering the size misfit. In
addition, alkali or alkaline metals possess same outermost
electron number, and the atom size should be considered as a
major influence factor of this tendency.

To quantitative measure the atomic size of each solute X,
impurity volume fonp induced by replacing a Mg atom with
single solute X in pure Mg is calculated:

VX

imp — V(Mgy_,X) — V(Mgy) (2)
where V(Mgy_;X) and V(Mg ) are the equilibrium volume
of Mgy_,X system and pure Mg, respectively. Figure 5
shows the SFEs in terms of the calculated impurity volume.
A significant linear correlation is found between SFEs and
Vi’fnp. Corresponding to the interaction energy between solute
volume misfit and dislocation: E; = pAV, where p is the
pressure at the site of the defect, AV is the total volume
change, we have:

Mgyn_1—X M
EgNI — 8N

o g 2 Ving (3)

where Ef;g“’ and Egg’v X1 are the SFEs of pure Mg and

Mgy_, X system, and 1 is a pressure-related coefficient
(which can be considered as a constant in this model). The
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Fig. 4 Schematic showing the SFEs of Mg,,_,X system in a sequence
of periodic table (the area of the circle represents the SFE value)

Basal
70 T
L |
50 Rhggc | o T1ATIA
L CUDIE’I 1\.40 : oo TM
50F (ﬁangr I a RE
I [
Ea0f  PdCu Ag i
~— b ‘Mg
é30 : ......... Q'_EE = g._ql}_."_._r.\ii ..................
G Zn Cd!
b o IS¢ Ca
o0} LR B 8 o
| Zr! ﬂPY:‘l( o
10} | BiGga sm o Rp
| : NS o
L 1 N 1 N i 1 A L.a 1
03520 0 0 20 30

10
V misfit (Ax)

Fig. 5 Calculated SFEs of Mg doped with solutes versus impurity
volume

SFEs decrease with the size of the solute. This correlation
can be explained by a strain model. In the Mgy_, X system, a
solute atom with larger volume can induce a larger lattice
distortion and a significant strain, promoting the formation
of SFs. Compared with direct calculations, this approxima-
tion of SFEs requires much fewer computing resources.

Q. Qiu and J. Song
Effect of Solute Pairs on SFE

The effect of solute pairs on SFE under configuration a of
Mg-Al and Mg—Z7n alloys is shown in Fig. 6. In configu-
ration a, the two solutes are at the same layer near the slip
plane. The effect of the two solutes should be the same.
Therefore, we first try to predict the effect of the solute pairs
by adding the effect of each single solute using the formula
below. And the predicted results were shown in the black
point in Fig. 6.
EX-7Z _ Egg + (ZE}Y\}Igf); _ Eﬁ\}fg) + ( E?}Igfl _ ng[g)
=Ey+Ey —Ey" (4)

where EX=7 is the SFE of Mgy_,XZ system.

The effect of solute pairs on SFE under configuration b of
Mg-Al and Mg—Zn alloys is shown in Fig. 7. With machine
learning, we obtain the formular below to predict the effect
under this condition:

(5)

E?f = E;‘f + ux(Ep—1yn — Eb—2NN)

where E?f and Ej, are the SFEs with solute pairs under
configuration b and a, respectively. E,_jyy and E,_pnn are
the binding energy of the solute pairs at INN and 2NN,
respectively. We here used the basic regression. SFEs under
different configuration, binding energy of solute pairs, and
intrinsic properties of solutes, such as atom size and
electronegativity were imported to the dataset. After
normalization and regression, we found this obvious linear
relationship between the SFEs under different configuration

and binding energies.

Conclusion

The new model confirms the necessity of considering effects
from both mechanic and electronic, and provides means to
accurately quantify them. We also consider the solute effects
on SFE under different configuration. The present study

Fig. 6 Calculated and predicted (a) (b)
effect of solute pairs on SFE of - di 60 - = predict
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Fig. 7 Predicted effect of solute (a)

pairs on SFE of Mg—Al and Mg—

. = Al-X solute pairs
Zn alloys under configuration b

Linear Fit

40

(mJdim?)

20 |-

SFE difference between model 1 and 3

0.1
Energy difference between E

provides the much-needed mechanistic insights and predic-
tivity for understanding the role of solutes in modulating
SFEs and subsequently plastic deformation behaviors of Mg
alloys. It is expected to contribute critical knowledge
towards rational and predictive Mg-based light alloy design
for enhanced mechanical properties.
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Abstract

Using molecular dynamics (MD) simulations, microstruc-
ture evolution during nucleation and growth of the
{1011} twin in polycrystal Mg is studied. The results
show that profuse basal stacking faults (BSFs) form
inside the {IOTI} twin embryo and disconnections with
different step size are also characterized along the
twinning boundary (TB) interface. The disconnections
can be divided into two types according to their mobility,
i.e., mobile steps with height of 2k, and 4hy and
immobile steps with hy and 3hy. We find that the front
line of mobile steps is divided into small segments due to
the BSFs, and each segment will move as a unit at
different velocity. When the mobile interfacial steps are
consumed at grain boundaries, new steps are nucleated
and glide on the TB interface. Such a process leads to
twinning growth in the lateral and vertical directions.
These insights contribute to the fundamental understand-
ing of twinning mechanism in Mg.

Keywords

Magnesium * Molecular dynamics {IOTI} Twin e
Disconnections

Introduction

Magnesium (Mg) and its alloys have been of great interest to
researchers and industries because of their potential in
light-weighting structural components [1]. However, the

H. Chen - J. Song (X))

Department of Mining and Materials Engineering, McGill
University, 3610 Rue University, Montréal, QC H3A 0CS5, Canada
e-mail: jun.song2 @mcgill.ca

H. Chen
e-mail: huicong.chen@mail.mcgill.ca

© The Minerals, Metals & Materials Society 2023

engineering applications of Mg alloys have been greatly
limited by their poor ductility and formability at the room
temperature. Such limitation is fundamentally attributed to
their hexagonal close-packed (HCP) crystal structure which
renders insufficient operative slip systems available to
acquire homogenous deformation [2-6]. As such, twinning
has been considered as a potential remedy to aid Mg alloys
in enhancing their mechanical properties at finite tempera-
ture and numerous studies have been performed along this
line to provide deep insight of twinning mechanism in Mg.

So far, the computational studies are limited to Mg single
crystal which shows different microstructural and mechani-
cal response comparing with simulations in Mg polycrystal
where grain size, orientation, and shape play a crucial role.
A very recent MD simulation on polycrystalline Mg [7]
focuses on the identification of various of TBs using a new
extended common-neighbor analysis (E-CNA) method, and
the authors proposed that steps are formed at planar faults
and can help the lateral twining growth. However, they did
not provide a three-dimensional (3D) microstructure evolu-
tion which is more reliable to study TB interfaces including
disconnections and steps. Similar simulations [8] were also
performed on nano-twinned polycrystalline Mg, and the
authors investigated effect of twinning lamella size and
temperature on the migration of TBs, but they ignore the
importance of twinning mechanism in a twin-free poly-
crystal. Because the 3D nature of twin domains [9], the
morphology of local defects may differ viewed along dif-
ferent directions and it is thus crucial to reveal the charac-
teristics of twins in 3D space. At the same time, it is essential
to investigate twinning behavior starting from a twin-free
Mg polycrystal.

To date, a great deal of effort has been devoted to
understanding the twinning mechanism via focusing on
{IOTZ} twin and work on {IOTI} twinning is inadequate.
In this study, MD simulation was performed on a poly-
crystalline Mg and the characteristic of microstructure evo-
lution of {IOTI} twin was carefully examined via a
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three-dimensional visualization. Then, disconnection assis-
ted twinning mechanism was proposed.

Methodology

The initial polycrystal structure with a total of 15 randomly
oriented grains was constructed using the Voronoi tessella-
tion method [10]. Then, MD simulation was performed
using Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [11]. The interatomic interactions are
prescribed by the embedded-atom method (EAM) [12]
potential developed by Wilson and Mendelev [13]. The
model was first relaxed using conjugate gradient minimiza-
tion method [14]. Afterwards the model was equilibrated at
300 K for 100 ps using the isothermal—isobaric (NPT)
ensemble [15] to ensure zero pressures along all three peri-
odic directions. Following the equilibration, the sample was
deformed under uniaxial tensile stress loading along X axis
to a total strain of 20% at a constant strain rate of
1 x 10° s™'. The integration time-step is fixed at 2 fs. Ovito
[16] is used to visualize the results. The common-neighbor
analysis (CNA) method [17] is used to identify the local
defects and orientation mapping method [18] is used to color
each atom.

Results and Discussion
Twinning Modes

As shown in Fig. 1, profuse twins are observed to be acti-
vated with straining. Figure 1(a) shows primarily activated
twin T1 in grain G5 and twin T2 in grain G1 are corre-
sponding to contraction twinning mode {10T1}. Another
two twin lamellas T3 and T4 in G5 (Fig. 1b) and T8 in grain
G2 (Fig. 1f) are also identified as {1011} twin. Besides,
twin T6 and twin T7, identified as extension twinning mode
{1012} and {1121}, are characterized in G5 and G6 at a
strain of 6.2% (Fig. 1c). T6 is activated due to high local
stress produced by the twin-twin interaction [19] of T1, T3,
and T4 in G5.

Evolution of Twin Structures

To analyse the twinning process of {1011} twinning, grain
G9 is selected from the polycrystal, and as shown in Fig. 2,
its microstructural evolution is characterized by using a
series of snapshots at different strains. The {10T1} twin
nucleates as an initial embryo with the formation of BSFs as
shown in Fig. 2a. However, the {IOTI} twin grows into a
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plate shape (see Fig. 2b) which is surrounded by a pair of
planar faults and the tip of the twin propagates until it
reaches the grain boundary at the other end of the grain as
shown in Fig. 2c. Then, further straining widens the width of
the twin fault, leading to growth of twin in the normal
direction (see Fig. 2d—e). Besides, another {IOTI} twin is
already formed at a strain of 10% and interacts with the first
twin variant as shown in Fig. 2f, which provides a barrier for
the migration of the twin fault and restricts the growth of the
initial twin variant as shown in Fig. 2g-h. Obviously, as
shown in Fig. 2d, the twin fault is disconnected by profuse
steps at twin-matrix interfaces among which the mobile
disconnections may migrate with the growth of twin fault.
Figure 2b illustrates the BSFs in twinned region and
immobile steps/disconnections at twin-matrix interfaces
where the BSFs interact with twin faults.

Twinning Interface

To investigate the migration of steps and disconnections at
{IOTI} TB interface, a series of snapshots of grain G9
deformed under the uniaxial tensile stress loading are cap-
tured at different timesteps as shown in Fig. 3, where the
matrix atoms have been deleted and atoms in GB, TB
interface and twinned region are kept. There are two types of
steps, i.e., step A and step B (see Fig. 3a). Steps A, con-
sisting of two or four layers of {IOTI} atoms, exist at the
front of the migration line and move continuously along the
interface (see Fig. 3b) until they merge into GB when
reaching the other side of GB. Steps B are left after steps A
interact with BSFs. Steps B are formed due to the interaction
between BSFs and twinning interface as shown in Fig. 3a.
Unlike steps A, steps B propagate conservatively and shift
vertically as the twin lamella is thickening as shown in
Fig. 3d. Interestingly, as shown in Fig. 3c, the front the
migration line which consists of steps A is also disconnected
due to the formation of BSFs in twinned region and divided
into several segments. Each segment is observed to migrate
at different velocity, and the center segment moves at the
highest velocity, which could be the reason why the twin
lamella is usually characterized as a lenticular shape.
Besides, the newly nucleated steps A at GB often consist of
two layers of {1OT1} atoms (see Fig. 3a) because this type
of step has the lowest formation energy among four possible
ones [20, 21]. These steps can also catch up with the pre-
vious ones, then merging into new steps with four layers of
atoms. Therefore, basal/prismatic interfaces may form at the
disconnection sites as shown in Fig. 3c, where the interfaces
are parallel to either both the basal plane of the matrix and
prismatic plane of the twin (i.e., basaly /primaticy interface)
or to both the basal plane from the twin and the prismatic



Microstructure Characteristics of Nucleation and Growth ... 31

Fig. 1 Representative overview
of twinning evolution at a strain (a)
of a 4.6%, b 5.2%, ¢ 6.2%,

d 6.8%, e 7.6%, f 12%;

g geometrical orientation of each
grain in the sample coordinate,
where Gi (i =1 ~ 15) represent
each grain in the current
polycrystal

=

Fig. 2 Microstructural evolution
of the {1011} contraction twin in
a selected grain deformed at
different strain levels

(2)10.4% (h) 10.8%

Fig. 3 Illustration of the growth
of the {10T1} twin by movement
of steps along the twin boundary
interface deformed at different
timesteps

2 ! S I L
Basaly/Prismaticy Basaly /Prismaticy
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plane from the matrix (i.e., basalr/primaticy, interface). The
transformation and subsequent twinning growth are accom-
panied by nucleation and migration of disconnections (steps)
and growth of stacking faults. The BSFs only grow along
stacking fault planar direction and do not migrate along
twinning direction, i.e., the distance between different BSFs
keeps constant.

There are four kinds of disconnections (b;, h;) (i = 1, 2, 3,
4), where h; = ihy and hy = d(10T1)~ Two steps are observed

in the translation from matrix sites to twin sites and mag-
nitudes of their height are hy (2h) and hy (4hg). This
observation agrees with topological analysis in a bicystal
model [21, 22], which reveals that the two steps have min-
imal shuffles. Besides steps with A, and /4, another two steps
which have height of /; and h3 are also observed. They exist
near the interaction site between BSFs and TB interface,
which are not the same case with h- and hy-steps. For
example, h,-step exists in between two BSFs and it is mobile
along twinning direction. For h;- and hs-steps, they cannot
move along twinning direction (immobile), and they only
migrate along [1 150} direction, leading to propagation of
BSFs. Considering h;- and h3-steps having much higher
formation energy and lower mobility along twinning direc-
tion than steps with height of h, and hy, their formation is
related to dislocation interaction between BSFs and h,-step.

Conclusions

In this work, MD simulation is performed to investigate
mechanisms of growth of {1011} twins in polycrystalline
Mg at the atomic scale. It is found that the nucleation and
growth of {1OT1} twins are accompanied by the formation
and propagation of basal stacking faults. Due to the forma-
tion of BSFs inside twinned region, the front line of mobile
steps is divided different segments and each segment will
move as a unit at different velocity. When the mobile
interfacial steps are consumed during twin growth, new steps
are nucleated and glide on the TB interface, leading to twin
growth in the lateral and vertical directions. Furthermore,
two types of disconnections are observed in {1011} twin.
The first type of seps with height of 2k, and 45, are mobile
while the other type of steps with gy and 3k are immobile.
The formation of hp- and 3hp-steps may be due to the
interaction between BSF and 2h,-step.
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Abstract

Low-alloyed Mg—Ca—Zn alloys are promising as a base
system of heat-treatable wrought alloys because of their
rapid age-hardenability. The trace addition of Zn plays a
critical role in accelerating the age-hardening response
and following precipitation behavior of Mg—Ca binary
alloys. This study reports the role of Zn on the rapid
age-hardening and precipitation sequence in a Mg—
0.3Ca—0.6Zn (at.%) alloy during isothermal aging at
200 °C using positron annihilation lifetime spectroscopy
(PALS), scanning transmission electron microscopy
(STEM), and atom probe tomography (APT). PALS
analysis indicates the absence of excess quenched-in
vacancies in the as-quenched condition. Instead, the
smaller trapping sites, i.e., open spaces, can facilitate the
formation of Ca—Zn co-clusters even in the as-quenched
condition. APT analysis reveals that the number density
of Ca—Zn co-clusters in the Mg—0.3Ca-0.6Zn alloy
increases in the early stage of aging, while that of Ca
clusters tends to decrease in the Mg—0.3Ca alloy. These
results indicate that the rapid age-hardening is attributed
to the formation of a large number of Ca—Zn co-clusters.
Microstructure analysis using aberration-corrected STEM
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provides further insights into the precipitation process of
the Mg—0.3Ca—0.6Zn alloy. The atomic structures and
stability of precipitates are identified by first-principles
calculations. A precise precipitation sequence is estab-
lished as: S.S.S.S — G.P. zones — " — n' — 5’ pairs
and stacks/n; — 7.

Keywords

Magnesium alloys * Precipitation * Age hardening ¢
HAADF-STEM ¢ Atom probe tomography

Extended Abstract

The application of lightweight magnesium (Mg) alloys has
attracted broad interest as an approach for weight-reduction
toward the improvement of energy efficiency of vehicles [1,
2]. However, the practical use of commercial Mg alloys is
mostly limited to cast products, i.e., there are very few
applications of the wrought alloys such as Mg—3Al-1Zn (wt.
%, AZ31) and Mg-6Al-1Zn (wt.%, AZ61) alloys owing to
their poor room temperature (RT) formability or low
strength [3, 4]. Among recently developed wrought Mg
alloys, low-alloyed age-hardenable Mg—Ca—Zn(-Zr) alloy
would be an important system for developing wrought Mg
alloys because they provide the base for the first develop-
ment of bake-hardenable Mg sheet alloys with comparable
strength and RT formability with to those of 6XXX series
aluminum alloys [5-7].

In the Mg—Ca—Zn alloys, the microalloyed Zn plays a
critical role in accelerating the age-hardening response and
the following precipitation behavior. An in-depth under-
standing of the mechanism for the rapid age-hardening [8, 9]
and following precipitate microstructure evolution is
expected to propose strategies for further improvement of
mechanical properties [10-12]. This work investigates the
origin of rapid age-hardening and precipitation process in a
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Fig. 1 a Variations in Vickers hardness and average positron lifetime
as functions of aging time for Mg—0.3Ca and Mg—0.3Ca-0.6Zn alloys
during isothermal aged at 200 °C. b 3D atom maps of Ca (red) and Zn
(green) obtained from as-quenched and 0.1 h-aged Mg—0.3Ca and Mg—

Mg-0.3Ca—0.6Zn (at.%) alloy, using a combination of
positron annihilation lifetime spectroscopy (PALS), scan-
ning transmission electron microscopy (STEM), and 3D
atom probe (3DAP) analyses.

Figure la shows variations in the Vickers hardness and
mean positron lifetime during artificial aging at 200 °C. The
Mg-0.3Ca alloy shows a Vickers hardness of 37.8 £ 1.6
HV in the as-quenched condition, and the hardness slightly
increases to a peak hardness of 47.6 £ 1.3 HV at 6 h. The
addition of trace Zn accelerates the age-hardening response
and substantially increases the peak hardness. The hardness
of the Mg—0.3Ca-0.6Zn alloy rapidly increases from
43.3 + 1.7 HV to the peak hardness of 65.8 &+ 1.3 HV in
only 1.6 h. The mean positron lifetime is 223 and 221 ps for
as-quenched Mg-0.3Ca and Mg-0.3Ca-0.6Zn alloys,
respectively, which are much shorter than that for the
monovacancy in pure magnesium, ~ 255 ps. That indicates
the absence of excess quenched-in open spaces in the
as-quenched condition. Subsequently, the mean positron
lifetime of the Mg—0.3Ca alloy gradually increases with the
aging time and reaches a maximum value of 242 ps at 6 h.
In contrast, the Mg—0.3Ca—0.6Zn alloy shows only a slight
decrease in mean positron lifetime until the peak hardness,
1.6 h, followed by a slight increase after peak aging. Fig-
ure 1b shows 3D atom maps obtained from the as-quenched
and 0.1 h-aged Mg-0.3Ca and Mg-0.3Ca-0.6Zn alloys.
Some Ca atoms form Ca clusters in the as-quenched Mg—
0.3Ca sample. The number density of Ca clusters decreases
from ~22 x 10 m™>  to ~1.57 x 10** m™  after
0.1 h-aging. Unlike the Mg—0.3Ca alloy, the Mg—0.3Ca-
0.6Zn alloy shows an enhanced clustering tendency upon
aging. The number density of Ca—Zn co-clusters increases
from ~4.49 x 10** m™ in the as-quenched condition

As-quenched

1 Mg-0.3Ca-0.62n

N,=4.5x10% m*

Z. H.Lietal

0.1 h-aged

100x30%30 nm?

N,=2.2x10% m*

rs ¥
N,=5.8x10% m*

0.3Ca—-0.6Zn alloys, respectively. Note that the data was analyzed
along the [0001],. (reproduce from Ref. [13] with permission from
Elsevier)

to ~5.83 x 10** m> at 0.1 h. Therefore, we can conclude
that the origin of the rapid age-hardening in the Mg—0.3Ca-
0.6Zn alloy is due to the increased number density of Ca—Zn
co-clusters in the early stage of aging. Furthermore, we
thoroughly investigated the precipitation process and the
structures of precipitates in the Mg—0.3Ca—0.6Zn (at%) alloy
during isothermal aging at 200 °C using aberration-corrected
STEM and 3DAP. Based on the experimental results,
first-principles calculations were performed to analyze the
atomic structures and stabilities of precipitates and provide
the thermodynamic rationale for the precipitation sequence.
A precise precipitation sequence is established as: S.S.S.
S — G.P. zones — n" — n' — n' pairs and stacks/n; — 7.
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Abstract

High-strength, lightweight magnesium (Mg) alloys have
substantial potential for reducing the weight of automo-
biles and other transportation systems and thus for
improving fuel economy and reducing emissions. How-
ever, the strong crystallographic texture of rolled Mg
sheet leads to poor formability and anisotropy. In specific
non-rare earth Mg alloys, annealing can be used to
desirably weaken the texture. Here, we present a multi-
scale in-situ study on the recovery and recrystallization of
an 80% hot-compressed Mg—3.2Zn-0.1Ca wt% (ZX30)
alloy using high-resolution 3D X-ray diffraction micro-
scopy (HR-3DXRD) and dark field X-ray microscopy
(DFXM). We track more than 8000 non-recrystallized
grains during annealing. Relative changes in crystallo-
graphic orientation and volume of each recrystallized and
non-recrystallized grain are measured as a function of
annealing time. Finally, local strain and orientation are
measured in the interior of the specific grains with a
spatial resolution of 77 nm.
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Introduction

This work discusses the use of synchrotron-based X-ray
diffraction microscopy techniques to investigate the recovery
and recrystallization of an 80% hot-compressed Mg-3.2Zn—
0.1Ca wt.% (ZX30) alloy in situ, in 3D, and across several
orders of magnitude in length scale. High-strength light-
weight magnesium (Mg) alloys have substantial potential for
reducing the weight of automobiles and other transportation
systems to improve fuel economy and reduce greenhouse
gas emissions [1]. A major barrier, however, is the strong
crystallographic texture of rolled Mg alloy sheet which can
lead to anisotropy, brittleness, and poor machinability. There
are several challenges to characterizing the microstructure
evolution associated with recovery, recrystallization, and
grain growth. Because the microstructure is constantly
evolving, it is often necessary to characterize the
microstructure evolution in situ. However, the relevant
length scale (e.g., grain/subgrain size) and the degree of
deformation vary significantly in the as-deformed versus
recrystallized states, making it difficult to resolve the
microstructure and its key features with a single technique.
Temporal resolution is an inherent challenge to diffraction
techniques that require a full 360° rotation because of
(especially scintillation-based) detector readout times.
Finally, the ability to apply these established techniques to
highly deformed materials is not quite achievable yet, in part
due to spatial resolution limitations and in part due to the
necessary peak-finding and peak-fitting procedures.

To address these challenges, here, we use a multiscale,
multimodal approach by combining two X-ray diffraction
techniques: high-resolution X-ray diffraction (HR-XRD)
statistical analysis [2] and dark field X-ray microscopy
(DFXM) [3, 4]. For HR-XRD, we used a high-resolution
detector to zoom into a subset of Bragg reflections appearing
in one particular Debye—Scherrer ring. Using HR-XRD
statistical analysis, we track more than 8000 sub-surface
non-recrystallized and recrystallized grains during the
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recovery and recrystallization processes during in-situ
annealing. At several points during the annealing process,
we “zoom in” to individual recrystallized and
non-recrystallized grains using DFXM. The results show
small intragranular variations in elastic lattice strain and
misorientation with a spatial resolution of ~ 100 nm. This
combination of HR-XRD statistical analysis and DFXM
enables a multiscale, multimodal diffraction microstructure
imaging that is particularly useful for small and/or highly
deformed grains that are often difficult to resolve using more
standard 3D X-ray diffraction techniques.

Experimental

An 80% hot-compressed ZX30 alloy was used in this study.
The deformed sample was machined into 1 x 1 x 5 mm?
rectangular bars using electron discharge machining. Both
HR-XRD and DFXM characterization techniques were
performed during a single experiment on ID06-HXM [5] at
the European Synchrotron Radiation Facility using an X-ray
energy of 17 keV and a beam size of 200 um x 200 pm?.
We annealed the sample for a total of 514 min, during
which time we collected 33 h-XRD measurements. The
sample was continuously heated at a rate of 10 °C/min for
the first 129 min. Once the sample temperature reached
266 °C at 129 min, the sample temperature was maintained
at 266 °C degrees for an additional 385 min (with a total
heating time of 514 min). To calibrate the sample temper-
ature, we used the thermal expansion of the {101} Debye—
Scherrer ring. The multimodal, multiscale X-ray diffraction

S. Lee et al.

microstructure imaging using far-field high-energy diffrac-
tion microscopy (ff-HEDM), HR-XRD, and DFXM are
shown in Fig. 1.

Results and Discussion

Results are shown in Fig. 2. The results of the HR-XRD
statistical analysis are presented in Fig. 2. Figure 2a shows
five of the 33 h-XRD statistical analysis measurements
(summed over the 6° sample rotation) in order of increasing
annealing time and temperature. In the first frame, 1,326
grains exist within our field of view. As annealing proceeds,
the number of grains can be seen decreasing, and select
grains become very large, as can be observed by the high
relative intensity of their Bragg reflections. Toward the end
of annealing, there are only 153 grains remain. Two addi-
tional sequences are provided in Fig. 2, where each mea-
sured Bragg reflection is represented as a circle. The location
of each circle corresponds to the location of the Bragg
reflection, the size of each circle corresponds to the relative
volume of the grain, and the color of each circle corresponds
to the relative grain volume in Fig. 2b, and o (i.e., orien-
tation) position in Fig. 2c. These statistical results show that
only seven non-recrystallized grains exist out of 153 total
grains at the end of annealing, these seven non-recrystallized
grains account for 34% of the total volume [7]. These sta-
tistical and other results show the power of these “zoom in”
and “zoom out” techniques for tracking microstructure
evolution in situ from the as-deformed state during
annealing.

HR-XRD

Fig. 1 Multimodal, multiscale X-ray diffraction microstructure imaging using ff-HEDM, HR-XRD, and DFXM. The present work includes only
the HR-XRD and DFXM results [7]. The f-HEDM results are published in [6]
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Fig. 2 HR-XRD statistical
analysis results a raw detector
images, b relative grain volume,
¢ o position [7]

140°C, 16 min

228°C, 91 min

266°C, 135 min 266°C, 234 min 266°C, 516 min
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Abstract

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

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

Grain refinement, texture control, and alloying are com-
monly considered potential strategies to improve the
formability of Mg by reducing the dissimilarities in the
CRSS among slip modes and suppressing direction-
dependent twinning. Reducing the grain size has been
found to suppress twinning activity and increase formability
[2, 5]. The crystallographic texture is modified, specifically
the texture weakening, via alternative metal processing
techniques, such as asymmetric rolling and equal channel
angular pressing to improve the formability [6, 7]. Finally,
the additions of rare earth elements (Y, Ce, Nd, La, etc.)
have been reported to lower plastic anisotropy significantly
[8-11]. Among these three strategies, the alloying addition is
known to be a viable way to improve formability. However,
these alloying elements are not abundant and thus limit the
applicability of these alloys. This work hypothesizes that this
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Fig. 1 a Model predicted (solid and dashed lines) stress—strain
response along with the experimental values (symbols) for rolling
direction tension (RDT) and compression (RDC) for three different Y

limitation can be overcome by combining the alloying
method with the grain refinement strategy. That is, the
minimum amount of rare-earth elements needed to improve
the formability of Mg alloys can be reduced by properly
tuning the grain size.

To capture the effect of grain size and Y-content on
mechanical responses, a visco-plastic self-consistent (VPSC)
crystal plasticity model is employed [12]. In the calculation,
basal (a), prismatic (a), and pyramidal (c+ ) slip modes
and {1012} tensile twinning are assumed to accommodate
the plastic deformation. The dislocation density-based
hardening law is used [13]. The effect of grain sizes on
slip and twinning is modeled through directional-dependent
micro-Hall-Petch equations [14]. Following the classical
works of [15-17], the alloying concentration is directly
related to the strength terms for each slip and twinning
mode. It allows us to directly capture the role of alloying
elements on dislocation slip motion and deformation twin-
ning. The stress—strain responses and twin volume fraction
values reported in [18] for different Y content are used to
calibrate and validate the model. The model-predicted
mechanical responses for both rolling direction tension
(RDT) and compression (RDC), along with the experimental
values, are shown in Fig. la. The solid and dashed lines
correspond to the model-predicted stress—strain response for
RDC and RDT loadings, whereas the symbols refer to
experiments. Note that the grain size is different for different
Y-content cases. Overall, the developed correctly captures
the twinning signature in the RDC loading and the complex
dependence of Y content on slip and twinning activity for
both RDC and RDT. The increase in Y-content lowers the
tension—compression asymmetry at yield and also later in the
strain hardening regime.

The developed model is further used to simulate the
mechanical responses under tension and compression for a
wide range of grain sizes and Y-content. The calculated
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tension—compression asymmetry at yield is plotted in the
grain size and Y-content, see Fig. 1b. As one expects, the
tension—compression asymmetry decreases with an increase
in Y-content and a reduction in grain sizes. Interestingly, the
distribution shown in Fig. 1b suggests that the Y-content can
be reduced significantly with a slight to moderate decrease in
grain sizes. For instance, the required reduction in grain size
to lower the Y-content by 1% to achieve similar tension—
compression asymmetry is only ~35 micron, which is fea-
sible. Overall, this work establishes a plausible framework to
optimize the microstructure (grain size) and Y-content to
achieve desired structural properties such as strength and
asymmetry.
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Abstract

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

Keywords

Deformation twinning ¢ Twin transmission °
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Extended Abstract

Deformation twinning is a mechanism of critical interest in
magnesium alloys and other HCP metals as it provides both
beneficial and deleterious effects. Twinning enables mag-
nesium alloys to accommodate strain in crystallographic
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directions that are relatively difficult to achieve through slip
alone such as along the c-axis [1]. At the same time, twin
boundaries can serve as a preferential crack pathway which
can contribute to premature failure of Mg parts during fab-
rication or service [2, 3]. Understanding and control of
twinning behavior are thus crucial for producing tough and
formable parts, as well as for broadening the application
space of magnesium alloys.

This deleterious behavior of twinning is made worse by
instances of twin transmission, where the intense local
stresses caused by a twin impinging upon a grain boundary
induce the nucleation of a new twin in the neighboring grain
that can then propagate, grow, and potentially transmit
across yet another grain boundary. Transmission results in a
pair of adjoined twins that form a continuous twin boundary
across the grain boundary, providing a longer pathway for a
crack to follow. As twin transmission is more favorable
across grain boundaries with low misorientation [4, 5],
highly textured material is particularly susceptible to trans-
mission events and the potential formation of long chains of
twins across many grains, leading to a long, continuous twin
boundary which can greatly contribute to premature brittle
failure [6].

Many commercial Mg alloys feature intermetallic parti-
cles in their as-produced state, such as the B-Mg;7Al,, phase
in Mg-Al alloys [1, 7]. While the effects of the nanoscale
intragranular precipitates on twinning behavior have been
studied extensively [8], little research has been done on the
coarse micron-scale particles that typically form at the grain
boundaries in these alloys during solidification [9]. These
coarse intermetallic particles are elastically harder than the
matrix, and the backstresses due to mechanical mismatch
can impede or exacerbate the localized stresses caused by
twin impingement that play a role in both twin transmission
and twinning behavior.

Previous computational studies by our group using
Crystal Plasticity—Fast Fourier Transform (CP-FFT) mod-
eling [10] indicated that certain microstructural cases, such
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Fig. 1 Inverse pole figure map from combined EDS-EBSD of strained
AMO60 Mg alloy. Grain boundaries are highlighted in black, twin
boundaries are highlighted in red, and particle phases are colored in
black with white borders

as instances of a twin directly impinging upon an inter-
metallic particle of sufficient size, would reduce the likeli-
hood of nucleating a new twin in the neighboring grain.
However, other microstructures—such as a twin impinging
upon the grain boundary nearby the particle without directly
making contact—resulted in an increased likelihood of
transmission. Additionally, the modification of stress states
in the parent and neighboring grains due to the presence,
size, and position of the particle was associated with changes
in the twin thickness in the parent grain and the potential
variant selection in the secondary grain. These simulation
results for single twins and particles can help to interpret the
statistical occurrence of twinning in real particle-containing
magnesium microstructures.

Toward that goal, this work uses electron dispersive
spectroscopy (EDS) and electron backscatter diffraction
(EBSD) in tandem to simultaneously analyze grain boundary
particles, deformation twins, and transmission events over a
broad region of the microstructure. As shown in Fig. 1, the
combined EDS-EBSD data is processed using automated
algorithms designed to work with the MTEX [11]
open-source toolbox for MATLAB to identify both inter-
granular particles and twin boundaries. Chemical informa-
tion provided by EDS is combined with band contrast values
from EBSD to segment particles, while orientation infor-
mation from EBSD is used to automatically identify twin
boundaries. Twinning statistics such as area fraction, thick-
ness, and variant selection—including Schmid and

non-Schmid variant identification—can be automatically
calculated, and instances of adjoined twin pairs across grain
boundaries determined. Similarly, instances of twin-particle
contact can be identified or the distance between a twin and
particle along a grain boundary (such as in Fig. 1) can be
calculated. These automated segmentation and analytical
methods using combined EDS-EBSD enable a statistical
study of how particle morphology, position, and grain ori-
entation modify twinning behavior and transmission likeli-
hood, and allow for the findings to be compared to
computational results from CP-FFT modeling.
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Abstract

The widespread implementation of Magnesium alloys for
the automotive industry warrants an improvement in their
corrosion performance and their ability to withstand
dissimilar material contact under corrosive environments.
Solid-phase coating methods offer opportunities to pre-
cisely tune the coating microstructure, thickness, and
coating-substrate interface. We report on the optimization
and characterization of cold spray deposited AA6061
aluminum alloy coatings on Magnesium alloy corrosion
and automotive components. Coatings with low porosity,
high thickness, hardness, and excellent corrosion proper-
ties were achieved using a bond coating composed of
pre-treated CP-Al powders. The dynamic nature of the
cold spray process enabled the formation of a metallur-
gical bond at the coating-substrate interface leading to
high adhesion strengths. Furthermore, the ability of cold
spray coatings to repair manufacturing defects was
explored, and the microstructural mechanism for the
same was investigated.

Keywords

Magnesium ¢ Corrosion * Cold spray coatings

Extended Abstract

Magnesium alloys are favorable candidates for use in auto-
motive applications due to their low density (1.7 g/cm®) and
high specific strength. Recently, there has been a growing
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interest in utilizing these alloys for automotive components,
such as strut tower base [1]. However, Mg alloys are sus-
ceptible to corrosion attack (filiform, pitting, and general
corrosion) when exposed to harsh corrosive automotive
environments [2]. Furthermore, Mg alloys can also be
exposed to dissimilar material contact (Example-with Al
alloys and galvanized steel), which under corrosive envi-
ronments can lead to galvanic and crevice corrosion [2, 3].
Thus, there is an urgent need to improve the surface prop-
erties of Mg alloys with the aim of improving their corrosion
resistance and enabling dissimilar material contact. To that
end, several surface coating methods have been developed to
improve their corrosion resistance [4—7]. Among these,
spray coating methods enable layer by layer deposition of
metallic powders sprayed at supersonic velocities. In par-
ticular, cold spray technology is a solid-phase coating
method that minimizes undesirable intermetallic formation at
the coating-substrate interface and minimizes oxidation of
powders. It also enables precise coating thickness control,
can be optimized for minimum porosity formation, and
offers better scalability and lower costs compared to other
coating methods [7, 8].

In this study, we have utilized cold spray coating tech-
nology to coat Aluminum 6061 alloy powders on to AZ91
Magnesium alloy substrates. Al6061 powders were utilized
for the coating because Mg alloys are often in contact with
Al6061 plates or Al alloy based isolators in automotive
components [1]. Nitrogen gas was used as a carrier gas.
Al6061 powders were coated onto the AZ91 substrates using
higher carrier gas temperature and pressure than those uti-
lized in the existing literature (Fig. 1a) as an increase in gas
temperature directly correlates with improved deposition
efficiency [7, 8]. Over several trials, the deposition of the
Al6061 powders was optimized by introducing a bond
coating of commercially pure Aluminum (CP-Al). Further-
more, the size distribution of both the Al and Al6061
powders was restricted to between 20 and 53 pm. While the
Al6061 powders were utilized as received, the CP-Al
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Fig. 1 a Plot showing a comparison of spray parameters used in the literature versus those used in our study, b cross section SEM micrograph
showing the AZ91 substrate, the CP-Al bond coating and Al6061 top coating

powders were softened by annealing at 220-240 °C in an
Argon atmosphere for 1 h. The microstructure and perfor-
mance of the case with CP-Al bond coat and Al6061 top
coat were compared with the case with only Al6061 coating.
Powder material and process changes led to a substantial
increase in coating thickness (from 398 + 153 pm to greater
than 1.4 mm), decrease in coating porosity (from
3.4 + 0.3% to less than 0.5%), and decrease in maximum
peak roughness (from 594 + 3 um to 290 £ 3 pum). While
Scanning Electron Microscopy (SEM) and Energy Disper-
sive Spectroscopy (EDS) showed no metallurgical bond
formation between the coating and substrates, Transmission
Electron Microscopy (TEM) imaging showed the presence
of a thin layer of Mg;;Al;, at the interface between the
substrate and coating. Due to the high strain rate deformation
experienced by the powders upon impact, Electron Back
Scatter Diffraction (EBSD) showed dynamic recrystalliza-
tion at the interface between adjacent powder particles and
substrate-particle interface. This led to the formation of small
grains (< 5 pum in size) decorating powder particle borders.
Additionally, a region of compressive residual stress (30—
50 um) was observed on the surface of the substrate due to
the impact of the CP-Al powders.

The coating brought about a notable improvement in
surface properties of the alloy that was characterized by
mechanical and corrosion property testing. Vickers hardness
testing performed across the cross section of coated samples
showed the bond coat to have a substantially lower hardness
(40 Hv) compared to the substrate (Average = 70 Hv) or top
coating (Average = 75 Hv). The softer CP-Al matrix aided
in improving deposition of the Al6061 powders. Coating
adhesion testing (ASTM D4541) showed a promising
adhesion strength of 16.1 + 2.8 MPa that is further being
improved through cold spray trials at higher temperatures.
Furthermore, the presence of the coatings decreased the wear
rate of the coated alloy (IE—3 mm®/N m) by greater than

25% as compared to the substrate (1.345E—3 mm?®/N m).
Potentiodynamic  polarization electrochemical testing
showed a drastic increase in exchange current density of the
coating due to the presence of the coating (from — 1530 mV
without the coating to — 706 mV with the coatings). Finally,
localized  Electrochemical = Impedance  Spectroscopy
(EIS) showed a sixfold increase in the resistance to corrosion
with the presence of coating. These metrics show that the
CP-Al bond coating + Al6061 top coating combination
creates nearly pore free microstructures with favorable
improvements in mechanical and corrosion properties.

In summary, coatings of A16061 were deposited on top of
AZ91 Mg alloy and optimized using a CP-Al bond coat.
These coatings yielded notable improvements in surface
properties that were substantiated through a variety of
mechanical and corrosion tests. The widespread use of the
alloys used in this study also aids in end-of-life recycling,
thereby making these coatings favorable for use in the
automotive industry.
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Abstract

Use of Mg alloy structural parts can enable lightweight
automobiles for improved energy efficiency. High corro-
sion susceptibility of Mg alloys, however, remains as a
technical challenge against their application in
vehicle-structures. This work investigates open-air plasma
assisted Si—O—C coating as a corrosion barrier for AZ91D
Mg alloy. The open-air plasma coating does not involve
wet chemical process and is amenable to the industries
experienced in other plasma-based processes.
As-deposited coatings on AZ91D substrates were char-
acterized by advanced microscopic characterization tech-
niques, including SEM, STEM, and EDS. Corrosion
evaluation was performed using electrochemical impe-
dance spectroscopy, polarization, and H, collection
measurements in 3.5 wt.% NaCl solution. Post-
immersion AZ91D samples, that were uncoated or Si—
O—-C coated condition, were also characterized by SEM,
STEM, and EDS. The results indicate that plasma assisted
Si—O-C coating delayed the initiation of corrosion and
the progression of corrosion attack.
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Extended Abstract

Use of Mg alloy structural parts can enable lighter-weight
automobiles for improved energy efficiency [1, 2]. High
corrosion susceptibility of Mg alloys, however, remains as a
technical challenge against their application in vehicle-
structures. This work investigated open-air plasma assisted
Si—O-C (silane-based) coatings as corrosion barriers for
AZ91D Mg alloys. This open-air plasma coating process
does not involve wet chemical processes and is amenable to
industries already experienced in other plasma-based
processes.

High pressure diecast AZ91D Mg alloy was obtained
from a commercial vendor and finished with 600 grit SiC
paper prior to the plasma coating process or corrosion
exposure. Figure 1 describes the two-step plasma process for
Si—-O-C coating deposition on an AZ91D substrate. An
example of Si—-O-C coated AZ91D sample is shown in
Fig. 2. This plasma assisted Si—O—C coating is referred to as
PO1 coating according to the plasma process ID used to
deposit the barrier layer. The coating thickness, estimated by
light reflection measurement, was ~ 220 nm.

ASTM B117 exposure test was used for initial corrosion
evaluation of uncoated and POl coated AZ91D samples.
After 24 h exposure, the center of POl-coated AZ91D
sample remained visually intact while the entire surface of
uncoated AZ91D developed corrosion products (see Fig. 2).
This result highlights the corrosion protection/mitigation
effect from PO1 coating for AZ91D. As another method of
corrosion exposure, uncoated and PO1 coated AZ91D sam-
ples were immersed in 3.5% NaCl solution open to air at
room temperature. The appearance of pre-defined sample
surfaces before and after NaCl solution exposure is pre-
sented in Fig. 3. It was observed that the formation of cor-
rosion ditches was suppressed when PO1 coating was applied
on AZ91D after 47 h immersion in 3.5% NaCl solution.

As-deposited coatings on AZ91D substrates were char-
acterized by advanced microscopic characterization
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Fig. 1 Description of two-step plasma process for Si-O—C coating deposition on AZ91D Mg alloy coupon. For further details, refer to the
following article: https://www.degruyter.com/document/doi/10.1515/cdbme-2016-0013/html

Plasma-assisted
AZ91D coupons ?;g—cprzcm;r;g);
(1" x1")
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paper finish

P01 coated AZ91D sample

| ASTM B117 exposure for uncoated & P01 coated samples |

after 24 h .
- ~25mm

' PO1 coated
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Fig. 2 POl coated AZ91D coupon (top right) and the appearance of uncoated and PO1 coated AZ91D samples after B117 salt spray exposure for
24 h (bottom). Note that POl coating was not applied on ~ 3 mm marginal area on each corner of the sample, so corrosion attack on the PO1

coated sample was initiated from the uncoated area

47 hin
3.5% NaCl

P01-coated & unexposed
AZ91D (~0.83cm3)

Untreated & unexposed
AZI1D (~0.83 cm?)

Fig. 3 Comparison of uncoated and POl coated AZ91D sample
surfaces before and after 3.5% NaCl immersion (open to air at room
temperature). Immersion time: 47 h

techniques, including SEM, STEM, EDS, and EELS. From
the EDS characterization results, it was confirmed that
as-deposited PO1 coating is ~ 200 nm thick and composed
of ~ 45 wt% Si, ~ 36 wt% O, and ~ 17 wt.% C.
Characterization of post-exposure POl coated and uncoated
AZ91D samples was also performed. An example of
post-exposure STEM characterization is presented in Fig. 4
for PO1-coated AZ91D sample cross-sectioned after 166 h
immersion in 3.5% NaCl solution. In this specific section,
Mg and O rich corrosion product layer was observed
instead of Si—O-C coating, which implies that Si—-O-C
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Surface layer

Fig. 4 STEM and EDS maps of a post-exposure POl coated AZ91D
sample. The exposure condition was 3.5% NaCl immersion for 166 h.
Annular dark field mode was used for imaging this TEM lamella

coating in this location was removed during NaCl solution
immersion.

Corrosion evaluation was performed using electrochem-
ical impedance spectroscopy, polarization, and H; collection
measurements in 3.5 wt.% NaCl solution. Post-immersion
AZ91D samples, that were uncoated or Si—O-C coated
condition, were also characterized by SEM, STEM, and

EDS. The results, which will be discussed in detail during
the presentation, indicated that plasma assisted Si—-O-C
coating delayed the initiation of corrosion and the progres-
sion of corrosion attack.
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Abstract

Magnesium alloys have drawn considerable attention for
several engineering applications, owing to their excellent
properties like low density and high specific strength. The
room temperature ductility and mechanical properties of
Mg are usually enhanced by alloying additions. Based on
the thermomechanical processing, the presence of critical
concentration of alloying element typically leads to the
formation of stable binary intermetallic phases with Mg,
thereby distinctly altering the microscopic electrochem-
ical properties of the alloy. However, the secondary
intermetallic phases in Mg alloys are typically of
sub-micron size; thus, accurate electrochemical charac-
terization is a challenging issue. Using first-principles
calculations, the electrochemical behavior of various Mg
intermetallics was comprehensively quantified. The elec-
trochemical polarization behavior of the intermetallics
was strongly dependent on surface-mediated properties
and chemical bonding characteristics. Finally, the com-
putational framework provides an accurate screening tool
that can assist in alloy design and development of
coatings.
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Extended Abstract

The last few decades have witnessed a rising interest in
magnesium (Mg) alloys in many engineering industries
owing to their excellent properties like high strength and
stiffness, low density, and high ductility [1-3]. These
properties make them especially useful in the transportation
sector as a lightweight material which subsequently reduces
energy consumption and CO, emission [4, 5]. However,
their utilization is still restricted because of its poor corrosion
resistance arising due to its inability to form a stable oxide
film and high electrochemical activity of Mg [6, 7]. Further,
the presence of microstructural and chemical heterogeneities
in the form of intermetallics promotes the formation of
localized galvanic cells leading to accelerated corrosion
behavior [7]. Therefore, accurate characterization of the
electrochemical behavior of the various secondary inter-
metallic phases is essential for a better understanding of the
properties of Mg alloys.

Although investigations into the electrochemical behavior
of Mg alloys have made great progress, due to the
involvement of a large number of local and environmental
factors, accurate prediction of corrosion-related degradation
still remains as one of the most challenging issues in material
science [7-10]. The investigations into the electrochemical
behavior of Mg alloys have been largely experimental, due
to the unavailability of a consistently proven computational
model to predict the same. This was especially true in the
case of first-principles calculations, as no methodology
existed to correlate the microscale quantities derived from
first-principles calculations and the macroscale -electro-
chemical behavior [8]. Although these experimental char-
acterizations often yield useful results with respect to
feasibility and kinetics of the electrochemical process, they
give little to no information on the local chemistry as these
results are more focused on the average effects over large
surface areas.
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Fig. 1 Influence of surface and chemical bonding characteristics on electrochemical behavior. Reproduced from Mishra et al. [7]

The electrochemical behavior of a crystalline surface is
strongly dependent on surface properties (surface energy
density and work function) and chemical bonding charac-
teristics (bulk contribution towards Gibbs free energy and
equilibrium potential) [7]. The surface energy density is the
amount of energy required to create the surface, and there-
fore, a crystalline surface that has a higher surface energy
density when compared to another would be more electro-
chemically active [11, 12]. On the other hand, work function
quantifies the energy required to remove an electron through
a surface; thus, a smaller value of work function indicates a
surface that is more likely to lose electrons, which in turn
makes the surface more reactive when compared to a surface
with higher work function [8]. The bulk contribution
towards Gibbs free energy (AGy) provides a measure of the
energy required to form ions by breaking the underlying
chemical bonds while equilibrium potential is defined as the
electrochemical potential at which the oxidation and
reduction reactions occur at the same rate for a given elec-
trolyte [7].

In the present study, DFT method was employed to
comprehensively characterize the electrochemical properties
of Mg-based binary intermetallics commonly found in Mg
alloys (Mg,,Aly,, MgZn,, Mg;Nd, Mg,Si, Mg,,Ys, Mg,Ca,
Mg,Ce, Mg;,La, Mg,Cu, and Mg,Sn). A robust
first-principles based thermodynamic framework was
developed to predict the polarization behavior of Mg-based
intermetallics. The surface-mediated properties (surface

energy and work function) and the intrinsic chemical char-
acteristics of the intermetallics were calculated by a series of
first-principles based calculations and used as inputs to the
thermodynamic framework (Fig. 1). Finally, the findings
were interpreted with electronic insights using the Bader
charge analysis and density of states (DOS).

References

1. B. Smola, I. Stulikova, F. von Buch, B.L. Mordike, Structural
aspects of high performance Mg alloys design, Mater. Sci. Eng. A.
324 (2002) 113-117. https://doi.org/10.1016/S0921-5093(01)
01291-6.

2. M. Bamberger, G. Dehm, Trends in the Development of New Mg
Alloys, Annu. Rev. Mater. Res. 38 (2008) 505-533. https://doi.
org/10.1146/annurev.matsci.020408.133717.

3. B.L. Mordike, T. Ebert, Magnesium: Properties — applications —
potential, Mater. Sci. Eng. A. 302 (2001) 37-45. https://doi.org/10.
1016/S0921-5093(00)01351-4.

4. X. Zhang, W. Jiang, Elastic, lattice dynamical, thermal stabilities
and thermodynamic properties of BiF3-type Mg3RE compounds
from first-principles calculations, J. Alloys Compd. 663 (2016)
565-573. https://doi.org/10.1016/j.jallcom.2015.12.190.

5. E. Aghion, B. Bronfin, D. Eliezer, The role of the magnesium
industry in protecting the environment, J. Mater. Process. Technol.
117 (2001) 381-385. https://doi.org/10.1016/S0924-0136(01)
00779-8.

6. J.Xie, J. Zhang, Z. You, S. Liu, K. Guan, R. Wu, J. Wang, J. Feng,
Towards developing Mg alloys with simultaneously improved
strength and corrosion resistance via RE alloying, J. Magnes.
Alloys. 9 (2021) 41-56. https://doi.org/10.1016/j.jma.2020.08.016.


http://dx.doi.org/10.1016/S0921-5093(01)01291-6
http://dx.doi.org/10.1016/S0921-5093(01)01291-6
http://dx.doi.org/10.1146/annurev.matsci.020408.133717
http://dx.doi.org/10.1146/annurev.matsci.020408.133717
http://dx.doi.org/10.1016/S0921-5093(00)01351-4
http://dx.doi.org/10.1016/S0921-5093(00)01351-4
http://dx.doi.org/10.1016/j.jallcom.2015.12.190
http://dx.doi.org/10.1016/S0924-0136(01)00779-8
http://dx.doi.org/10.1016/S0924-0136(01)00779-8
http://dx.doi.org/10.1016/j.jma.2020.08.016

7. P. Mishra, P. Kumar, L. Neelakantan, I. Adlakha, First-principles

prediction of electrochemical polarization and mechanical behav-
ior in Mg based intermetallics, Comput. Mater. Sci. 214 (2022)
111667. https://doi.org/10.1016/j.commatsci.2022.111667.

. H. Ma, X.-Q. Chen, R. Li, S. Wang, J. Dong, W. Ke, First-
principles modeling of anisotropic anodic dissolution of metals and
alloys in corrosive environments, Acta Mater. 130 (2017) 137-
146. https://doi.org/10.1016/j.actamat.2017.03.027.

. S.P. Knight, N. Birbilis, B.C. Muddle, A.R. Trueman, S.P. Lynch,
Correlations between intergranular stress corrosion cracking,
grain-boundary microchemistry, and grain-boundary electrochem-
istry for Al-Zn-Mg—Cu alloys, Corros. Sci. 52 (2010) 4073—4080.
https://doi.org/10.1016/j.corsci.2010.08.024.

10.

11.

12.

First-Principles Investigations into the Electrochemical Behavior of Mg-Based Intermetallics 61

G.L. Song, A. Atrens, Corrosion Mechanisms of Magnesium
Alloys, Adv. Eng. Mater. 1 (1999) 11-33. https://doi.org/10.1002/
(SICI)1527-2648(199909)1:1<11::AID-ADEM11>3.0.CO;2-N.
G.-L. Song, R. Mishra, Z. Xu, Crystallographic orientation and
electrochemical activity of AZ31 Mg alloy, Electrochem. Com-
mun. 12 (2010) 1009-1012. https://doi.org/10.1016/j.elecom.
2010.05.011.

R. Xin, Y. Luo, A. Zuo, J. Gao, Q. Liu, Texture effect on corrosion
behavior of AZ31 Mg alloy in simulated physiological environ-
ment, Mater. Lett. 72 (2012) 1-4. https://doi.org/10.1016/j.matlet.
2011.11.032.


http://dx.doi.org/10.1016/j.commatsci.2022.111667
http://dx.doi.org/10.1016/j.actamat.2017.03.027
http://dx.doi.org/10.1016/j.corsci.2010.08.024
http://dx.doi.org/10.1002/(SICI)1527-2648(199909)1:1&lt;11::AID-ADEM11&gt;3.0.CO;2-N
http://dx.doi.org/10.1002/(SICI)1527-2648(199909)1:1&lt;11::AID-ADEM11&gt;3.0.CO;2-N
http://dx.doi.org/10.1016/j.elecom.2010.05.011
http://dx.doi.org/10.1016/j.elecom.2010.05.011
http://dx.doi.org/10.1016/j.matlet.2011.11.032
http://dx.doi.org/10.1016/j.matlet.2011.11.032

®

Check for
updates

Sridhar Niverty, Rajib Kalsar, Lyndi Strange,
Venkateshkumar Prabhakaran, and Vineet V. Joshi

Abstract

The corrosion behavior of light metal alloys is complex
due to the simultaneous interaction of variables such as
processing history, microstructure, corrosive environ-
ment, and temperature. Each of these factors contributes
to corrosion damage at multiple length scales. This talk
will focus on the combination of multimodal corrosion
with multiscale imaging to probe the corrosion behavior
of light metal alloys. This unique approach involves the
simultaneous application of electrochemical methods
such as Scanning FElectrochemical Cell Microscopy
(SECCM), in situ/ex situ imaging, and hydrogen collec-
tion. It is particularly beneficial to the study of complex
heterogeneous microstructures (varying grain size, chem-
ical composition, porosity, nature of oxide film) obtained
during processes such as Friction Stir Processing and
surface plasma treatment. Employing this approach
correlatively over multiple length scales has aided in the
identification of microstructural features that contribute to
local and global corrosion damage.
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Extended Abstract

Corrosion of materials is a complex phenomenon dictated by
several factors such as chemical composition, processing
history, presence of intermetallic particles with differing

S. Niverty - R. Kalsar - L. Strange - V. Prabhakaran - V. V.
Joshi (D<)

Energy and Environment Directorate, Pacific Northwest National
Laboratory, Richland, WA 99354, USA

e-mail: Vineet.joshi@pnnl.gov

© The Minerals, Metals & Materials Society 2023

electrochemical properties, corrosive environment, and
temperature. Several methods have been developed to study
corrosion initiation and progression. Among these, immer-
sion into corrosive fluid, alternate immersion, electrochem-
ical methods, hydrogen collection, imaging (2D and 3D),
and spray methods are most often used. Electrochemical
methods yield several quantifiable corrosion parameters such
as corrosion potential, corrosion current, and corrosion
resistance that can be used to rapidly compare materials in a
variety of environments [1-3]. In particular, polarization
enables the study of different stages of corrosion by moni-
toring corrosion current at constant or dynamically varying
imposed potentials. Interpreting the changes seen in the
corrosion, current behavior without accompanying correla-
tive microstructural information can be challenging. To that
end, we have developed a multimodal corrosion measure-
ment setup that can be used to perform bulk corrosion,
sample imaging (2D), and evolved gas collection simulta-
neously. We have studied several materials under open cir-
cuit potential as well as under accelerated corrosion
conditions using potentiodynamic polarization. This has
enabled the observation of the onset and progression of
corrosion damage during the anodic polarization while also
quantifying hydrogen bubble evolution as a function of
corrosion potential and time.

In this study, we describe the corrosion behavior of AZ91
magnesium alloy. Open circuit potential (OCP) and poten-
tiodynamic polarization (PDP) tests were performed on an
AZ91 sample mounted in an epoxy mount. The surface of
the AZ91 was polished to a 1 um diamond finish. OCP was
performed for a duration of 1800s following which PDP was
performed from 200 mV below OCP up to 500 mV above
OCP (Fig. 1). A saturated calomel electrode was used as the
reference electrode, and graphite rods were used as counter
electrodes. Figure 1 also shows locations on the OCP and
PDP curves where snippets of the sample video are included.
These locations include (a) At the beginning of OCP,
(b) End of OCP, (c) At E.,, (d) At a current density of
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Fig. 1 OCP and PDP curves of AZ91 alloy. Annotations highlight
locations where images of the sample surface are shown, i.e. a At the
beginning of OCP, b End of OCP, ¢ At E_,,;, d At a current density of

1E-02 A/cm?, and (e) At a potential of —1.05 V or the
potential at which the PDP test was terminated. The reac-
tions involved during the corrosion of magnesium are as
follows [4]:

Anodic Reaction : Mg — Mg?™ + 2e~
Cathodic Reaction : 2H,0 + 2¢~ — 20H + H; 1

Net Redox Reaction : Mg + 2H,O — Mg(OH), + H, T

Inset images (a) and (b) show the corrosion of AZ91 during
1800s under OCP. Hydrogen bubble evolution is an excel-
lent indicator of the location and magnitude of localized
corrosion reaction. During OCP, the magnitude of corrosion
taking place is very minimal, as indicated by the minor
increase in size of corrosion bubbles on the surface of the
sample. Comparing inset images (b) and (c) shows an
increase in size and number of bubbles seen on the surface
during the cathodic polarization curve. The magnitude of
corrosion increases drastically on increasing the potential
into the anodic polarization curve. The number of corrosion
sites and evolution of hydrogen are observed to increase
drastically with applied potential. The locations of the
sample with a large magnitude of surface corrosion (such as
pits) are also the locations that show a greater magnitude of
hydrogen bubble release. Larger bubbles are usually seen
where the surface corrosion rate is slow. With increase in

1E-02 A/cm?, and e At a potential of —1.05 V. Images show the
increase in corrosion as well as hydrogen bubble evolution as a function
of imposed potential

potential, the entire sample surface is observed to undergo
rapid corrosion as shown in inset image (¢) where small and
fast evolving hydrogen bubbles encompass the entire surface
of the sample. Such visual insight is quintessential to
improving our understanding of microstructural changes
taking place during the corrosion of Mg alloys.

In summary, through the use of the multimodal corrosion
setup, we gained microstructural insights into the locations
and the magnitude of evolution of hydrogen during the
corrosion of AZ91 magnesium alloy. We expect that the real
time observation capability will support experiments such as
comparison of the mechanism of corrosion attack in different
materials, as well as aid correlative microscopy to observe
the role of microstructural constituents on corrosion.

References

1. Fontana, M. Corrosion Engineering (Materials Science & Engi-
neering). (1987).

2. Frankel, G. S. & Rohwerder, M. Electrochemical Techniques for
Corrosion. Encycl. Electrochem. (2007) https://doi.org/10.1002/
9783527610426.BARD040007.

3. Prabhakaran, V. ef al. Understanding Localized Corrosion on Metal
Surfaces Using Scanning Electrochemical Cell Impedance Micro-
scopy (SECCIM). J. Phys. Chem. C 126, 12519-12526 (2022).

4. Frankel, G. S., Samaniego, A. & Birbilis, N. Evolution of hydrogen
at dissolving magnesium surfaces. Corros. Sci. 70, 104-111 (2013).


http://dx.doi.org/10.1002/9783527610426.BARD040007
http://dx.doi.org/10.1002/9783527610426.BARD040007

®

Check for
updates

Xin Pang, Yuna Xue, and Hamid Jahed

Abstract

Magnesium alloys, with a high weight-to-strength ratio,
have attracted considerable attention for lightweight
applications, especially in automotive industry. However,
their inferior corrosion properties when in contact with
aqueous solutions, salt, and other metals have become a
significant hindrance to more widespread use of magne-
sium alloys. Surface coating has been considered an
economic and effective strategy for corrosion protection
of magnesium alloys. In this work, the corrosion behavior
of uncoated and micro-arc oxidation (MAQO) coated cast,
extruded, and forged AZ80 magnesium alloys has been
studied using salt fog corrosion chamber test and
microscopic characterization techniques. The influence
of the forging process and MAO surface treatment on the
corrosion properties of the AZ80 magnesium alloys was
investigated. The experimental results showed that the
low forging temperature of 250 °C led to fine grain size
and uniform distribution of secondary phase in the
magnesium alloy, resulting in higher corrosion resistance.
The MAO coating provided significant corrosion protec-
tion of the AZ80 magnesium alloy substrates in the
aggressive continuous salt fog environment.
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Introduction

Automotive manufacturers are facing huge challenges for
vehicle weight saving to improve fuel efficiency and reduce
greenhouse gas emissions [1]. Magnesium and magnesium
alloys, due to their excellent specific strength, have attracted
considerable attention for lightweight applications and are
being considered for external components like the lower
front-end control arm [2—4]. In service, these components
are subjected to both corrosive environments like the road
salt and cyclic mechanical loading. Mg is known for its
inferior corrosion properties in such service environments [5,
6], and it is of crucial importance to develop effective cor-
rosion protection strategies for Mg alloy components.

Surface coatings are considered very effective for corro-
sion protection of Mg alloys [7]. Recently, the micro-arc
oxidation (MAQO) surface coating technique has attracted
significant attention for enhancing the corrosion resistance of
Mg alloys and most of the researches focused on the opti-
mization of MAOQO processing parameters or electrolyte
composition [8—12]. However, studies on the influence of
manufacturing processes such as forging on the corrosion
properties and subsequent MAO treatment of wrought Mg
alloys are limited.

In this work, the corrosion behavior of uncoated and
micro-arc oxidation (MAO) coated AZ80 forged magnesium
alloy has been studied. The influence of forging process and
MAO surface treatment parameters on the corrosion prop-
erties of the AZ80 wrought magnesium alloy was investi-
gated using salt spray corrosion chamber test and
microscopic characterization techniques. Here, AZ80 alloy is
selected as a potential candidate alloy for load-bearing
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component applications due to their high strength and good
forgeability.

Experimental
Materials and Forging Process

Commercially available AZ80 Mg alloy in the form of ex-
trusion (8.2 Al, 0.42 Zn, 0.31 Mn, 0.10 Si, 0.05 Cu, 0.005
Ni, and 0.005 Fe, and other impurities < 0.30 wt.% as per
ASTM BO91-12 standard [13]) was used as the starting
material for forging in this investigation. Extruded rods
(AZ8OE) from Magnesium Elektron North America Inc.
were forged at CanmetMATERIALS, Natural Resources
Canada (Hamilton, Canada), using a hydraulic press of 500
tons with I-beam shaped molds. Prior to forging, the billet
and tooling were heated to and kept at desired temperatures
to reduce thermal gradients. The forging direction was per-
pendicular to the extrusion orientation of the AZ80E
(Fig. 1). The forging process was conducted in a single step
at a displacement rate of 20 mm/s at 250 °C, 300 °C, and
450 °C, respectively. Flat coupons of different dimensions
were cut from the as-extruded AZS8OE and extrusion-forged
I-beam AZSOF alloys (Fig. 2), considering the size limita-
tion of the materials (i.e. 50 x 25 x 3 mm’ for AZ80E, and
65 x 25 x 3 mm’, 65 x 20 x 3 mm’, and 65 x 10 x 3
mm? for AZ8OF).

Metallography and Scanning Electron
Microscope (SEM) Analysis

For microstructure analysis via light optical microscope
(LOM), the coupons were cold mounted in resin, ground
using SiC sandpapers from 400 to 1200 grit, and then pol-
ished with diamond paste. The etching reagent used was an
acetic-picral solution consisting of 10 mL acetic acid glacial,
4.2 g picric acid, 10 mL H,0, and 70 mL ethanol (95%).
Post etching, the specimens were washed in a stream of

Fig. 1 a The schematic of the

(a)

Extrusion
Direction

As-extruded alloy

Extruded-forged alloy

Fig. 2 Location and orientation of the coupons machined from
a AZ8OE and b AZ80F alloys

alcohol, dried with a blast of air, and stored in a desiccator
for subsequent analysis. The microstructure and surface
morphology of the MAO coated specimens were analyzed
using a Philips XL30 SFEG SEM equipped with the energy
dispersive X-ray spectrometry (EDS).

MAO Treatment

Prior to the MAO treatment, the specimen surfaces were
polished using SiC sandpapers from 320 up to 1200 grit,
degreased with acetone, rinsed with deionized water, blown
dry, and stored in a desiccator immediately to prevent sur-
face oxidation. The MAO process was carried out under a
constant current mode with a pulsed current at a frequency
of 500 Hz, using a single pulse direct current power supply
developed by Xi’an University of Technology. The MAO
electrolyte contained 0.065 mol/L Na,SiO3, 15 mol/L KF,
and 0.18 mol/L KOH and was adjusted to pH 13 using a
KOH solution. During the MAO process, the Mg alloy
specimens served as the anode and a stainless steel plate was
used as the cathode. The processing parameters optimized by
our previous work [14] were adopted: a current density of
34 mA/cm2, a pulse width of 80 ps, and coating time of
10 min. Post MAO, the specimens were first cleaned ultra-
sonically in trichloroethylene, rinsed with deionized water,
air-dried, and then stored in a desiccator for further analysis.
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Corrosion Testing

Continuous salt fog corrosion testing of the uncoated and
MAO coated AZS80 alloy coupons was performed in a Sin-
gleton salt fog chamber, with a salt fog of 5 wt.% NaCl and
100% relative humidity at 35 °C solution according to
ASTM B 117 standard [15] for 840 h (35 days). At least two
repetitive samples of each alloy were used for mass loss
measurement, and the average mass loss was presented.
Prior to mass loss measurements, the corroded coupons were
cleaned in a solution consisting of 200 g/L. CrO;, 10 g/L
AgNO3, and 20 g/L. Ba(NO3), as per ASTM G1-03 standard
[16].

Results and Discussion

Microstructure of Extruded and Forged AZ80
Alloys

Itt can be seen that the as-extruded AZ8OE alloy is featured
by a-Mg matrix with embedded secondary B-phase (Fig. 1).
Due to its high aluminum content, the AZ80E alloy contains
a high volume of B-Mg;;Al;, intermetallic precipitates,
forming a lamellar structure along the extrusion direction
similar to what was reported in the literature [17]. In con-
trast, the AZ80 alloy forged at 250 °C alloy (AZ80F-250)
showed a much finer microstructure (Fig. 4), which can be
attributed to the dynamic recrystallization (DRX) during the
forging processing at 250 °C [18]. The extrusion orientation
is still evident. No significant differences in the microstruc-
ture were seen for different locations of the forged I-beam.
The forging process at 250 °C induced severe plastic
deformation, resulting in a more homogeneous distribution
of the secondary B-Mg;;Al;, phase of smaller size. This is
consistent with the result reported by Wang et al. [19].
The AZS80 alloy forged at 300 °C (AZ80F-300) has a fine
microstructure (Fig. 5a, b) similar to that of AZ80F-250, but
with a larger DRX grain size. Pronounced grain refinement
compared to the as-extruded AZ8OE can be seen under

Fig. 3 Microstructure of
as-extruded AZ80E alloy at
different magnifications by LOM
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higher magnification (Fig. 5b). For the AZ80 forged at 450 °
C (AZ8OF-450), the B-Mg;,Al;, precipitates were dissolved
in the a—Mg matrix forming a homogeneous microstructure
with larger DRX grains than the AZ80F-300 alloy (Fig. 3).

It can be seen from Figs. 4 and 5 that the volume fraction
of B-Mg;Al}, precipitates in the forged AZ80 alloys
reduced with the increasing forging temperature, while the
microstructure homogeneity enhanced. A smaller DRX grain
size for lower forging temperature can be attributed to less
thermal energy available to drive the growth of DRX grains
and also to the pinning of the DRX grain boundaries by
finely distributed B-Mg;;Al, particles [20-22]. Such phe-
nomena were also observed by other researchers for AZ80
alloy. Li et al. [23] reported that similar eutectic mor-
phologies were seen post hot deformation at 250 °C, and the
B-phase precipitates would dissolve back into the o-Mg
matrix at temperatures between 350 and 400 °C. The tem-
perature range for dissolution of B-Mg;Al;, precipitates
observed in our work agrees very well with the results from
the literature [2, 23-24].

MAO Coated AZ80 Alloys

Corrosion protective MAQO coatings were deposited on
AZB0E and AZ8OF alloys, and the SEM images of the
surface and cross-sectional morphologies of AZ8OE are
presented in Fig. 6. Relatively uniform micro-pores and
oxide particles are seen on the coating surface (Fig. 6a),
which are typical features of MAO coatings on Mg alloys
[11, 25] resulted from the throwing out of molten compound
and gas bubbles from the micro-arc discharge channels
during the MAO processing [26]. The ceramic MAO coating
is around 15 pm thick and consists of a porous outer layer
and a thin inner (barrier) layer of about 1 pm thickness at the
coating/substrate interface (Fig. 6b). The relatively dense
and compact barrier layer can block corrosive media from
penetrating to the substrate and plays a crucial role in pro-
tecting the underneath Mg alloy against corrosion. In addi-
tion, because the MAO coating was formed under a high
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Location |

Location 2

Fig. 4 Microstructure of AZ80F-250 alloy for locations a, b 1 and ¢, d 2 at different magnifications. The extrusion orientation is perpendicular to

the cross-section shown in the center

Fig. 5 Microstructure of a, b
AZ80F-300 and ¢, d AZ80F-450
alloys at different magnifications

voltage plasma condition, it has a strong bonding with the
Mg alloy substrate [8, 27], which confers further coating
robustness and protectiveness. No significant differences in
the microstructure, thickness, and surface morphology of the
MAO coatings on extruded and forged AZ80 alloys were

seen in the SEM analysis (not presented). Based on our
previous study [28], the MAO coating is mainly composed
of MgO, MgF,, Mg,SiO, and other complex silicate
compounds.
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Fig. 6 The SEM images of the
a surface and b cross-section of
the MAO coated AZ80E alloy

Corrosion Testing of Uncoated and MAO Coated
AZ80 Alloys

Specimens of uncoated and MAO coated AZ80 extruded and
forged alloys were exposed to aggressive continuous salt fog
environment as per ASTM B 117 standard [15]. Post
35 days, the corrosion rate calculated from mass loss for
uncoated and MAO coated cast AZ80 (C), extruded AZ80
(E), and forged AZ80 (F) formed at different temperatures
are presented in Fig. 7.

Among all the uncoated AZ80 specimens, cast AZ80
(C) showed the largest corrosion rate and was fully corroded
before the end of 35 days. This can be ascribed to the severe
micro-galvanic corrosion between the a-Mg matrix and large
second-phase precipitates, and the inclusions and defects in
the alloy inherited from the casting process as shown in our
previous study [29]. It was reported that the distribution of
secondary phase Mg;;Al;, in Mg alloys significantly influ-
ences their corrosion resistance [5, 30]. The B-Mg,;Al;,
phase has a higher corrosion potential than the a-Mg phase
and can either act as micro-cathodes accelerating the cor-
rosion of o-Mg matrix or form a continuous network of
corrosion barrier [5]. For the AZ80F-250 and AZ80F-300
alloys, the fine and more uniformly distributed second-phase

o0

MAZS0
- mMMAO coated AZ80

+ =]
T T

]

J

Corrosion rate (mg/cm?-day)
(%)

L

C(Runout) E F-250 F-300 F-450 C E  F-250 F-300 F-450
Alloys

Fig. 7 The corrosion rate of uncoated and MAO coated cast AZ80 (C),
extruded AZ80 (E), and forged AZ80 (F) formed at different
temperatures post 35 days of salt fog test

particles acted as an almost continuous network of corrosion
barrier network, resulting in a lower corrosion rate. For the
AZB80F-450, the secondary phase dissolved into the a-Mg
matrix and the corrosion barrier network was eliminated,
which led to a lower corrosion resistance.

Remarkably lower corrosion rate was seen for MAO
coated AZS80 alloys compared to the uncoated alloys,
showing significant corrosion protection of the Mg alloys by
the hard ceramic MAO coating. Note that the MAO coating
did not change the ranking of corrosion rate of the substrate
Mg alloys. As was found in our previous studies [14, 28],
the phase and chemical compositions of the MAO coating
formed on magnesium alloys are mainly determined by the
type of MAO treatment solution and chemical composition
of the substrate. Therefore, MAO coatings of similar thick-
ness and properties, offering a similar extent of corrosion
protection, are expected to form on the AZ80 alloys of dif-
ferent processing history as they underwent the same MAO
treatment process. It was observed that after almost the same
length of time, i.e. around 6 days of salt fog testing, local-
ized corrosion occurred on all MAO coated AZ80 alloys
penetrating the coating. This is likely associated with the
penetration of aggressive salt fog through micro-pores or
micro-cracks on the MAO coatings of similar thickness on
all alloys. The corrosion then propagated beneath the coating
(see Fig. 8 for the example of AZ8OE). Once the coating
breakdown began the corrosion rate of the MAO coated
specimens depended on the corrosion resistance of the
substrate alloy, and thus, a very similar ranking of corrosion
rate as for the uncoated AZ80 alloys is seen for the MAO
coated AZS80 alloys (Fig. 7).

Conclusions

In this work, the corrosion properties of uncoated and
micro-arc oxidation (MAQO) coated AZ80 Mg alloys forged
at different temperatures have been studied using continuous
salt spray corrosion chamber test and microscopic charac-
terization techniques. It was found that the forging
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Fig. 8 Cross-sectional SEM
images of the MAO coated
AZS80E alloy post 6 days of salt
fog test. The a—c coating
breakdown region and

d non-breakdown region (intact
coating)

temperature significantly influenced the microstructure, in
particular the volume fraction and distribution of secondary
phase in AZ80 alloy, which in turn affected the corrosion
rate of the alloy. The experimental results showed that the
low forging temperature of 250 °C led to fine grain size and
uniform distribution of secondary phase in the magnesium
alloy, resulting in higher corrosion resistance. The MAO
coating reduced the corrosion rate of all extruded and forged
AZ80 alloy specimens and provided robust corrosion pro-
tection of the AZ80 substrates in the aggressive continuous
salt fog environment.
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Abstract

The influence of the deformation speed in C-ring tests in
Ringer's solution on crack initiation and propagation of
extruded MglODy and MglODyINd is investigated.
Deformation speeds varying from 2 to 0.012 mm/min
allow corrosion times from a few minutes to hours. Both the
crack initiation force (higher for MglODyINd) and
displacement (higher for Mg10Dy) increase with decreas-
ing deformation speed up to a corrosion time of 1 h and
then decrease, more for Mg10Dy1Nd and slightly more for
the displacement compared to the force at higher corrosion
times. The decrease is associated with the higher corrosion
times—corrosion pits become visible at a test time of 1 hon
the tensile side. In MglODy1Nd the fracture toughness
increases with decreasing deformation speed, and no clear
picture is seen for Mgl0Dy. Sub-cracks often initiate at
corrosion pits, which show a correlation to twinned grains
at the tensile side—increasing fracture toughness.

Keywords

Magnesium ¢ C-ring tests * Fracture toughness ¢ Crack
propagation

Introduction and Motivation

This study focuses on the alloy Mg—Dy and Mg—Dy—Nd,
which together with Zn and Zr are the basis for Resoloy®
[1], a bioresorbable Mg-alloy for scaffolds. Research by
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Yang et al. [2] showed that the binary cast Mg—Dy alloy has
the best combination of mechanical and corrosive properties
with 10 wt. % Dy when the Dy alloy is between 5 and 20 wt.
%. Dy is interesting because of its high solubility in Mg, so
mechanical and corrosion properties can be well tailored by
heat treatment [3]. Nd has a low solid solubility in Mg and is
of interest because it forms stable intermetallic phases
mainly at grain boundaries via precipitation hardening. In
addition, Dy improves the corrosion resistance of Mg alloys
by minimizing the effects of galvanic corrosion between the
secondary phases and the Mg-matrix and leading to
improved passive layers [4—6].

Some Mg alloys are susceptible to stress corrosion
cracking (SCC) in aqueous environments, which can lead to
hydrogen embrittlement. AZ61 was found to be highly
susceptible to SCC, and cracking initiation occurs already in
the elastic region at ~ 50% of the ultimate tensile strength
[7]. According to [8] strain rate is a critical variable in slow
strain rate tensile testing. The SCC susceptibility for as-cast
AZ80 and AZ31 was found to increase with a decrease in
strain rate, and higher for AZ80 due to the higher volume
fraction of Mg;,;Al,, particles [9]. Suitable alloy selection
can increase the resistance to SCC [10]. According to [11],
7ZX50 suffers more stress corrosion cracking than WZ21 and
WE43, which was attributed to its higher susceptibility
towards localized corrosion/pitting. The SCC mechanism for
these extruded alloys was concluded by the combined effect
of hydrogen-assisted cracking and anodic dissolution. Study
[12] showed increased resistance to SCC in both distilled
water and 0.5 wt% NaCl solution for EV31A, known
commercially as Elektron 21, compared to ZE41 and QE22.
Rare earths, such as Nd, can improve the SCC resistance of
EV31A. A slow strain rate test showed that EV31A was less
susceptible to SCC than AZ91E [13]. Under a low-intensity
stress situation using constant load, EV31A even proved to
be resistant. The fractography of EV31A showed little evi-
dence of hydrogen embrittlement. C-ring specimens are
preferred for determining SCC susceptibility because they
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ensure a complex strain field with very high local tensile and
compressive strains [14, 15]. For this study, Ringer's solu-
tion is used because it can simulate the corrosion behavior of
biodegradable metals.

The motivation of this study is the effect of slowing down
the strain rate (deformation speed) in C-ring tests on the
stress corrosion susceptibility of MglODy(1Nd), especially
on fracture toughness. Previous research [16] has shown that
the slow deformation rates (with corrosion times up to 24 h)
also lead to crack initiation, and crack initiation proceeds
from corrosion pits after some corrosion time (1 h). Strong
pitting corrosion, as after immersion tests (7 and 20 days) in
[17], did not occur. Whether fracture toughness and crack
propagation, being influenced by microstructural feature, is
dependent on the deformation speed will be evaluated here.
The studies in [16, 17] have shown that stress corrosion can
be inferred from parallel sub-cracks from the main crack and
crack propagation is strongly influenced by twins in the
microstructure or these are responsible for crack opening
under tensile loading, at higher corrosion times due to the
corrosion pits formed on the twins. MglODy and
Mg10Dy1Nd were cast and hot-extruded according to [17].
That study further shows that the grain size for Mgl0Dy
with 36.2 & 10.2 um is slightly higher than that for
Mgl10Dy1INd with 33.6 £ 9.7 um. The ternary alloy shows
a less homogeneous microstructure, and the second phases
are attached to grains of small grain size and aligned in
extrusion direction. Mgl10Dy shows a higher corrosion rate
in immersion: 2.46 mm/year versus 1.53 mm/year for
Mgl10Dy1Nd. Static stress corrosion at 7 mm deformation,
being in the plastic region, over 7 and 20 days shows sig-
nificantly stronger corrosion attack for Mgl0Dy. Large pit-
ting best describes the corrosion morphology, significantly
more pronounced in Mgl0Dy. However, even after a cor-
rosion duration of 20 days, the C-rings were intact despite
severe corrosion and by that cross-section reduction—
cracking at corrosion pits was not observed.

Experimental

C-ring specimens with an outer diameter of 34 mm and a
width of 10 mm were milled from extruded tubes. The wall
thickness was selected as 2 mm. C-ring tests in Ringer's
solution were made at the following deformation speeds: 2,
1, 0.283, 0.142, 0.057, 0.028 , and 0.012 mm/min dis-
placement controlled. Force—displacement curves were
recorded on each of the 3 specimens to evaluate the force
and the displacement at crack initiation, and the fracture
toughness (via fracture energy of the force—displacement
curve section starting from crack initiation). Table 1 shows
the maximum corrosion times that would occur if the
specimens were to hold up to the geometric restriction of

P. Maier et al.

17 mm. The plastically deformed C-rings are ground in 4
planes analogous to [17] and prepared metallographically.

Figure 1 shows the crack propagation curve section,
starting from crack initiation, of the force—displacement
curves of the C-ring tests of MglODy (Fig. la) and
MglODyINd (Fig. 1b) of the selected deformation rates.
A clear influence of the deformation speed becomes visible,
also that Mgl10Dy1Nd reaches higher forces (up to 260 N),
but also lower deformation paths (up to 7 mm).

The evaluation of the force—displacement curves shows
that both, the force and the displacement until crack initia-
tion (see here Fig. 2a), first increase slightly with decreasing
deformation speed and then consistently decrease. Regard-
ing the values of the force [16], it is higher for Mg10Dy1Nd
compared to Mgl0ODy, and the values for the displacement
are higher for Mg10Dy. Studies [15, 16] attribute this to the
more inhomogeneous microstructure of MglODy1Nd. The
bar graph of the displacement values at crack initiation in
Fig. 2a shows that for the deformation speeds of 1 and
0.283 mm/min the specimens fail, if at all, only very close to
the geometric restriction of 17 mm. Thus, the fracture
toughness for these two speeds, see Fig. 2b, is not quite
comparable and is lower than if deformation could exceed
17 mm. In the bar chart in Fig. 2b especially values for
Mgl10Dy were excluded for calculating the mean value due
to the better ductility (later displacement at crack initiation).
However, Fig. 2b makes clear that the lowest two defor-
mation speeds (0.028 and 0.012 mm/min) lead to a higher
fracture toughness in comparison with 2 and 0.142 mm/min.

For the discussion of the influence of the deformation
speed on crack initiation and propagation, and stress corro-
sion, it will be useful to take the time needed for crack
initiation in account. By converting the displacement at
crack initiation into time for each deformation speed (this is
possible due to the displacement control), it becomes clear,
see Fig. 3, that the Mg10Dy1Nd alloy exhibits worse values
compared to the Mgl0ODy—Ilower values are seen, meaning
less time. Up to deformation speeds of 0.142 mm/min the
difference is not obvious, but above that, from
0.057 mm/min, it is clearly seen. Figure 3 shows in a dif-
ferent way to Fig. 2a the difference among the deformation
speeds, especially at the slower ones, where for Mg10Dy at
0.057 mm/min the highest time of 300 min, see Table 1, is
still almost reached, but Mgl0ODy1Nd starts falling behind
the maximum value.

For direct comparison of the two alloys and discussion of
the extent of stress corrosion on the C-ring surfaces, and
possible attack on the crack flanks during crack propagation,
the specific corrosion times including the duration of crack
propagation must be taken into account. Therefore Table 2
shows the mean time for crack propagation, calculated by
the difference in displacement—this duration is then added
to the time to crack initiation in Fig. 4. It can be seen that the
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duration of crack propagation increases with decreasing
deformation speed.

The duration of crack propagation, being the time for
corrosion of the crack flanks as well as a contribution to the

fracture toughness, and additional time for surface corrosion,
is for MglODy1Nd, which showed less displacement for
crack initiation, higher than for Mg10Dy. Like mentioned in
the introduction, the study on the corrosion rate and
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Fig. 2 Influence of deformation 18
speed on displacement at crack -
initiation (a) and fracture energy
(b) of Mg10Dy and Mgl10Dy1Nd
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corrosion morphology [17] showed that MglODy has a
higher corrosion rate—so the opposite behavior could have
been expected.

Figures 5 and 6 show representative cross-sectional
micrographs of the fractured C-rings of MglODy and
MglODyINd of different deformation rates: 1 and
0.028 mm/min. Whereas the cracks mostly run through the
neutral zone to the compressive side; in some samples, the
crack stops in the tensile side (see Fig. 2a for samples, which
almost reach 17 mm—mostly MglODy at 1 and
0.283 mm/min), here shown for Mg10Dy at 1 mm/min.

The cross-sectional micrographs in Fig. 5 reveal that the
number of secondary cracks is more pronounced in the

0.283 0.142 0.057
Deformation speed [mm/min]

0.028 0.012

compression-hardened region. Here twinning has already
changed the microstructure and interferes with the crack
growth. A difference in crack propagation among the dif-
ferent deformation speeds cannot be seen. Figure 6 shows
the crack propagation in more detail: transgranular, cleavage
crack propagation, which is mostly twin-initiated. Like
described in [17] the twins will act as a potent stress con-
centrator in the nucleation and propagation of cracks. Here
the deformation speed does not change the mechanism. Even
at higher times for crack propagation and therefore for
exposure of the crack flanks to the corrosion media, no
sub-cracks form at corrosion pits along the crack flanks. The
assumption, based on [18], was different—in that study on
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Fig. 3 Influence of deformation speed, converted to its corresponding time, on displacement at crack initiation of Mgl0Dy and Mgl0Dy1Nd

Table 2 Crack propagation time in min (mean value)

Deformation speed (mm/min)

2 1 0.283 0.142

Crack propagation time (min)

Mgl0Dy

0.26 0.14 0.33 4.21

Mgl0DyINd

0.31 0.42 1.38 5.50
crack propagation under 3-point-bending in cast

Mg10GdxNd-T4 alloys corrosion pits formed along the
crack flanks.

Only some specimens, see here MglODy at
0.012 mm/min, which have been exposed to the corrosion
media all together for 21 h, show some corrosion attack
along the crack flanks—mostly at the surface near region,

i8]
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Fig. 4 Influence of deformation speed, converted to its corresponding
time (mean value), on time to crack initiation and duration of Mg10Dy
and Mgl10Dy1Nd
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see Fig. 7. Most likely corrosion took part during further
crack opening. Also the surface of the tensile loaded side of
the C-ring shows strong corrosion attack—the pits have a
rounded shape, where the depth is almost the same as the
width. The pits start overlapping.

Figure 8 shows surface cracks in cross-sectional micro-
graphs of corroded C-ring surfaces at tensile side of
Mgl10Dy (Fig. 8 a, ¢, e, g) and Mgl0ODy1Nd (Fig. 8b, d, f,
h) at 2 mm/min (Fig. 8a, b), 0.283 mm/min (Fig. 8c, d),
0.028 mm/min (Fig. 8e, f), and 0.012 mm/min (Fig. 8g, h).
It can be seen, more pronounced at higher deformation
speeds, that the near surface region (up to 50 pm) twinned
under the tensile load and that corrosion attack becomes
visible starting from 0.283 mm/min. The corrosion pits and
the surface cracks are influenced from the twin boundaries,
very convincing in Fig. 8g, where the large grain shows 3
parallel twins to the crack formed. The corrosion pits have a
critical pit shape to begin with, and it is obvious that the
crack initiates from the pit—see Fig. 8c, and d, the corrosion
pit widening the crack opening at the surface before the
crack becomes thinner by growing. Figure 8h corresponds
with Fig. 7 and shows that the pit shape, once the stress
intensity has been released, grows into a half-round shape
and starts overlapping.
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Fig. 5 Cross-sectional micrographs of crack path in MglODy (a, Fig. 6 Cross-sectional micrographs of crack propagation in Mg10Dy
b) and Mgl0Dy1Nd (c, d) at 1 mm/min (a, ¢) and 0.028 mm/min (b, (a, ¢) and Mgl0DyINd (b, d) at 1 mm/min (a, b) and 0.028 mm/min
d), due to shorter crack in (a) the magnification is higher (c, d)
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Fig. 7 Cross-sectional micrograph of a second larger surface crack at
the corroded C-ring surface at tensile side of Mg10Dy at 0.012 mm/min

The micrographs in Fig. 8 allow the conclusion that the
corrosion pits are regions for crack initiation and influence
the fracture toughness in following way: at all corrosion pits
the stress intensity increases depending size and shape, more
than one crack forms at the surface at the critical corrosion
pits, twin boundaries will support crack initiation, all allow
to absorb energy, and the most critical microcrack growth
into the macrocrack being responsible for the final failure.
Apart from the crack in Fig. 8c, which is the main crack in
that specimen, all the cracks shown are in the 500 pm region
of the main crack. That the combination of twin boundaries,
corrosion pits, and tensile stress is reducing the stress cor-
rosion resistivity is supported by the fact that also the
microstructure of the compression-loaded side of the C-ring
is twinned, but none of these conspicuous corrosion pits as
crack nucleation sites are seen. Only after corrosion times of
more than a few hours shallow, very wide pits become
evident.

The increase of fracture toughness during the C-ring tests
is indirectly influenced by slowing down the deformation
speed: lower deformation speeds lead to more corrosion pits,
increasing stress intensity, causing a plastic deformation
zone, and eventually nucleating micro-cracks. Every energy
delaying final fracture by plastic deformation increases the
toughness account—here multiple surface cracks act bene-
ficial. Of course also the strength and ductility of the
material are responsible for the fracture toughness. At lower
deformation speeds, MglODyINd shows higher fracture
values, agreeing with a longer time of crack propagation and
starting off at higher forces at crack initiation. However, the
ductility was reduced by adding Nd, which in the first place
caused earlier crack initiation.

50 ym

50 pm

50 ym

2) h)

Fig. 8 Cross-sectional micrographs of corroded C-ring surface at
tensile side of MglODy (a, ¢, e, g) and MglODyINd (b, d, f, h) at
2 mm/min (a, b), 0.283 mm/min (¢, d), 0.028 mm/min (e, f), and
0.012 mm/min (g, h)

Summary

Reducing the deformation speed to 0.012 mm/min in C-ring
test in Ringer solution is still resulting in stress corrosion
cracking in extruded MglODy and MglODy1Nd. The cor-
rosion times in this study ranged from minutes to 20 h. The
fracture toughness increases towards lower deformation
speeds. Here multiple surface cracking at the tensile side of
the C-ring acts beneficial. The lower deformations speeds do
not cause large pitting corrosion at the surface and the sur-
face of the crack flanks is also free of corrosion pits.
Cross-sectional micrographs do not show a difference in
crack propagation among the different test speeds—the
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interaction with twin boundaries is a typical appearance in
these alloys. That the corrosion pits are in a clear context
with the twins formed at the surface at the tensile side of the
C-ring becomes very obvious. The crack-opening load
conditions transform the pits into  micro-cracks.
Mg10Dy1Nd fails earlier due to its less ductility, but reveals
a higher fracture toughness, with is mostly based on the
higher strength. MglODy was defeated with longer test
times.
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Abstract

Magnesium alloys are potential candidates for hard tissue
replacements due to their structural and mechanical
properties close to bone. Unlike conventional metallic
implants, the corrosion rate of magnesium is quite high.
This will be an advantage if magnesium-based materials
are used as biodegradable. In this study, Magnesium-
based AZ31 and AZ91 magnesium alloys were coated
with hydroxyapatite by plasma spray and electrostatic
spray methods and their corrosion rates were compared.

Keywords

Mg alloys ¢ Corrosion * Hydroxyapatite * Coatings

Introduction

Nowadays, interest in the use of magnesium alloys as bio-
materials has increased. The near-bone mechanical proper-
ties of magnesium alloys make them important candidates
for use in hard tissue replacements. Conventional bio alloys
are desired to be bio-inert and not interact with surrounding
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tissues. Mg and its alloys are biodegradable. Due to its low
corrosion resistance and dissolution in the body, Mg and its
alloys have been considered insufficient as bio alloys for
many years. However, the idea of using biodegradable
implants as a result of increasing corrosion resistance by
alloying and surface modification has recently been adopted
by researchers and attracted attention [1-10]. In this study,
we compared the corrosion rates of magnesium alloys by
coating hydroxyapatite with 2 different methods.

Experimental

AZ31 and AZ91 Mg alloys are coated with Hydroxyapatite
by Atmospheric Plasma Spray and Electrostatic Spray
methods. Afterwards, corrosion tests were carried out and the
corrosion rates were found for each alloy separately for the
coated and uncoated samples, and the results were compared.

While making atmospheric plasma spray coatings,
hydroxyapatite particles were sprayed on the substrate
material from the plasma spray gun with powder feed.

While making electrostatic coating, there must be elec-
trostatic attraction that can overcome the gravitational force
at least so that Hydroxyapatite powders can accumulate on
Mg alloys. During the experiments, spraying was carried out
from 20, 40 and 60 cm distances in a closed cabinet. Then
the samples were subjected to heat treatment.

The heat treatment was tried at 400, 500 and 600 °C and it
was observed that the base material burned at 600 °C but did
not take place at 400 °C. Then it was tried at 460 °C, but traces
of burning were observed on the substrate. For this reason, all
heat treatment experiments were carried out at 450 °C.

The general flow chart of atmospheric plasma spray
coating is given in Figs. 1 and 2, the general flow chart of
the electrostatic coating is seen.

After the coating tests, corrosion tests were started. The
process was performed according to ASTM G31-72 Stan-
dard Practice for Laboratory Immersion Corrosion Testing
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Fig. 1 Flow chart of atmospheric Surface Preparation
plasma spray coating [ (AZ91 -AZ31) ]

[ Atmospheric Plasma Spray Coating ]

Half of samples are
coated.

Half of samples are
uneoated.

Weight Measurement

elght losses of Weight losses of
coated samples are uncoated samples are
measured. measured.

[ Corrosion Rate Determination ]

of Metals. Obtained weight loss values are converted to
average corrosion rate according to this standard.

0.9% isotonic serum was used as artificial body fluid in
corrosion experiments. According to the standard, the vol-
ume of the test solution should be in the range of 0.2-
0.4 ml/mm?. For this reason, 200 ml of test solution was
used in all corrosion tests. Corrosion tests were carried out at
a constant 37.5 °C [11].

The corrosion rate was calculated according to Eq. (1).

Corrosion rate = (K x W) /(A x T x D) (1)
K = constant

T = exposure time in hours

A = area in cm?

W = weight loss in g

D = density in g/cm’

K is taken as 8.76 x 10* (mm/y).

Results and Discussion

The hydroxyapatite used in experimental studies is 99% pure
and spherical in shape. It contains trace amounts of heavy metals
and sulfates (Heavy metals < 10 ppm, sulfates < %0.048).

Fig. 2 Flow chart of the
electrostatic coating

Sample Preparation
(AZ91 - AZ31 Polishing)

Electrostatic Spray
Coating

S. Baslayici et al.

SEM image at 3000 magnifications after plasma spray
coating applied on AZ31 Mg alloy is given in Fig. 3. The
porous structure of the coating can be seen. Although it
looks spherical, the needle-like geometry of the grains is
seen. This is extremely important. This provides a significant
advantage in terms of adhesion.

Figure 4 shows the SEM image at 3000 magnifications
after plasma spray coating applied on AZ91 Mg alloy.
Although spherical shaped hydroxyapatite is preferred
because the flow of powder is an important parameter when
coating with plasma spray, it is extremely important to see
needle-like grains on the surface after plasma. It provides an
advantage in terms of adhesion of the coating.

The coating thickness of the samples was measured on
stereo microscope images. The coating thicknesses for both
AZ31 and AZ91 were determined as 120 pum.

One of the important parameters when coating with the
electrostatic coating method is the application distance and
the number of applications. In the preliminary experiments
we have done, it has been observed that if the number of
applications is more than 1, the coating thickness is too
much and therefore the bonding is not sufficiently realized.
For this reason, a single application was made while coating.
Coating was done on both AZ31 and AZ91 from 20, 40 and
60 cm distances.

Samples must be heat treated to finalize the coating
process. While determining the heat treatment temperature,
both the melting temperature of Mg alloys and the sintering
temperature of hydroxyapatite should be considered. As a
result of the trials, it was determined that 450 °C and 24 h
were optimum. Heat treatments were carried out at these
temperatures and times.

By comparing the SEM images of the coatings, it was
determined that the coatings made from 20 cm gave the best
results and the coating thicknesses were measured with the
help of a stereo microscope. Coating thicknesses for both
alloys were found to be approximately 120 um. However,
when the electrostatic spray coating is compared with the
plasma spray coating, it has been observed that the electro-
static spray lags behind the plasma spray in terms of

Heat
Treatment

60 cm
20em ’ Corrosion Tests

AZ91 - AZ31

S




A Comparative Study About Hydroxyapatite Coated ...

Fig. 3 SEM image after plasma spray coating on AZ31 Mg alloy
(3000x)

homogeneity. The main reason for this is that the applied
process is done by human hands.

Figure 5 shows the Sem image of AZ31 coated with
hydroxyapatite by electrostatic spray method from 20 cm
and Fig. 6 shows the Sem image of AZ91 coated with
hydroxyapatite by electrostatic spray method from 20 cm.

In the corrosion tests, the corrosion rate of the uncoated
samples was determined primarily. These results were
compared with the corrosion rates of the samples coated with
different methods and it was determined how much the
coatings reduced the corrosion rates.

Fig. 4 SEM image after plasma spray coating on AZ91 Mg alloy
(3000x)

Fig. 5 SEM image after electrostatic spray coating on AZ31 Mg alloy
from 20 cm (3000x)

In Fig. 7, the effects of different coating methods on the
corrosion rate of these two alloys are given together.

According to Fig. 7, when the corrosion rates of different
coating methods are compared in the first hour, it is seen that
the corrosion rate of the samples obtained with plasma spray
is lower. This shows that the coating obtained by plasma
spray slows down the diffusion of chlorine to the surface
compared to the electrostatic coating. In addition, the
behavior of corrosion rates shows that the protective layer
formed in the first 1 h in the electrostatic coating is formed
in the first 24 h in the layer formed in the plasma spray
coating. This difference shows that the continuity of the
coatings obtained with plasma spray is higher than the
electrostatic coatings, thus slowing the diffusion of chlorine
more.

In addition, the fact that the coatings do not deteriorate in
both methods shows that the protective layer is still intact,
and no pits are formed. This is since the coating slows down

Fig. 6 SEM image after electrostatic spray coating on AZ91 Mg alloy
from 20 cm (3000x)
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Fig. 7 Corrosion rates of 4
different alloys and coating

methods

| ——AZ31/uncoated
~8-AZ31/Plasma Spray Coated
—+— AZ31/Electrostatic Spray Coated

| ——AZ91/uncoated
——AZ91/Plasma Spray Coated
| —o—AZ91/Electrostatic Spray Coated

Corrosion Rate (mm/year)

0 50 100

the diffusion of chlorine and keeps the chlorine concentra-
tion below a certain level.

When the coating methods are compared, it has been

observed that plasma spray coating increases corrosion
resistance more than electrostatic coating. The main reason
for this is that the coatings made with plasma spray coating
are more continuous and homogeneous.
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Abstract

The addition of Y and Zn improves the property profile of
Mg by forming a Long Period Stacking Ordered (LPSO)
phase. The addition of Ag can further improve the
degradation and mechanical properties. Owing to their
biocompatibility and degradation under physiological
conditions, these alloys are considered for temporary
implants. Mg1.8Y0.6Zn and with the addition of 1 wt%
of Ag were extruded and subjected to in situ tensile
testing in air and submerged in simulated body fluid. At
selected load intervals, synchrotron tomography was
performed in order to follow the crack initiation and
propagation in 3D. The results show the effect of
corrosive media on the mechanical failure. Furthermore,
the results are used to develop a computational model on
stress corrosion cracking that could be applied in failure
prediction of implants and designing alloys for structural
and medical applications.
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Introduction

The application of magnesium (Mg) in many structural
applications is an ideal solution instead of heavier parts
based on its excellent specific mechanical properties.
Although Mg alloys have moderate strength, poor corrosion
resistance, and ambient temperature formability, research
efforts have been made to overcome these issues to enable
the wide use of Mg alloys. One relatively new application is
the production of Mg-based biodegradable medical implants,
where controlled degradation is not detrimental but an
advantage [1].

Mg and the human bone have similar mechanical prop-
erties; therefore, the implant can provide optimal support
during the healing period [2]. The degradation of Mg-based
implants under physiological conditions increases the patient
comfort and reduces health care costs compared to standard
implants made of, e.g. titanium as a second surgery for their
removal is unnecessary. The addition of Y and Zn to Mg is
an effective way to enhance the mechanical property profile
of Mg. Furthermore, the favourable processing conditions
give rise to the formation of the Long Periodic Stacking
Ordered Structure (LPSO) that provides superior strength
without deteriorating the ductility [3]. The biocompatibility
of Y and Zn also allows to use WZ alloys as biodegradable
implant materials [4, 5].

Numerous research has been performed on the degrada-
tion process itself, and how it is influenced by the sur-
rounding tissue [6]. This complex process is effected by
many parameters, e.g. material composition, the mechanical
load on the implant prior and after the implantation, but also
the ionic composition of the corrosive media and the content
of organic molecules in the environment [7]. In some stud-
ies, it was observed that in the corrosive environment
mechanical loads even at moderate stress levels can lead to
crack formation resulting in Stress Corrosion Cracking
(SCCO) [8], which results in the loss of integrity and conse-
quently the failure of the implant. There are several
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parameters influencing the SCC (e.g. environment,
microstructure, strain, strain rate, etc.), whereas the strain
and degradation rates play a pivotal role. SCC occurs when
both the degradation and the mechanical load simultane-
ously contribute to the failure process; otherwise, the dam-
age is caused purely by degradation or mechanical strain.
The effect of degradation media on the crack initiation and
propagation in the case of Mg alloys is not yet fully
understood. Synchrotron based X-ray tomography allows to
observe the crack initiation and propagation in the material
subjected to simultaneous degradation- and mechanical-load
conditions [9]. The aim of this study is to investigate the
damage evolution in Mg1.8Y0.6Zn(1Ag) under tensile load
in air and Simulated Body Fluid (SBF) with X-ray tomog-
raphy. Applying SBF as a degradation medium was moti-
vated by our goal to perform experiments under
near-physiological conditions.

Experimental Methods

The alloys were produced by permanent mould indirect chill
casting [10]. The pure Mg was melted in an electric resis-
tance furnace under protective atmosphere of 2 vol% SFg
and Ar. The alloying elements were added also as pure
materials. After mixing, the melt was held at 720 °C for
10 min and, afterwards, was poured into a steel mould
preheated to 660 °C. After 5 min isothermal holding, the
mould was quenched into water at a rate of 10 mm s until
the top of the melt was in line with the cooling water level.
Two alloys were cast with the compositions of
Mg1.8Y0.6Zn in pure form and with the addition of 1 wt%
of Ag, respectively. The ingots were homogenized at 400 °C
for 24 h and subsequently quenched in water. The indirect
extrusion was performed at 400 °C with a speed of | mm s™*
at an extrusion ratio of 1:25.

The metallographic characterization was performed using
a TESCAN Vega SB-U III scanning electron microscope
(SEM) with an energy dispersive X-ray spectrometer
(EDXS). The micrographs were obtained in backscatter
electron (BSE) mode using an accelerating voltage of 15 kV.

For the in situ synchrotron tomography experiments,
cylindrical tensile specimens were machined from the
extruded bar longitudinally with a gauge length of 5 mm and
a gauge diameter of 2 mm with a 0.1 mm deep notch in the
middle. This approach was necessary to meet the imaging
conditions at the synchrotron and to predefine the region of
crack formation. The in situ synchrotron radiation tomog-
raphy was performed at the PO5 beamline of PETRA III,
DESY (Deutsches Elektronen-Synchrotron) [11, 12]. The
setup is shown in Fig. 1.

During the tensile tests at different force levels, tomog-
raphy was performed. 4000 radiographies were recorded

D. Tolnai et al.

Fig. 1 Tomographic setup at the
P05 beamline for tensile testing
with a the sample submerged in
SBF and b the fully assembled
tensile machine

with a monochromatic beam at an energy of 38 keV and an
acquisition time of 230 ms per radiogram at the nearest
possible sample-to-detector distance of 60 mm. The speci-
mens were deformed at room temperature at an initial strain
rate of 10 s~ ' in air and SBF, respectively. The tests were
terminated at fracture. The reconstruction resulted in tomo-
graphic volumes with a (1.8 pm)* voxel size. The filtering
was done by iterative non-local means of denoising [13]. For
3D rendering, the Avizo Fire software was used.

Results and Discussion

The optical micrographs of the material in as extruded state
are shown in Fig. 2.

Due to the simultaneous addition of Y and Zn, both alloys
contain the LPSO phase. This hard phase is rich in the
alloying elements and increases the strength of the material.
The microstructure of the Ag modified alloy shows the
presence of more intermetallic phases in the interdendritic
region (Fig. 2b). The stress—strain curves recorded during
the tensile tests at the synchrotron tomography measure-
ments are shown in Fig. 3.

We note that the kinks in the force curves are signs of
relaxation originating from the parallel imaging as the tensile
test had to be halted for the time of the tomographic mea-
surement. The results of the tensile test show that there is a
difference in the two alloys in the tests performed without
degradation media, whereas the Ag modified alloys reach a
higher UTS and exhibit a higher ductility; 254 MPa and
12.26% for Mg1.8Y0.6Zn and 309 MPa and 16.23% for the
Mgl1.8Y0.6Zn1Ag, respectively. This can be attributed to
the higher volume fraction of the LPSO phase (Fig. 2b),
albeit the tests are performed in a non-standard way on an
insufficient number of samples due to the restricted avail-
ability of synchrotron beam time. The two alloys show a
similar behaviour in the tests performed in SBF with a UTS
of 177 and 174 MPa and a ductility of 7.76% and 8.55% for
Mgl1.8Y0.6Zn and Mgl.8Y0.6Znl1Ag, respectively. These
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Fig. 2 BSE micrographs of the
material a Mg1.8Y0.6Zn and
b Mgl1.8Y0.6ZnlAg

Fig. 3 Stress—strain curves 350 350
obtained during the tensile tests in Mg1.8Y0.6Zn Mg1.8Y0.6Zn1Ag
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lower values, compared to the tests performed in air, suggest
a simultaneous effect of mechanical and degradation load on
the samples.

Reconstructed tomographic slices acquired during the
tensile testing of Mgl1.8Y0.6Zn in air are shown in Fig. 4.

The tomographic results show the evolution of damage. At
1 MPa pre-load, only some surface roughness can be observed
on the sample. As the load is increased, there is no significant
change until about 198 MPa, when cracks start to
develop. The damage is accumulated at the surface, as the
cracks initiate from the notch and develop inwards the sample.

Fig. 4 Reconstructed
tomographic slices acquired
during the tensile testing of
Mg1.8Y0.6Zn in air

The reconstructed tomographic slices acquired during the
tensile testing of Mg1.8Y0.6Zn in SBF are shown in Fig. 5.

The results of the tensile test in the SBF show a different
damage evolution to the counterpart in the air. The damage
accumulation starts from the beginning, owing to the
degradation. This leads to an earlier failure. The cracks in
this case are also originating from the surface of the sample,
but even at lower stresses reach deeper into the bulk of the
sample.

A 3D rendering of the interface of the pre-loaded and the
last stages in air and SBF are shown in Fig. 6.

158 MPa

o

117 MPa

‘ 235 MPa
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Fig. 5 Reconstructed tomographic slices acquired during the tensile testing of Mg1.8Y0.6Zn in SBF

Fig. 6 3D rendering of the
tomographies from the interface
of the notched area in
Mgl1.8Y0.6Zn at the pre-load
stage and before failure

The rendering of the surfaces around the notched area
before the failure shows that in the case of the test in air, the
damage is localized to the surface of the sample at the notch.
Also, the cracks itself are smaller than in the case of SBF at
lower stress. This suggests that the material breaks in a rigid
manner. On the contrary, in the case of the test in SBF the
damage is more spread out in the whole perimeter of the
sample, and the cracks are deeper than in the case of the
sample tested in air. This suggests that the degradation has a
significant effect on crack propagation as the corrosive
media reaches into the crack tips.

Reconstructed tomographic slices acquired during the
tensile testing of Mgl.8Y0.6ZnlAg in air are shown in
Fig. 7.

The tomographic results show a similar behaviour to the
unmodified alloy. Until approximately 216 MPa, no signif-
icant damage can be observed in the sample. At 235 MPa,
cracks at the perimeter of the notch start to develop and
propagate until failure.

235 MPa

| 1)

'1

1140 um

158 MPa

w

The reconstructed tomographic slices acquired during the
tensile testing of Mgl.8Y0.6ZnlAg in SBF are shown in
Fig. 8.

Similar to the unmodified alloy, the damage starts already
at lower stress levels. The degradation enhances the
mechanical load that leads to accelerated crack propagation.
At 158 MPa shortly before failure, already a significant
amount of damage accumulation can be observed at the
surface of the sample.

The 3D rendering of the pre-loaded and the last stages in
air and SBF are shown in Fig. 9.

The 3D rendering of the notched shows a significant
difference between the damage in air and in SBF. The
degradation leads to a significantly larger damage accumu-
lation before failure, even at lower load levels. This sug-
gests, as in the case of the unmodified alloy, that the
degradation media reaches into the cracks and lowers the
stress necessary for the crack to propagate. The modification
with silver enhances the mechanical properties in air, but
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~ 158 MPa

~ 198 MPa

117 MPa 158 MPa

Fig. 8 Reconstructed tomographic slices acquired during the tensile testing of Mg1.8Y0.6Zn1Ag in SBF

leads to a higher susceptibility to degradation, probably due e The crack initiation during pure mechanical load starts at

to the increased amount of particles in the Mg matrix. the interface, and the crack growth propagates inwards
Although the macroscopic responses of the two alloys are leading to the failure of the material.

very similar, the microscopic damage evolution is quite e The degradation accelerates the damage evolution in the
different whereas the two alloys are affected differently by case of both alloys. The crack initiation is more likely on
degradation and the mechanical load. a surface that suffered damage from degradation.

The SBF reaches into the crack tips, lowering the stress
that is necessary for crack propagation and therefore leads

Conclusions to higher damage accumulation and an early failure of the
sample.

From the analysis of the experimental results, the following e The two alloys have a different susceptibility to

conclusions can be drawn: mechanical and degradation load. The unmodified

Mg1.8Y0.6Zn has a lower UTS and ductility tested in air,
e The addition of 1 wt% Ag to Mgl.8Y0.6Zn increases the whereas the Mgl1.8Y0.6ZnlAg is more affected by the
strength and ductility. degradation. These competing effects lead to a similar



920 D. Tolnai et al.

Fig. 9 3D rendering of the 294 MPa
tomographies from the interface TR e Y

of the notched area in
Mgl1.8Y0.6Zn1Ag at the pre-load
stage and before failure
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Abstract

Even with advances in minimally invasive surgery, open
heart surgery remains a mainstay of modern medicine. In
open heart surgery, the sternum is bisected to allow access
to the heart. After surgery, the two halves of the sternum
are mechanically fixed with stainless steel wires or in
some cases titanium or stainless steel cables and plates.
These devices are left behind indefinitely and can in some
cases cause patient discomfort or interfere with subse-
quent operations. An absorbable magnesium wire could
allow for sufficient mechanical support while the sternum
heals while avoiding the secondary complications of
permanent materials. In this study, feasibility of a Mg
sternal wire was assessed using a patent-pending LZ21
alloy wire and a simple sternal model mimic. Baseline
mechanical and microstructural properties of 0.95 mm
wire were established and compared to wire corroded in a
modified Hank’s fluid while under tension.

Keywords

Absorbable * Magnesium ¢ Wire * Corrosion * Fixation

Introduction

Open heart surgery is a mainstay of modern medicine, with
hundreds of thousands of procedures being performed in the
United States each year [1]. In these procedures, the heart
and thoracic cavity are accessed by bisecting the sternum.
After the surgery, the two halves of the sternum are
mechanically fixed back together. This is most commonly
accomplished with annealed 316L stainless steel wires
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which are wrapped around the sternum in single, double, or
figure-of-eight configurations and twisted together to form a
simple knot [2]. In some cases, these monofilament wire-
based systems can suffer from instability or be unsuitable for
high-risk patients, and more complex plate and cable solu-
tions are employed [3]. These monofilament sternal wires
can also fracture and lead to secondary complications
requiring further intervention [4]. A wire that provides suf-
ficient fixation during the sternal healing period and then
harmlessly absorbs into the body would mitigate this chance
for secondary complications and would facilitate any nec-
essary surgeries in the same area.

Magnesium alloys have been explored for many years as
an absorbable material for medical devices, and there are
several vascular and orthopedic devices on the market
around the world [5-7]. Though several studies have pos-
tulated that magnesium wire could work as a sternal fixation
wire, there is limited application-specific testing of such a
solution. Currently, no Mg-wire-based systems have made it
to market.

Fixation of the sternum with magnesium wire is a chal-
lenging feat. The wire must not degrade before the sternum
is sufficiently healed, so bulk and localized corrosion must
be controlled. Further, the wire will be under substantial
stress during sternal healing, so resistance to stress-corrosion
cracking is critica. Magnesium is inherently a
lower-strength material than stainless steel, so a relatively
high-strength magnesium alloy is desirable. However, sub-
stantial ductility is required to withstand the severe bending
stresses sustained during the twist-knotting procedure. This
combination of sufficient corrosion resistance, moderate
strength, and high ductility presents a unique challenge.

LZ21 is arecently developed and patent-pending [8] alloy
which may be suitable for just such an application. A small
lithium addition has been found to add substantial ductility
without dramatic acceleration of the corrosion rate or sac-
rifice of strength. Other alloys with higher lithium contents
have been shown to be well tolerated, and no negative
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biological impacts from the small lithium addition are
expected [9]. The alloy is strengthened with additions of
nutrient metals zinc, calcium, and manganese.

The aim of this study is to explore the suitability of LZ21
wire as a sternal fixation material through a series of
mechanical and stress-corrosion experiments.

Materials and Methods

LZ21 alloy material was prepared by vacuum induction
melting and casting to a diameter of 50 mm. The ingot was
then directly extruded to 12.7 mm diameter at 300 °C.
12.7 mm bar was reduced to a final diameter of 0.95 mm
through a series of cold drawing and annealing steps,
described elsewhere [9]. After drawing to the final size, the
wire was annealed a final time. After annealing, wire was
mounted, polished, and etched to document the
microstructure.

Mechanical suitability was assessed via basic uniaxial
tensile testing (127 mm gauge length, 25.4 mm/min cross-
head speed, N = 3), twist-knot testing around a split sternum
mimic, and finally tensile testing of the knotted wire by
pulling the split sternum mimic halves apart.

To assess corrosion properties of the wire and how cor-
rosion changes mechanical strength over time, wires were
knotted around a Delrin sternal mimic equipped with two
plastic screws threaded through on half of the mimic. After
knotting, the screws were rotated 1.25 rotations after contact
with the other half of the mimic was made. This was per-
formed to ensure a consistent stress was applied to the wire.
The entire wire-mimic assembly was immersed in 200 mL
of a modified Hank’s balanced salt solution and held in an
incubator at 37 °C with a 5% CO, environment to buffer the
solution to a pH of 7.4 4+ 0.2. Samples were allowed to
corrode for set durations, with three samples for each time
point. Time points were 3, 7, 14, and 28 days. After
degradation, two samples were tensile tested to assess
residual strength, and one was imaged before sectioning to
observe corrosion uniformity and depth.

Results

Representative tensile properties of annealed 0.95 mm LZ21
wire are shown in Fig. 1. All three tensile tests were very
consistent, with less than 1% variation in UTS and YS and
less than 5% variation in elongation. Microstructural imag-
ing reveals a uniform, equiaxed microstructure with a fine
grain size of 3 p (Fig. 2). Twist-testing indicated the wire
had sufficient ductility, with the wire able to withstand many
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Fig. 1 Representative stress—strain curve of LZ21 wire

knots without fracturing (Fig. 3). Tensile testing of the
knotted wire on the sternal mimics showed wire generally
but not exclusively breaking at the knot, with an average
breakload of 113 N, approximately 64% of the uniaxial test.

Representative images of the single sample from each
time point after corrosion of 3, 7, 14, and 28 days are shown
in Fig. 4. For both the 14- and 28-day samples, one of the
three samples had fractured during the test, and this sample
was selected for imaging. At 3 and 7 days, a generally
uniform corrosion layer had developed across the surface of
the wire. Some minor pits were forming, indicated by white
surface spots. At days 14 and 28, the corrosion layer was
visibly thicker with some pits which had progressed through
a substantial portion of the wire’s cross section (It is
hypothesized that these two samples fractured during the test
at a particularly large pit.). In general, corrosion was reduced
on the intrados side of the wire in contact with the plastic
fixture (bottom side of wires in Fig. 5) due to reduced access
to Hank’s solution. There were no obvious trends with
corrosion and location on the fixture. Wires were then
mounted and polished longitudinally to observe corrosion
uniformity and penetration depth (Fig. 5). The corrosion
product is readily visible on the surface of the wires. As time
progresses, the corrosion layer increases in thickness and
pitting becomes more pronounced. An example of a partic-
ularly large pit is shown in Fig. Sc.

Residual strength of the 2 wire samples at each of these
time points is shown in Fig. 6. A general trend of loss of
strength over time is clear, but the two samples at 7 and
14 days demonstrated large variability. One of the 7-day
samples exhibited a breakload of 135 N, 19% higher than
the uncorroded baseline of 113 N. The other 7-day sample
had a breakload of 88 N. One 14-day sample also had a
breakload of 88 N, but the other had a breakload of 47 N;
this sample fractured at an apparent pit. The two 28-day
samples were very similar, at 62 and 63 N. All samples
broke near the base of the knot, except for the 14-day sample
which broke at a pit away from the knot.
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Fig. 3 Left: wire shown knotted around a split sternal mimic, with
plastic screws providing tension. Right: the sternal mimic in a tensile
fixture to measure breakload

Fig. 4 Representative images of
the corroded surface after 3, 7, 14,
and 28 days (a—d)

(a)

Discussion

This small study demonstrates the feasibility of LZ21-based
magnesium wire as a sternal fixation material. However, it
also illuminates some key challenges to address in terms of
corrosion variability.

The annealed LZ21 wire had sufficient ductility to with-
stand the knotting procedure, which is a fundamental
requirement of this sternal wire design. The strength of the
wire is low compared to conventional stainless steel wires,
but this can to some extent be compensated for through use
of larger wires or more wires across the sternum.

2 of 3 samples had more than 50% residual strength at
28 days. Likely, this would be an adequate result as in vitro
corrosion rates are generally known to be much faster (e.g.
2-10x) than in vivo rates for the same material, though this
can vary widely depending on in vivo implant location and
in vitro test method [10, 11]. However, the 1 of 3 samples
that had already fractured at both 14 and 28 days highlights
the need for further work to increase the uniformity of cor-
rosion, at least past the critical healing period of the sternum,
after which non-uniformity and variability may be tolerable.
This could be achieved through enhanced wire production,
absorbable coatings (either polymeric, ceramic, or both) to
delay corrosion onset, or wire composite approaches [12].

Future work should include additional samples to better
assess the variability in corrosion. It is possible that partic-
ular cold-working and annealing parameters may impact
corrosion uniformity, and this should be assessed. Coatings,
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Fig. 5 Longitudinal
cross-sections of degraded wire at
3,7, 14, and 28 days (a—d). The
top of each section is the extrados
side of the wire
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Fig. 6 Residual strength of the wire knots after 0, 3, 7, 14, and 28 days
of corrosion. Note the poor fit of the trendline, highlighting the
stochastic nature of corrosion

if employed, need to be able to withstand the large plastic
deformation involved in twisting the knot. A worthwhile
exercise would involve coating the LZ21 wire with various
coatings (e.g. PLGA, PCL, PEO, MgF,, phosphates) and
observing their reaction to the knotting and their impact on
corrosion rate and uniformity. Finally, an in vivo study
should be conducted to confirm the relevancy of the in vitro
findings.
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Abstract

This study focuses on the influence of inhomogeneous
corrosion on the quasi-static and cyclic properties of an
Mg—Y—Nd alloy. Uniform corrosion is essential for
biodegradable implant materials to avoid notching effects
and premature failure. Previous studies on extruded
Mg—3Y—3RE have shown a pitting tendency in Ringer’s
solution at 37 °C. Tensile tests on pre-corroded samples
with different corrosion extents, adjusted by corrosion time,
allow the correlation to residual tensile strength. Corrosion
fatigue tests enable determination of the influence of the
pitting factor on service life and monitoring of the evolution
of pits through electrochemical parameters. pCT scanning
of corroded samples before and after the tests allows the
identification of weak spots. Through 3D-pCT analysis, it
is possible to quantify the corrosion extent and thus
conclude that the amount and size of corrosion pits are
critical for shorter corrosion times, whereas the residual
load-bearing area is decisive for longer corrosion times.

Keywords

Mg—RE alloys * Corrosion morphology * 3D-uCT
analysis ¢ Residual tensile strength ¢ Corrosion fatigue

Extended Abstract

This study focuses on the influence of inhomogeneous cor-
rosion on the quasi-static and cyclic properties of an Mg—Y
—Nd alloy. Uniform corrosion is essential for biodegradable
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implant materials to avoid notching effects and premature
failure. Previous studies on extruded Mg—3Y—3RE have
shown a pitting tendency in Ringer’s solution at 37 °C. On
this basis, tensile tests are performed on pre-corroded
specimens with different corrosion extents, adjusted by
corrosion time, to correlate with the residual tensile strength.
Corrosion fatigue tests are used to determine the influence of
a mechanical-corrosive superimposed loading and the
respective pitting factors on service life. The application of
electrochemical measurement techniques allows the moni-
toring of damage evolution. pCT scanning of corroded
specimens before and after the mechanical tests enables the
identification of weak spots. Through 3D-uCT analysis, it is
possible to quantify the corrosion extent and thus to con-
clude that the amount and size of corrosion pits are critical
for shorter corrosion times, whereas the residual
load-bearing area is decisive for longer corrosion times.

In general, the corrosion behavior and the resulting sta-
bility of temporary implant materials have to be adapted to
the healing process. The tendency of Mg alloys to pitting
due to their inhomogeneous and porous corrosion layers [1,
2] can lead to stress peaks under load and thus to crack
initiation and premature failure. However, for a functional
phase with sufficient and predictable mechanical stability,
the focus is set on homogeneous corrosion. The Mg alloy
WEA43 (yttrium, rare earth (RE)) is widely investigated [3-6]
and is already in clinical application [7, 8]. RE elements
have a passivating and grain refining effect so that a con-
tinuous network acting as a corrosion barrier is formed, and
both effects reinforce each other [9, 10]. Besides the corro-
sion rate, the corrosion morphology and the pitting suscep-
tibility are increasingly being investigated [11]. Previous
research showed that Mg—3Y—3RE has a low resistance
to pitting corrosion with a corrosion rate of
1.18 £ 0.12 mm/year and a pitting factor of 25, resulting in
pits with a depth of up to 600 pm in immersion tests [1].
Furthermore, it was shown, for the systems Mg—Y—Nd and
Mg10Gd, that the pitting factor decreases with increasing
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Fig. 1 Remaining cross-sectional area after corrosion of Mg—3Y—3RE
tensile specimens, red curves indicate fractured area: a corrosion time
of 24 h (cross-sections before tensile test), b corrosion time of 168 h

corrosion rate [1, 2]. In addition to new measurement and
test methods for characterizing material behavior and
methods for calculating service life, the focus is on devel-
oping application-oriented test conditions and associated
measurement techniques [12].

Figure 1 shows the remaining cross-sectional area after
two different corrosion times (24 and 168 h) of Mg—3Y
—3RE (WE33) tensile specimens. The green curve represents
the measured cross-sectional area along the corroded gauge
length, whereas the red curve marks the fractured area.
Figure la displays selected cross-sections (Section-A, -B,
and -C), chosen by their corrosion pit amount and size, after
a corrosion time of 24 h and before the tensile test. The
specimen fails under the influence of corrosion pitting
(Section-A with adjacent pits), resulting in an increased
stress intensity and not under the influence of the smallest
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(before and after tensile test). Tensile specimens: initial gauge length of
9 mm, initial diameter of 4 mm at the smallest cross-section, and a
radius of 200 mm towards it

remaining cross-section (Section-B). Figure 1b, in contrast,
reveals overlapping pitting corrosion after 168 h so that the
specimen fails at the smallest remaining cross-section. For
Mg—3Y—3RE, at short corrosion times, the local corrosive
attack and, thus, the corrosion pits seem to play a dominant
role.

By correlating the corrosion time and the absolute or
normalized residual tensile force (Fig. 2a and b), it was
found that after 24 h, the residual tensile force for Mg—3Y
—3RE is about 90% of the initial value and decreases
moderately for extended periods. For these tests, the varia-
tion of corrosion time only serves to achieve different cor-
rosion morphologies. Hereafter, it is decisive to provide
quantitative parameters on the corrosion extent and shape
[9]. In this context, the evaluation of corrosion pits, based on
ASTM standard G46 [13], will be carried out.
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Fig. 2 Results of tensile tests after different corrosion times a absolute residual tensile force, b normalized residual tensile force
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Fatigue tests in air and Ringer’s solution at 37 °C are
performed to determine the immediate corrosion influence
on the fatigue properties. The first estimation of the fatigue
strength is made by evaluating the material response during
continuous load increase tests (LIT) in air. Based on the
plastic strain amplitude €,,, loss energy density wy, and
change in temperature AT, the fatigue strength is estimated
between 157 and 164 MPa (Fig. 3). Based on this, the
constant amplitude tests (CAT) in Ringer and as a reference
in air are carried out at a maximum stress of G, = 160
MPa. Thus, the tests in air aim at a number of cycles to
failure N¢ of approximately the maximum number of cycles
Niimit = 3-10°. Figure 4 shows distinct differences in the
number of cycles to failure between both testing conditions.
To detect the material reaction through the corrosion
potential, CAT in corrosive medium is instrumented by a
three-electrode system. It can be seen that the estimation by
LIT is appropriate as the specimen fails below Ny

R=0.1,f=5Hz. ¢

max,start ~

For the tests in air, cyclic hardening is evident from the
plastic strain amplitude, whereas hardly any material reac-
tion is visible close to failure. For the corrosion fatigue tests,
the corrosion potential and the nominal plastic strain
amplitude are evaluated analogously: Mg—3Y—3RE exhibits
an almost constant course of the corrosion potential without
a pronounced material reaction before failure. For the
nominal plastic strain amplitude, no remarkable early
material reaction, comparable to the tests in air, is recog-
nizable. As a result of the corrosive superimposition and the
significantly increased pitting factor (see [1]), a drastic
decrease in the number of cycles to failure and, hence, the
corrosion fatigue properties occurred. Despite the moderate
decrease in residual tensile strength for corrosion times
teorr < 24 h (Fig. 2), the corrosion morphology under
corrosive-mechanical loading appears to have a tremendous
influence on the service life. It should be noted that the
exposure time of approx. 2.5 h (2 h for the saturation of
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Fig. 3 Development of plastic strain amplitude, loss energy density, and change in temperature in a continuous load increase test of Mg—3Y—3RE
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open circuit potential (OCP) and 0.5 h fatigue test time) is
significantly shorter than, for example, in Fig. la, never-
theless, having a strong influence on the corrosion fatigue
properties. 3D-uCT characterization of the failed specimens
will provide data on the amount and size of the pits formed
during corrosion fatigue loading.
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Abstract

Barrel finishing is a well-established process in the
industry for the targeted machining of surfaces. Espe-
cially small parts in large quantities with simple geome-
tries can be easily machined this way. When investigating
the biological behaviour of degradable magnesium
implant alloys, platelets of 1 cm diameter and a thickness
of slightly more than one mm are often used. Due to
statistical requirements, a higher number of pieces are
necessary. In addition, the geometry is comparatively
simple. To ensure a certain reproducibility, all samples
should also have comparatively similar surfaces. In this
work, different abrasives and various process parameters
are investigated to answer the question of whether barrel
grinding is a viable process for producing reproducible
specimens.

Keywords

Surface roughness ¢ Barrel finish « Mg alloys

Introduction

Magnesium (Mg) has been used as an implant material in
medical practice since the beginning of the nineteenth cen-
tury [1], as it has a number of advantages over implant
materials such as Titanium. Its mechanical properties are
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closer than other metals to those of bone, it leads to better
bone integration and higher bone implant strength, and the
mechanical properties can be optimized for specific appli-
cations by varying the Mg alloys composition and the pro-
cessing [2].

By using Mg alloys as implant materials, a second
operation can be avoided, as the Mg dissolves in the body’s
aqueous environment to form Mg hydroxide and water. This
avoids additional stress for the body, and a renewed risk of
infection is eliminated [3]. Since Mg occurs as a natural trace
element in the body, it has good biocompatibility and there
is no risk of allergic reactions, as is the case with implants
alloyed with chromium, cobalt, or nickel [4, 5].

During the fabrication and shaping of the Mg specimens,
impurities such as iron and nickel from the machining tools
are introduced onto and into the surface. These materials
lead to galvanic corrosion, which primarily increases the
initial degradation rate of the Mg [6]. A too high initial
degradation rate leads to a high production of gases as a
product of the degradation, and these lead to a deterioration
of the healing process, especially at the beginning of the
healing process [7]. Therefore, a surface treatment to remove
these residues is recommended. In addition to removing
contaminants, a surface treatment can reduce surface
roughness, which influences the initial degradation rate [8].
According to an article by Gawlik et al. [9], implant surfaces
with roughness values of Sa or Ra < 0.2 um are more
favourable for initial cell adhesion and cell viability. Higher
roughness values should be avoided, as increased degrada-
tion is to be expected and, as a consequence, greater local
alkalinization occurs [9].

While treatments such as acetic etching of the surface of
Mg alloys have been studied [9, 10], the process of barrel
finishing has not yet been studied for the use of Mg implant
surface treatment. With this, it might be possible to treat
large specimen quantities at once, with high uniformity and
reproducibility of the results as is the case for specimens
treated in the industry. In this work, Mg—1Zn-0.04Zr and
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Mg—elGd alloys have been barrel finished with different
abrasives and changes in parameter, to study the effect of the

process on surface roughness and thickness of the
specimens.
Experimental

Two Mg alloys (Table 1) in the shape of small discs of
9-10 mm diameter and approx. 1.5 mm thickness were used
for barrel finishing. The Mg—17Zn—0.04Zr discs were turned
from the strand. The Mg-2Gd alloy was extruded at 400 °C
with a ram speed of 2.2 m_sm [11], then turned to a diameter
of 9 mm and cut from the strand with a mill. A barrel fin-
ishing machine from effer-handel (effer-handel, Aalen,
Germany) with a round barrel with a volume of 3 1 was used.
The rotational speed can be varied in steps via the voltage;
for most experiments, a rotational speed of 28 rpm was used.

The specimens were placed in the barrel with different
abrasives from effer-handel (Table 2) and were finished for
varying times and speeds to see the influence of the
parameters on the surface and geometry. The specimens
were finished with and without a compound. With polishing
beads, a polishing compound from effer-handel with a
concentration of 20 ml on 11 of tap water was used. With
abrasives, the cleaning and degreasing agent R35 (Rdsler
Oberflichentechnik, Untermerzbach, Germany) with a con-

centration of 10 % were used. When using a compound with

the abrasives, the barrel was placed on a wedge with an
angle of approx. 25.5° to prevent leakage. For each abrasive,
three to five specimens were taken from the barrel after
0.5,1,2,5.5, and 24 h to measure the roughness and thick-
ness over time.

After barrel finishing, the specimens were cleaned in an
ultrasonic bath of ethanol for 5 min and dried under warm
air. For roughness analysis, pictures of each specimen were
taken with a VK-X1050 Laserscanning-Microscope (Key-
ence Corporation, Osaka, Japan) and analysed with Keyence
MultiFileAnalyzer (Version 2.1.3.89). To determine the
surface roughness, surface measurements were performed
over an area of 3500 x 3500 um, placing the lower right
corner of the area in the center of the specimens. The filters
for the evaluation of the measurement results were selected
according to DIN EN ISO 25178-3 [12]. The low pass filter
(S-filter) was set to 8 um. For the high pass filter (L-filter), a
value of 0.08 mm was chosen.

Table 1 Chemical composition
of the alloys (wt. %), roughness,
and thickness including the
standard deviation of the
specimens, as received

Chemical composition (wt.%)
Mg-17Zn-0.04Zr
Mg-2Gd

N. Petersen et al.

To measure the thickness, at least three specimens of each
run were measured with a MT30B thickness gauge (Dr.
Johannes Heidenhain GmbH, Traunreut, Germany) in
combination with a Heidenhain 300.105.002 digital readout.
Three measurements per specimen were obtained to have a
statistically valuable result.

Results and Discussion
Rotational Speed

Three different rotational speeds (4.5, 28, and 76 rpm) have
been used for 1000 rotations on Mg—17Zn—0.04Zr specimens
in nut granule to investigate the influence on the specimen.
In Fig. 1, the surface roughness as well as the thickness of
the specimen are shown over the rotational speed of the
barrel, in comparison to the as received specimens
(AR) values.

Almost no change in surface roughness in comparison to
the AR values can be seen at 4.5 and 76 rpm. This can be
explained by the simple mechanics behind the barrel fin-
ishing—with a too low rotational speed, the movement of
the abrasive as well as the acting forces against the speci-
mens is too low to achieve a change. With a too high rota-
tional speed, the tools as well as the specimen will be
pressed towards the outer wall of the barrel and the move-
ment of the tools against the specimen is too low once again.
As a significant difference in surface roughness was visible
at 28 rpm, this rotational speed was used for the following
tests.

There is no significant change in thickness for the dif-
ferent rotational speeds, this is probably due to the low
abrasiveness of the nut granule as well as the short pro-
cessing time. To see a significant difference in thickness, a
lot of material would have to be removed from the specimen;
this cannot be achieved with the nut granule, which is meant
for polishing specimen surfaces.

Processing Time, Abrasives, and Compounds

In Fig. 2a-d, the surface roughness of the specimens
including standard deviation is shown over the processing
time for the different abrasives. For a better classification of
the results, the AR roughness values are plotted in each
diagram at hour zero. As can be seen, a significant reduction

Roughness (um)
1.367 £ 0.082
1.734 £ 0.232

Thickness (mm)
1.502 £+ 0.011
1.534 £ 0.016
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Table 2 Abrasives with

Abrasive
measurements
Nut granule
Polishing beads (macrolane)
Plastic cones
Corn granule
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Fig. 1 a Surface roughness over rotational speed of the barrel and
b thickness over rotational speed of the barrel; both for Mg—1Zn—
0.04Zr after 1000 turns in nut granule with the reference value of the
AR specimen at x = 0

of the surface roughness over time could be achieved with
all of the used abrasives. Furthermore, the standard deviation
could be decreased for almost all abrasives with a processing
time longer than 2 h with the exception of corn granule and
polishing beads with compound.

The corn granule and the polishing beads are both light
weight without any sharp edges and meant for polishing
specimen surfaces. Therefore, it is not surprising that the
changes in surface roughness are not that strong, as the
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Size (mm)
1.7-2.4
3.5
Height 10
0.5-1

abrasives cannot remove a lot of material and the deep groves
on the specimen surface remain (see next section). Especially
for the polishing beads in combination with the polishing
compound, the lubricating effect seems to be very high, as the
roughness without the compound is significantly lower.

For nut granule, the surface roughness values after 24 h
were similar to the ones after processing in plastic cones. In
comparison to the corn granule, the nut granule has sharper
edges and is over all harder and heavier. This explains the
differences in results between corn and nuts. As both
materials are of natural origin, a usage for implants would be
of advantage, as no harmful chemical residues would have to
be removed from the specimens’ surface.

As the plastic cones were the strongest abrasives used and
advertised to be specifically for flat surfaces, it was to be
expected to see the strongest influence on the surface rough-
ness. The abrasive surface was significantly bigger than that of
the other abrasives. The surface roughness with and without
compound is very similar after 24 h; however with the R35
compound, the low roughness values could be achieved much
faster after only 1 h of barreling. This is probably due to a
strong corrosion of the specimens in the R35 compound.

Nevertheless, a surface roughness below a value of
Sa=0.2 um, as was a defined goal by Gawlik et al. [4], could
not be achieved with the used abrasives. Because of a high
standard deviation in the AR discs surface roughness, it is
hard to obtain statistically valuable results for the process,
especially in weak abrasives or polishing agents such as the
corn granule (Fig. 2b). A pre-sorting of the specimens by
surface roughness before barrel finishing would bypass this
problem, but would be a much greater investment of time,
especially for high amounts of specimens, and is therefore
not an economic solution.

A significant reduction of the thickness could not be
achieved without the use of Rdsler R35 compound. With
this, in combination with the plastic cones, the thickness was
reduced by approx. 150 pm (Fig. 2h). Presumably this is
due to a corrosion of the specimen in the compound (Fig. 3).

Surface Geometry

As mentioned before, the Mg—17Zn—0.04Zr specimens are
produced by turning them from the strand. Because of this, a
specific surface geometry is produced, which can be seen in
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Fig. 3 Thickness of the Mg—1Zn-0.04Zr discs after barrel finishing in
plastic cones with and without R35 compound with AR values at x = 0

Fig. 4a. The circular grooves on the surface are a big con-
tribution to surface roughness and increase the corrosion of
the specimens. A removal of the grooves is therefore a
desired result.

With barrel finishing, the grooves could be reduced in all
specimens, especially for a processing time of 24 h, which
can also be seen in the decreasing surface roughness
(Fig. 2). With the R35 compound, the grooves could be
removed completely, as can be seen in Fig. 4b, after only
2 h of barrelling in plastic cones with R35 compound. As
discussed before, this is probably due to the strong corrosion
of the R35 compound, which removed a lot of material from
the specimen surface. Due to this, signs of corrosion are
visible on the surface, and because of the uncontrolled cor-
rosion in the compound it is hard to get a defined surface. To
clean the surface of the corroded material, a barrel finish in
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Fig. 4 Surface of Mg-17Zn-0.4Zr specimen a AR and b after barrel
finishing with plastic cones in R35 compound for 2 h
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Fig. 5 Surface roughness over time after barrel finishing in plastic
cones with R35 compound of Mg—1Zn—-0.04Zr and Mg-2Gd with AR
values at x = 0

two steps might be useful, for instance a barrelling with
plastic cones and R35 followed by a barrelling in nut
granule. This could also be helpful to reduce the surface

roughness further, as the R35 will remove the grooves from
the specimen surface in a short time, and the nut granule will
polish the already smooth surface.

Application of the Process to Other Alloys

As many different alloys are used to produce the discs, a
uniform process with similar surface roughness values for all
alloys is desired. Therefore, a Mg—2Gd alloy was processed
similar to the Mg—1Zn—-0.04Zr specimens in plastic cones
with R35 compound. In Fig. 5, the Mg—-2Gd alloy (b) can be
seen in comparison to Mg—1Zn-0.04Zr (a). Even though the
surface roughness of the Mg-2Gd alloy used to be approx.
0.350 um higher, after a processing time of only 0.5 h the
roughness values are astonishingly similar and continue to
be similar over the whole processing time. With that in
mind, the choice of the Mg alloy might not be a crucial
parameter for the resulting surface roughness.

Conclusion

Barrel finishing can be used to change the surface roughness
and the thickness of Mg alloy discs. It is possible to obtain
reproducible results, even when using the same procedure
for different alloys. With the choice of different abrasives
and compounds, a desired surface roughness can be pro-
duced. Nevertheless, a surface roughness under Sa=0.2 pm
could not be realised with the used abrasives and com-
pounds. With a high deviation in the AR surface roughness
values, it is hard to validate the results, especially for light
abrasives, yet a pre-sorting by surface roughness is too time
consuming. Therefore, it is recommended to use a combi-
nation of different aggressive abrasives and polishing agents
one after the other. The results so far indicate that plastic
cones with R35 compound should be used to reduce coarse
surface roughness, followed by a final polishing with nut-
shells. The thickness of the specimen did not significantly
change with the used abrasives, only in combination with the
R35 compound which strongly corroded the specimen
surface.
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Abstract

Magnesium alloys are used for structural applications in
automobile and aerospace industries because of their
lower density. Most magnesium-based components pro-
duced by casting or forming are of near net shape. Further
machining is required to achieve dimensional accuracy
and surface finish. So, magnesium machining is a topic of
interest in many industries. In the present study, the
machinability of magnesium RZ5 alloy (Mg-4.25 Zn-0.54
Zr-1.25 Ce) is evaluated with and without the use of
cutting fluid. The cutting force and surface roughness are
significantly affected by the feed rate and depth of cut;
however, it is minutely affected by the cutting speed of the
material. The use of cutting fluid with minimum quantity
lubrication reduces the cutting force and increases the
surface finish of the material. Due to the high-temperature
gradient, smaller size chips were observed with lesser tool
wear during machining of magnesium RZ5 alloy with
minimum quantity lubrication.
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Extended Abstract

In the search for lightweight structural material, magnesium
is found to be the most energy-efficient material because of
its lighter density [1]. Magnesium alloys have potential
structural applications in different components of automobile
and aerospace industries because of their high strength-to-
weight ratio and high stiffness-to-weight ratio [2, 3].
Machining of the as-cast or forged magnesium alloy is
necessary to achieve dimensional accuracy and better sur-
face finish for many engineering applications [4]. So, mag-
nesium machining is a topic of interest in many industries.
Earlier research studies mostly focused on analyzing the
machinability of different alloys like Fe, Ti, Cu, Mg, and Al
alloys. However, the study on the machinability of magne-
sium RZ5 alloy is not observed in the contemporary litera-
ture. Magnesium RZ5 alloy is mostly used in light
applications like aerospace engine casing. Machining of
such components is necessary for different industrial appli-
cations. Machining of the materials can be carried out at
different operating condition and environments. Earlier
studies observed that using cutting fluid enhances the
machinability of the materials [5].

In the present study, an effort has been made to investi-
gate the microstructure and machinability of magnesium
RZ5 alloy (Mg-4.25 Zn-0.54 Zr-1.25 Ce) in dry turning
conditions and with minimum quantity lubrication (MQL)
environment. MQL condition reduces the amount of cutting
fluid sprayed to a near-dry condition in the cutting zone.
This condition is considered an environment-friendly cool-
ing technique due to the lower cutting fluid consumption.
The microstructure of the RZ5 alloy is analyzed using a field
emission scanning electron microscope (FESEM), indicating
a hexagonal structure with uniform grain distribution. Fig-
ure 1 shows the FESEM micrographs of magnesium RZ5
alloy. The elemental composition of magnesium RZS5 alloy
is analyzed using energy dispersive X-ray spectroscopy
(EDX) and shown in our earlier study [6], which is
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Fig. 1 FESEM micrograph of magnesium RZ5 alloy

equivalent to the actual composition of industrial-grade
magnesium RZS5 alloy. The X-ray diffractometer (XRD)
phase diagram showed the formation of the magnesium
phase along with other alloying phases like Mg;7,Ce and
CeZnj;. The detailed XRD phase diagram of magnesium RZ5
alloy is discussed in our earlier study [7].

The magnesium RZ5 alloy was prepared in a cylindrical
shape of 50 mm in diameter and 300 mm in length to
investigate the machinability of the materials. Kistler made
piezoelectric dynamometer (model—9257B) was used to
measure the forces acting during the machining of the
materials. The dynamometer was connected to a charge
amplifier, and the amplified force signal was displayed on
the computer monitor using DynoWare software. The
machinability of the magnesium RZS5 alloy is investigated in
terms of cutting force and surface roughness with the vari-
ation of machining parameters like cutting speed (50, 100
and 150 m/min), feed rate (0.12, 0.24 and 0.36 mm/rev), and
depth of cut (0.5, 0.75 and 1.0 mm) in dry turning and MQL
environment. The MQL environment was developed using a
mist lubricating system during machining. The lubricant was
prepared with the help of a stirrer mixture using the oil

(STRUB Stabillo Cutl) and water in the proportion of 1:20.
The surface roughness of the machined surface of the RZ5
alloy at different machining conditions was measured using a
stylus-based surface roughness tester (Mitutoyo Surftest
SJ-210). The tool wear and chip morphology in dry turning
and MQL condition is analyzed using an optical microscope
and FESEM.

Machinability of the RZ5 alloy indicates that the cutting
force during machining of RZ5 alloy significantly increased
with an increase in feed rate and depth of cut; however,
cutting speed has a significantly lesser effect on the cutting
force of the materials. From Fig. 2a, it can be observed that
the cutting force during the machining of RZ5 alloy
increased with an increase in depth of cut at a constant
cutting speed of 50 m/min at different feed rates in dry
turning conditions and turning with MQL due to the higher
materials removal rate. Lower cutting force was observed
during machining using the MQL system compared to dry
turning at each machining condition, which might be due to
lesser friction at the cutting interface. It was observed from
Fig. 2b that the surface roughness of the materials increased
with an increase in feed rate and depth of cut, and it
decreased with an increase in cutting speed. The feed rate
during machining severely affects the surface roughness of
the material as compared to cutting speeds and depth of cuts.
The surface roughness of the RZ5 alloy decreased while
machining in the MQL environment compared to dry turning
for each operating parameter, which can be observed in
Fig. 2b.

Figure 3 shows the FESEM micrograph of the machining
chips in dry turning conditions and using an MQL environ-
ment. Discontinuous and smaller-size chips were generated
due to the high-temperature gradient at the cutting interface
due to the cooling technique introduced by the MQL system
during the machining of RZ5 alloy. A build-up edge formation
at the tip of the tool was observed during the machining of the
RZS5 alloy at a lower cutting speed in dry turning conditions;
whereas very mild tool wear was observed during the

Fig. 2 Effect of depth of cut on

(a)is0

- Feed =012 (Bry) = = - Fesd=0.13 (MOL b) [ Feed=0.12ry) — ~ Feed=0.12 (MQL)
a cutting force and b surface Fecdeb iz :n::—; o me,ncmgmi (b) - Feed=0.24 (Dry) - - Feed=0.24 (MQL)
roughness at different feed rates at 140 4—— Feed=0.36 (Dry) ~ = - Feed=0.36 (MQL) 44— Feed=0.36 (Dry) - - - Feed=0.36 (MQL)
the cutting speed of 50 m/min for £
magnesium RZS5 alloy in dry ] =
turning and MQL conditions £ g
= b =
= oL
e ]
£ £
e g
S $
60 - ]
401

0.50 0.75
Depth of cut (mm)

0.50 0.75
Depth of cut (mm)

T
L.oo




Effect of Minimum Quantity Lubrication on Machinability ...

109

Fig. 3 FESEM micrograph of chips generated during machining of magnesium RZ5 alloy in a dry turning condition and b MQL environment

machining of RZS5 alloy using the MQL system due to the
proper cooling and lubrication at the tooltip.
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Abstract

Magnesium predominantly exhibits a hexagonal lattice
structure. The anisotropic distribution of activatable slip
systems often leads to crystallographic preferential
orientations during forming, whereby the anisotropic
crystallographic properties show up macroscopically as
anisotropic mechanical properties in components. Efforts
to improve materials and optimize them should not only
consist of mitigating or even preventing such anisotropic
component properties. There is great potential to exploit
them constructively. For this purpose, a 6 x 3 process
matrix was designed using the magnesium alloy AZ31 as
an example to investigate the influence of different
forging as well as forming routes on the properties of
extruded round bars. Six different initial states of
extrusion billets and three different extrusion dies were
used, with one die designed for Equal Channel Angular
Pressing in EXtrusion (ECAPEX). Forming behavior as
well as microstructure and mechanical properties were
investigated. Selected examples are used to present the
results and evaluate the various influencing factors.

Keywords
Magnesium * Extrusion * ECAPEX

Introduction

Magnesium materials and their alloys can be effectively
formed into near-net-shape profiles or intermediates using
the extrusion process, but usually exhibit distinct preferential
orientations of crystallographic orientation as has been
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reported many times in the literature cf. [1-3]. In the case of
alloy AZ31, for example, it is described that the basal plane
in the forming zone is oriented perpendicular to the highest
compressive stress encountered. In general, this causes a
preference for the perpendicular orientation of the c-axis to
the extrusion direction and consequently an increase in the
pole density distribution of the {0001} basal planes tilted by
90° with respect to the extrusion direction (ED). If round
bars are extruded from circular billets, a rotationally sym-
metric forming zone is formed immediately upstream of the
extrusion channel, so that a uniform rotationally symmetric
preferred orientation of the basal planes parallel to the ex-
trusion axis can also be detected. Furthermore, depending on
the extrusion parameters temperature, extrusion ratio, and
extrusion speed, other textures can be formed in the course
of recrystallization and grain growth which, for example,
result in an increased probability of a perpendicular orien-
tation of the basal planes to the extrusion direction, so that
the c-axes are thus oriented parallel to ED. Corresponding
dependencies can also be formulated for the pyramidal and
prismatic slip systems. However, the forming behavior at
room temperature is preferentially determined by the basal
slip systems as well as the twinning, so that further inter-
pretation can be dispensed with at this point.

The mechanical properties and the forming behavior of
metallic materials at room temperature are primarily deter-
mined by the crystal lattice, i.e. the activatability of slip
systems and, in the case of magnesium, also by the activa-
tion of twinning. Since alloy AZ31 does not exhibit a phase
change and therefore the crystal structure and thus the slip
systems cannot be influenced, the remaining variables that
can be changed are the grain size and the texture. The
activations of both the slip systems and the twinning systems
can be described in dependencies on the grain size with the
aid of the Hall-Petch relationship according to Eq. (1) [4, 51

Oo=1c+k-d "2 (1)
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Here, o, describes the yield stress, 7. the critical shear stress
(CRSS) of the respective system, k the respective Hall-Petch
constant, and d the grain size. Since the Hall-Petch constant
for twinning is larger than that for dislocation sliding,
twinning is preferentially activated with increasing grain
size, or dislocation sliding is the dominant deformation
mechanism with decreasing grain size cf. [6—11]. Further-
more, Schmidt's shear stress law can be used to determine
the resulting shear stresses as a function of spatial orienta-
tion. Table 1 shows values given in the literature for the
critical shear stresses of the sliding and twin systems of the
AZ31 alloy e.g. [12]. Both grain size and texture can be
influenced in the extrusion of AZ31 magnesium alloy by
selecting suitable process parameters.

A lower temperature, for example, generally results in
smaller grain sizes [13]. The strain path in the forming zone
can also influence the local texture [14]. In this project,
extrusion with normal dies was compared with ECAPEX.

The use of materials for structural applications generally
consists of assembling components consisting of materials
with mechanical properties that are as isotropic as possible
into load-adapted, i.e. anisotropic, assemblies. This often
involves joining different materials, such as plastics and
metals in the automotive sector. During the subsequent
recycling process, the challenge arises of separating these
different materials from one another by type. However, due
to their anisotropic material properties, materials such as
magnesium offer the possibility of using anisotropic prop-
erties to take load adaptation aspects into account as early as
the component development stage, thereby avoiding the
mixing of different material groups under certain circum-
stances. Possible applications and manufacturing routes have
been addressed, for example, in [15]. By using the AZ31 and
ME21 alloys together at 50% by volume each for an
extruded hybrid flat section, a 25% improvement in energy
absorption under bending load was demonstrated by
exploiting the different microstructure during extrusion of
the two alloys.

Materials and Methods
Billet Pretreatment

In order to produce starting material that was as homoge-
neous as possible, cast material of the alloy AZ31 was first

R. Nitschke and S. Mueller

homogenized for 15 h at a temperature of 420 °C, then
extruded on the 8 MN extrusion press also available at
ERDC at an extrusion ratio of R; = 14 to form a round bar
with a diameter of 30 mm. From this, extrusion billets with a
length of 50 mm and an outer diameter of 28.5 mm were
machined. These billets were further treated on five different
routes, so that finally six configurations were available for
extrusion tests. Pretreatment parameters of the extrusion
billets are shown in Table 2.

The forging was performed rotationally symmetrically
once each in a total of 8 radial directions A to H according to
Fig. 1, so that an angle of 22.5° lay between the forging
directions.

The billets were forged to a resulting height of 27 mm. At
room temperature, all eight operations were performed in
sequence. Forging at elevated temperatures was performed
in two passes A to D (red) and C to H (black). To prevent
excessive cooling of the billets, the forging pad used was
also heated to the process temperature in each case.

Die Design

Furthermore, the influence of the die design should be
included in the investigations. For this purpose, a flat as well
as a stepped die face was to be used and, in addition, a die
with integrated ECAP process. In order to provide as
high as possible of the available process forces for the
forming, the tests should be carried out in indirect extrusion
mode.

In this process, the extruded profile must pass through the
hollow die in the direction of extrusion. Thus, in order to
maintain the direction of extrusion, double shearing by the
same angle in each case is necessary. The first task was
therefore to come up with a die design for the complicated
ECAPEX die. Within the framework of flow simulations
using the FEM software DEFORM, a favorable shear angle
of 135° was determined. From this and from the other
boundary conditions, a possible geometry for the die could
be derived. The aim was to deflect the profile of the
ECAPEX by at least its own width in order to avoid
“flowing around the corner” and to support the required
shear. For the existing container diameter of 30 mm, the
specifications could be implemented with a rod diameter of
8 mm. This corresponds to an extrusion ratio R, = 14:1, so
the extruded rods, together with the first extrusion to produce

Table 1 CRSS—values (MPa) given in the literature for the critical shear stresses of the sliding and twin systems of the AZ31 alloy e.g. [12]
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Table 2 Pretreatment parameters

: Pretreatment
of the billets (A = as extruded,
W = heat treated, n = not forged, A_n
¢ = cold forged, h = hot forged) 525 °C/3 h
Forged at RT
Forged at 250 °C
Fig. 1 Forging route for the G A F
pretreatment of the extrusion c D
billets
li “
nse
B > -!
H

the starting material, have a total extrusion ratio of
Riorar = 196:1.

A three-part die and a corresponding hollow punch were
designed. The die parts were aligned to each other by three
alignment pins and could be separated from each other for
the removal of the extrusion residue. For the conventional
extrusion tests, two different die faces were designed. First, a
conical die with an opening angle of 2a = 150° was
designed. Based on the opening angle, a die with a stepped
face was designed. Figure 2 shows the die geometries
schematically, and Fig. 3 shows a representation the ECA-
PEX die used.

Extrusion was first carried out with the conventional dies
C and G at process temperature of 250 °C. This means that
all tools involved as well as the billet material are heated and
had the same temperature. During the first extrusion test with
the ECAPEX tool, it was found that the tool load would
become too high at 250 °C, so the process temperature was
raised to 300 °C for the ECAPEX tool. In order to be able to
compare the results with respect to the extrusion behavior as
well as the microstructure and the mechanical properties, at
least indirectly, selected extrusion tests were additionally
carried out with normal tools at 300 °C. The extrusion tests

Fig. 2 Schematic representation
of the extrusion dies used from

Billet designation

A_c A_h W_n W_c W_h
X X X
X X
X X

Fig. 3 ECAPEX die used

shown in Table 3 were carried out. This table also serves to
assign a specific nomenclature to the tests.

Characterization of Microstructure and Texture

To characterize the microstructure and texture, samples were
cut perpendicular to the extrusion direction (ED). The
microstructure was examined under an optical imaging
microscope (OIM) in the ED plane. Texture was analyzed
using an X-ray diffractometer (XRD), also in the ED plane.
Each sample was embedded, ground, and then etched. The
specimens for microstructure analysis were also chemically
polished with a CP2 agent consisting of 100 ml ethanol,
12 ml hydrogen chloride, and 8 ml nitric acid, and then
polished with an etching solution consisting of 70 ml etha-
nol, 30 ml distilled water, 15 ml acetic acid, and 4.2 g picric
acid.

Characterization of Mechanical Properties

The mechanical properties in the tensile and compression
test in the ED direction were determined with an MTS 810
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Table 3 Overview of the

i ' Temperature (°C) Die type
extrusion tests carried out
250 C
G
300 E
C

universal testing machine in accordance with DIN EN ISO
6892-1 and DIN 50106. The tests were carried out with
tensile specimens with an initial length L. of 40 mm and a
diameter of 5 mm and compression specimens with a length
of 8 mm and also a diameter of 5 mm. The strain rate chosen
for all tests was 2.5 x 107% s~ 1,

Results
Extrusion Behavior

For the evaluation of the extrusion behavior, two force
values can basically be read from each force curve: on the
one hand, the initial peak force that frequently occurs with
magnesium materials, the so-called F,., (blue) and addi-
tionally a force value in the stationary range, i.e. approxi-
mately in the middle of the extrusion trail, F,, (red). In the
context of the investigations presented here, the force
requirement in the stationary range is used as a comparative
value. In Fig. 4, this is exemplified by the billet configura-
tion W_n, extruded with the G die at 250 °C.

First of all, the forging process reduced the average
extrusion force requirement by around 15% from approx.
320 to 275 kN (Fig. 5). A significant difference in the force
requirement between the two dies can only be seen for the
non-forged billets, with G showing the higher values.

For the forged billets, the extrusion force requirement
only tends to be higher when using the G dies. No significant

500 ¢

— W n(G)

'III.l\ [, g

400
300

200

Extrusion force [kN]

100

200 300
time [s]

0 100 400

Fig. 4 Representation of the force development using the example
W_n, extruded with the G die
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Billet designation

A_n A_c A_h W_n W_c W_h
X X X X X X
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Fig. 5 Steady-state force requirement when using the C and G dies
(250 °C)

difference in the force requirement between the W and A
billet configurations is discernible, only a tendency towards
slightly higher values for the W configuration.

The highest determined value for the stationary extrusion
force was obtained when the billet configuration W_n with
the G die with Fg, = 338 kN and the lowest with the billet
A_c with the C die with Fg, = 273 kN. The force require-
ment decreases when the temperature is increased. Interest-
ingly, the heat treatment at 525 °C does not influence the
relative reduction of the extrusion force requirement for the
non-forged billets, which is 28% for both configurations
W_n and A_n (Fig. 6). The W_c example shows that the
extrusion force reducing effect of forging, which was clearly
noticeable at 250 °C, no longer occurs at a process tem-
perature of 300 °C. A reduction in extrusion force require-
ment due to the temperature increase is only about 20% at
this point. The relative average reduction in extrusion force
due to the temperature increase is thus about 25% for the
comparative extrusions.

It had to be ensured that the E die could be used for all six
planned extrusion tests. By increasing the process tempera-
ture to T = 300 °C, the maximum pressure could be reduced
to below 800 MPa, so that damage to the die was very
unlikely.

The extrusion force requirement in the steady-state pro-
cess range increased by an average of about 150 kN due to
the two additional shear forming operations compared with
the extrusion of the non-forged billets with the C and G dies
at 250 °C (Figs. 5 and 6).
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Fig. 6 Steady-state force requirement when using the C and E dies
(250 °C/300 °C)

In the tests with the non-forged and cold-forged A-billets,
each had a higher force requirement than the comparable
W-billets. In the hot forged billets, however, the W-billet
showed a higher force requirement.

However, all six tests together show a standard deviation
of only § = 11 kN in F, which corresponds to a coefficient
of variation of S/% = 2.4%, so that these force differences
must be understood rather as a tendency. Therefore, it can be
concluded that no significant force differences in the
steady-state process range can be detected between the
individual billet configurations when using the E dies.

Microstructure and Texture

Grain Size
The OIM showed a completely recrystallized, predominantly
homogeneous microstructure for all samples. Selective grain
growth was observed only in isolated cases. In a similar way
as for the extrusion forces, the grain sizes determined in the
cross-section are also plotted.

Figure 7 first shows the values for the round bars extru-
ded at 250 °C. The values range from 4.2 to 6.3 um, with
the initially heat-treated non-forged billet W_n showing the

X
el

‘V’V
RS

X

R

Grain size [pm]
$a

N
N

Yo%

=

n|c|h
5

W A

Fig. 7 Grain sizes when using the C and G dies (250 °C)
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highest value and the non-heat-treated cold-forged billet A_c
the lowest. The non-forged billets do not show a clear trend
compared to the forged ones. However, the cold forged
billets tend to have a slightly smaller grain size compared to
the hot forged billets. Overall, the level of grain sizes is very
low, and no significant effects can be identified due to the
closely spaced values.

Figure 8 shows the grain sizes extruded at 250 and 300 °C
with the C and E dies. As expected, the use of the C die shows
a dependence of the grain size on the temperature, whereby
the grain size also increases with increasing process tem-
perature. An increase in grain size can also be observed if the
extrusion billets were first subjected to heat treatment. With
heat treatment, the grain sizes increase into the range of
10 um and higher. Without upstream heat treatment, the
grain sizes remain at a low level between 6 and 8 um.
However, no significant dependence on the forging route can
be detected. Nevertheless, it should be noted that without
upstream heat treatment the hot forged route shows the
highest grain size while with upstream heat treatment the
same route shows the lowest grain size.

However, the two values determined, 8.1 pm for the A_h
route and 9.9 um for the W_h route, are quite close to each
other, so that it can certainly be assumed that hot forging
produces a comparable starting situation for the ECAPEX
process, which in turn produces comparable results in the
area of grain size.

Finally, in this section the influence of the ECAPEX
process on the grain size compared to the conical die will be
viewed (Fig. 8). It can be seen that when processing the
untreated billets in the as extruded condition, both the con-
ical die and the ECAPEX die were able to achieve the
smallest grain sizes. Compared to the other routes in this
plot, the billet A_n additionally sheared in the E die has a
lower value of 5.9 um than the billet extruded with the C
die. In contrast, the round bars produced with the E die from
the billet W_n (11.6 um) and W_c (12.5 pm) have the
highest determined grain sizes in these investigations.
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Fig. 8 Grain sizes when using the C and E dies (250 °C/300 °C)
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Texture

The textural considerations refer only to the orientation of
the {0002} basal planes, which most likely influence the
activation of the dislocation slip and the twinning at room
temperature. An exemplary representation of the pole den-
sity distributions is shown in Fig. 9. Representative for the C
and G this is shown as the {0002} pole figure of the A_n
rods extruded at 250 °C. For the E, the A_n rods are
extruded at 300 °C. For the E die at 300 °C, the exemplary
representation is given for the W_c billet. The corresponding
maximum intensities of the XRD measurements are shown
in Figs. 10 and 11.
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Fig. 9 Exemplary representation of {0002}-pole density distributions
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Fig. 10 {0002}-Maximum intensities of the XRD measurements (C
and G dies, 250 °C)
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Fig. 11 {0002}-Maximum intensities of the XRD measurements (C
and E dies, 250 °C and 300 °C)

Rotationally symmetric extrusion results in a rotationally
symmetric pole density distribution of the basal planes. The
distribution shown in Fig. 9a is similar in all rods extruded
with the C and G dies. In this case, the highest intensity
values are found tilted by 90° to the extrusion direction with
a decreasing tendency towards the extrusion direction.

The determined maximum intensities (Fig. 10) do not
show any significant dependencies for the W billets. Only
for the W_h billets slightly increased values are shown for
both dies. For the A-billets, the low intensity of the
non-forged billets is noticeable when they are extruded with
the C die.

In contrast to the use of the G dies (2.7), the intensity is
only 1.9 and thus represents the lowest value determined.
Apart from this outlier, all measurements show values
between 2.3 and 2.7 and are thus relatively close to each
other. Using the C dies at higher process temperature results
in a significant increase of the maximum intensities. Inter-
estingly, the A_n billet also shows the lowest value at 300 °
C with 2.5 (Fig. 11).

The shear plane in the 135° ECAPEX die has an angle of
67.5° to the extrusion direction in the standard case. It is
therefore not surprising that the highest maximum intensities
of all ECAPEX strands are found in this region, asymmet-
rically on one side. Slight increases in intensity are found in
each case rotated by 90° around ED. Compared to the
strands which were rotationally symmetrically transformed,
the ECAPEX rods show consistently higher maximum
intensities. The highest overall value is achieved by the A_c
rod.

Mechanical Properties

The mechanical properties are usually closely linked to the
microstructure. In particular, the grain size and, under certain
circumstances, the texture have an influence on the achiev-
able properties. Figures 12 and 13 show the characteristic
TYS values determined.
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Fig. 12 TYS values for C and G dies (250 °C)
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Fig. 13 TYS values for C and E dies (250 °C/300 °C)

The highest yield strength with TYS = 190 MPa was
found in the configuration A_h (G/250 °C) and the lowest
with TYS = 146 MPa in the configuration W_n (E/300 °C).
At 250 °C, the A billets consistently exhibit the higher TYS
values compared to the corresponding W billets. In addition,
the higher values are always achieved with the G dies, even
if only slightly. It can also be seen that, in a comparison of
the pretreatment, the hot forged billets always exhibit the
highest TYS values and the non-forged billets the lowest.

Using the C dies at 300 °C results in only slight changes
in TYS compared to 250 °C. Here, the slight increase of
8 MPa to TYS = 180 MPa for the A_n (C/300 °C) config-
uration represents the largest change.

Using the E dies, the A billets show significantly higher
values of TYS = 170 MPa compared to TYS ~ 149 MPa
for the W billets. The consistently low level of the values for
the W billets is particularly striking in the plot in Fig. 13.

Conclusion

Extrusion with additional shear forming results in an
increased extrusion force requirement, as can be clearly seen
in Fig. 6. Here, the force requirement for the untreated billets
A_n increased by about 120% and for the heat-treated billets
by about 100%. From this it can be estimated that if the
ECAPEX extrusions were carried out at 250 °C, extrusion
forces of up to about 750 kN could be expected, which
would correspond to a tool stress of approx. 1200 MPa. Due
to the partially low wall thicknesses, this would have
resulted in a failure of the die.

An influence of billet pretreatment on the extrusion forces
was only clearly discernible at the lower process temperature
of 250 °C. In this case, it was shown that preforging can
reduce the extrusion force requirement by up to 17%. In the
area of grain size, no clear correlations to pretreatment could
be identified. The textures determined are in line with
expectations. The higher maximum intensities determined in
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the area of the ECAPEX routes cannot be attributed any
excessive significance insofar as they do not allow any
conclusions to be drawn about the absolute orientation dis-
tribution of the basal planes. Likewise, in the respective
preferred orientations, the c-axes have comparable angular
positions with respect to ED, so that a texture effect can
hardly be represented.

It is therefore not surprising that the TYS values deter-
mined in the course of this work are most likely to correlate
with the grain sizes. Between Figs. 7 and 12, an inverse
correlation can at least be guessed at, since the absolute
values are very close to each other in each case. This
becomes clearer when looking at Figs. 8 and 13, where there
are significant differences both in the grain sizes and in the
TYS values, which clearly show an inverse correlation.

A further evaluation of the experiments in this field will
include a closer look at the SDE as well as the interpretation
of corresponding simulation calculations.
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Forschungsgemeinschaft (DFG, German Research Foundation)—
383412845.

References

1. Gall, S., Miiller, S., Reimers, W.: Microstructure and mechanical
properties of magnesium AZ31 sheets produced by extrusion, Int.
J. Mater. Form 6 (2013) 187-197.

2. Gall, S., Huppmann, M., Mayer, H. M., Miiller, S., Reimers, W.:
Hot working behavior of AZ31 and ME21 magnesium alloys, J
Mater Sci 48 (2013) 473-480.

3. Gensch, F.: Grundlegende Charakterisierung des Strang-
pressprozesses  pressnahtbehafteter Magnesium-Hohlprofile -
Experimentelle und numerische Betrachtungen (in german), Ph.
D. thesis TU Berlin, 2018.

4. Hall, E. O.: The Deformation and Ageing of Mild Steel: III
Discussion of Results, Proc. Phys. Soc. B 64 (1951) 747-753.

5. Petch, N. J.: The Cleavage Strength of Polycrystals, J. Iron Steel
Inst. 173 (1953) 25-28.

6. Armstrong, R. W., Worthington, P. J.: A constitutive relation for
the deformation twinning in body centered cubic metals, In:
Metallurgical Effects at High Strain Rates, Plenum Press, New
York, 1973, 401-414.

7. Barnett, M. R., Keshavarz, Z., Beer, A. G., Atwelll, D.: Influence
of grain size on the compressive deformation of wrought
Mg-3Al-1Zn, Acta Mater. 52 (2004) 5093-5103.

8. Bamnett, M. R.: A rationale for the strong dependence of
mechanical twinning on grain size, Scr. Mater 59 (2008) 696—698.

9. Bohlen, J., Dobron, P., Swiostek, J., Letzig, D., Chemilk, F.,
Lukac, P., Kainer, K. U.: On the influence of the grain size and
solute content on the AE response of magnesium alloys tested in
tension and compression, Mater. Sci. Eng. A 462 (2007) 302-306.

10. Meyer, M. A., Vohringer V., Lubarda, A.: The onset of twinning
in metals: a constitutive description, Acta Mater. 49 (2001) 4025-
4039.

11. Wang, Y., Choo, H.: Influence of texture on Hall-Petch relation-
ships in an Mg alloy, Acta Mater. 81 (2014) 83-97.

12. Agnew, S. R., Brown, D. W., Tomé, C. N.: Validating a
polycrystal model for the elastoplastic response of magnesium



118

13.

alloy AZ31 using in situ neutron diffraction, Acta Mater. 54 (2006)
4841-4852.

Miiller, S.: Weiterentwicklung des Strangpressens von AZ Mag-
nesiumlegierungen im Hinblick auf eine Optimierung der
Mikrostruktur, des Gefiiges und der mechanischen Eigenschaften,
(in german), Ph.D. thesis TU Berlin (2007)

14.

15.

R. Nitschke and S. Mueller

Gensch, F.: Investigation of the sheared layer in porthole die
extrusion of magnesium alloys, 11th International Conference on
Magnesium Alloys and Their Applications | Old Windsor, UK
(2018).

Nitschke, R.: Untersuchungen zum Strangpressen von Magnesium-
Hybridprofilen, (in german), Ph.D. thesis TU Berlin (2021).



®

Check for
updates

Joshua Caris, Janet Meier, Vincent Hammond, and Alan Luo

Abstract

Long Period Stacking Order forming Mg-Rare Earth-Zn
alloys have attracted much interest due to high strength in
the cast and wrought conditions. These alloys may find
niche applications where high strength and thermal
stability are desired for lightweight components. This
presentation will detail the recent results of a production
run Mg—-Gd-Y-Zn-Zr alloy, cast and extruded at scale
with 380 MPa tensile strength. Aging studies post
extrusion and post forging resulted additional strength-
ening. Microstructure as well as extrusion and forging
conditions will be linked to equilibrium phase diagrams.

Keywords

Magnesium ¢ Forging ¢ Extrusion * Rare earth

Introduction

Mg alloys are one of the lightest structural materials, which
have great potential for weight-savings and CO, emission
reduction. Mg alloys additionally have high specific strength
and stiffness, superior damping performance, good bio-
compatibility, large hydrogen storage capacity, and high
theoretical specific capacity for battery applications, etc.
Hence, magnesium and its alloys have been applied in the
field of aerospace, automotive, and 3C (computers, com-
munications, and consumer electronics). In addition, the
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application of Mg and Mg alloys in biomedical and energy
sectors has attracted increasing attention. Excellent reviews
of recent trends in magnesium alloy research have been
written [1-3]. In specific, reviews of magnesium extrusion
alloys [4] and forging alloys [5] have also been collected.

Despite the emerging and critical significance of Mg
alloys as a class of structural engineering materials, Mg
extrusion alloys have had only minimal usage and industrial
penetration to date, which is similar to other wrought Mg
products (including sheet and forgings) [3—5]. The first issue
is the properties of the extrudate, with Mg extrusions having
lower strength than Al extrusions, poor formability, and
tension—compression yield asymmetry. The second issue is
commercial viability, with some Mg alloys being expensive
(depending on alloying elements) and with only few Mg
alloys capable of being extruded at high enough speeds
(relative to aluminum alloys) to be viable. The third issue is
the generally poor corrosion resistance of Mg extrusion
alloys, when compared to Al wrought alloys.

Through recent federally sponsored projects, Terves,
LLC has investigated high strength magnesium alloys as
well as alloys with improved formability and extrudability,
in collaboration with The Ohio State University. The present
work summarizes findings from a recent study of a Mg-Gd-
Y-Zn—Zr alloy (VW94) produced at commercial scale with
properties evaluated in the extruded as well as forged
conditions.

Experimental Procedure

The Mg—-Gd-Y-Zn—Zr alloy was permanent mold cast under
protective SF¢/CO,/Dry Air cover gas into an extrusion billet
230 mm (diameter) x 760 mm (length). The billet was
solutionized at 510 °C/12 h with a forced air cool. The billet
was then lathe turned and trimmed to dimensions 222 mm
(diameter) x 749 mm (length) and extruded at 400 °C with
an extrusion ratio of 13 and ram speed of 0.42 mm/s. The
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Fig. 1 Ternary isothermal section in the Mg-Gd-Y-1Zn (wt%) system
at 200 °C as provided by PANDAT (left) [8]. The composition
Mg-8Gd-4Y-1Zn is highlighted with a red dot in the three phase field

resulting extrusion diameter was 64 mm. The extrusion exit
temperature was measured at 416 °C with a contact ther-
mocouple. Lathe turnings from the extruded material were
tested for chemistry via ICP-OES with the resulting com-
position Mg-8.20Gd-3.40Y-1.04Zn-0.24 Zr (wt%).

Portions of the extrusion were turned to forging billets
51 mm (diameter) x 64 mm (length). Upset forging was
performed by compressing the circumferential surface with a
screw driven press. Initial forging trials (Billets #1, #2, #3,
and #4) were performed in a single step (#1-300, #2-350,
#3400, and #4-450 °C) with a platen speed of 2.54 mm/s
and platen temperature of 200 °C. No lubricant was used for
any of the forgings. Billet #7 was forged in two steps at 425 °
C with a target overall 75% reduction in thickness. The platen
speed was 1.27 mm/s and the platen temperature was 288 °
C. Billets #9 and #10 were forged in three steps at 425 °C
with a target overall 75% reduction in thickness. The platen
speed was 0.42 mm/s and the platen temperature 288 °C.

Portions of the as extruded material were subjected to an
aging study at temperatures 200, 225, 250 °C in open
atmosphere furnace with a water quench. Aging was moni-
tored by Rockwell B hardness testing performed with the
load parallel to the extrusion direction. As extruded and peak
aged material were tested under quasistatic tensile conditions
according to ASTM E8 with the tensile direction parallel to
the extrusion direction. Portions of the as forged material
were also tested in tension with the load parallel to the
original extrusion direction. An aging study was conducted
on the as forged material as well with the loading direction
parallel to the original extrusion direction.

a-Mg + LPSO + Mg5Gd. The equilibrium cooling diagram for Mg—
9Gd-4Y-1Zn (wt%) is presented as well (right)

Optical microscopy was completed on the as extruded
material in the direction transverse and parallel, longitudinal,
to the extrusion direction. In addition, optical microscopy
was completed on as forged Billet #7 and Billet #9 in the
direction transverse and parallel, longitudinal, to the original
extrusion direction. Forged billets #7, #9, and #10 were
imaged under X-ray for defect analysis.

Results
CALPHAD Results

The CALculation of PHAse Diagrams (CALPHAD)
approach [6, 7] based on computational thermodynamics,
has matured over the past few decades to calculate phase
diagrams and predict phase equilibrium for complex
multi-component systems [8]. This section summarizes cal-
culated phase diagrams, using Pandat [9] software and
PanMagnesium 2021 database for the Mg—Gd-Y-Zn sys-
tem. A ternary isothermal (200 °C—selected due to this
temperature being common for age hardening) section in the
Mg-Gd-Y-1Zn (wt%) system is presented in Fig. 1(left)
[8]. A composition (Mg-9Gd-4Y-1Zn (wt%)) with similar
phase evolution to the experimental alloy is indicated by a
red arrow and dot in a three phase field (Mg(HCP) +
LPSO_14H + Mg5Gd). An equilibrium cooling diagram for
Mg-9Gd-4Y-1Zn (wt%), presenting the mol fraction phases
present as a function of temperature, is shown on the right in
Fig. 1.
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Extrusion Results

Optical microscopy at 50x and 500x is presented in Fig. 2
for the as extruded material in the transverse (a, c¢) and
longitudinal (b, d) orientations. Elongated phases are evident
in the longitudinal image (Fig. 2b). In the 500x images (c,
d), the yellow boxes highlight regions of dynamic recrys-
tallization with equiaxed grain structure.

An aging study was conducted on portions of the as
extruded material with aging temperatures of 200, 225, and
250 °C selected. Hardness, Rockwell B (HRB), was per-
formed with the loading direction parallel to the extrusion
direction and is presented in Fig. 3. The as extruded material
has HRB ranging from 47 to 53. Significant hardening, from
HRB 50 to HRB 70 is attained by aging at 200 °C. Signif-
icant aging time (300 h) is necessary to achieve peak hard-
ness with aging at 200 °C. Peak hardness from aging at 225
and 250 °C is achieved after 40-50 h aging, but the maxi-
mum hardness decreases with increasing temperature above
200 °C.

Fig. 2 Optical microscopy 50x (a, b) and 500x (c, d) for as extruded
material. Images from the direction transverse to the extrusion direction
are presented (a, c¢) and parallel, longitudinal on the (b, d). Equiaxed

75

:: ﬁi
§ ¢

@ @ 225°C
x
55 +
50 o ¢ ¢
250°C
as
As Extruded i 10 100 1000

Aging Time (h)

Fig. 3 Hardness, Rockwell B, results for as extruded material aged
200, 225, and 250 °C for times up to 350 h. Individual data points are
an average of (6) indents with a standard deviation indicated by vertical
bars. Peak aging is observed after 300 h at 200 °C
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grains are highlighted in the yellow box shown in both transverse and
longitudinal orientations
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Table 1 Room temperature, quasistatic tensile properties of the as extruded as well as aged (*200 °C/48 h with water quench) material

Condition YSo.29, (MPa)
As extruded 268 + 13
Aged* 392+ 9

UTS (MPa) e (%)
304 + 18 58+ 1.0
399 + 7 15+ 1.0

The tensile direction is parallel to the extrusion direction. Data presented is an average of three tests with one standard deviation

Room temperature tensile testing was conducted on as
extruded as well as aged (200 °C/48 h with a water quench)
extruded material. The tensile loading is parallel to the ex-
trusion direction. The results are presented in Table 1 as an
average and standard deviation of three tests. Aging results
in a significant increase in both 0.2% offset yield strength
and ultimate tensile strength as well as a decrease in strain to
failure.

Forging Results

Four of the 51 mm (diameter) x 64 mm (length) billets
were upset forged on the circumferential surface with a
platen temperature of 200 °C and speed 2.54 mm/s corre-
sponding to a compressive strain rate of 0.05 s~ '. Images of
the cylindrical forging billets as well as the first four forgings
are presented in Fig. 4. The billet extruded at 300 °C
exhibited minimal reduction in thickness prior to brittle
failure. The 350 °C sample was forged to thickness of
38 mm (26% reduction in thickness) before brittle failure.
The final thickness of the billets pressed at 400 and 450 °C
was 19 mm which corresponded to a 63% reduction in
thickness. While the sample pressed at 400 °C did exhibit
brittle failure, the sample at 450 °C exhibited only edge
cracking on the two surfaces corresponding to the original
flat faces of the billet.

Billets #7, #9, and #10 were all forged in multiple steps at
425 °C to a final thickness of 12.7 mm, corresponding to a
total 75% reduction in thickness. Billet #7 was forged at
1.27 mm/s (strain rate of 0.025 s ') in two steps with a
platen temperature of 288 °C. Billets #9 and 10 were forged
at 0.42 mm/s (strain rate of 0.0083 s~') in three steps with

As Extruded Billets

an approximate 37% reduction per step. Images of the three
forgings are presented in Fig. 5. All three forgings exhibit
superficial cracking on the surfaces corresponding to the
original flat faces of the cylindrical billet.

Optical microscopy for the as forged Sample #9 in the
direction transverse and parallel, longitudinal, to the original
extrusion direction is presented in Fig. 6. Continued refine-
ment of phases is observed with structures elongated further
in the longitudinal and slightly in the transverse.

A brief aging study was performed on as forged #7 and
#9 to compare the mechanical properties resulting from the
two processing routes. Rockwell B testing, with loading
parallel to the original extrusion direction, is presented in
Fig. 7.

Table 2 summarizes mechanical properties for the as
forged and aged samples #7, #9, and #10. The loading
direction of the Rockwell B hardness tests is transverse to
the original extrusion direction. As observed with the aging
study on Sample #9, there is a slight increase in average
hardness on aging Sample #10. The tensile tests were per-
formed with the loading direction parallel to the original
extrusion direction.

Discussion

With an extrusion ratio of 13 and ram speed of 0.42 mm/s,
the resulting extrusion speed (v,) for the current researched
alloy is 0.33 m/min, Table 3. Generally, this would be
considered a slow extrusion speed for a magnesium alloy
[10]. With a billet temperature of 400 °C and a slow ex-
trusion speed, it would be expected, and is confirmed, that
the resulting extrusion temperature would raise only slightly

450°C
19 mm final

19 mm final

Fig. 4 Images of machined “as extruded” forging billets (left) and results of initial forging test matrix (forging temperature indicated) with platens

heated to 200 °C and a platen speed of 2.54 mm/s



Microstructure and Properties of Wrought Mg-Gd-Y-Zn-Zr ...

123

Fig. 5 Forging sample (#7,
images and corresponding X-ray
images with the viewing direction
parallel to the compressive
forging direction. The X-ray
images indicate that the cracking
observed to form during forging
on the original flat faces of the
forging billets is superficial

-

Fig. 6 Optical microscopy
(500x) of forging #9 near the
center of the sample. The image
transverse to the original
extrusion direction is shown

(a) and parallel, longitudinal to
the extrusion direction (b)
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Fig. 7 Hardness, Rockwell B, results for as forged material #7 (a) and #9 (b) aged 200 and 250 °C for times up to 100 h. Individual data points
are an average of (6) indents with a standard deviation indicated by vertical bars

to 416 °C. The billet and extrusion temperature are signifi-
cantly lower than the Pandat predicted solidus of 565 °C,
Fig. 1—equilibrium cooling diagram. Thus, an increase in
billet temperature and/or speed could be possible while
maintaining the viable processing window [10].

Multiple authors have investigated direct extrusion of
alloys within the Mg-Gd-Y-Zn—Zr with compositions

similar to the present work (Summarized in [4, 11]). Many
of the early references lack extrusion details such as ram
speed, while later references focus on either direct or
indirect extrusion. A comparison with the current direct
extruded material is from [11-13]. Yield and tensile
strength, Table 4, in the extrusion direction of the present
extruded material are comparable to the literature alloys;
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Table 2 Hardness, Rockwell B, and room temperature tensile properties (in the original extrusion direction) for forged samples #7, #9, and #10

Forging Condition HRB
#7 As forged 59 +£1
#9 As forged 59 +2
#10 As forged 60 + 2
Aged* 66 £+ 1

Tensile, in extrusion direction

YSo 29 (MPa) UTS (MPa) er (%)
313 £ 1 373 £ 2 123 £ 0.6
313 £ 5 374 £ 2 12 +2
319+ 6 379+ 6 23+£038

The hardness is an average and standard deviation of 18 measurements and the tensile properties average of 3 measurements and a standard
deviation. Results are presented for forging #10 in the aged (*250 °C/72.5 h with a water quench) condition

Table 3 Details regarding extrusion conditions for the present Mg-8.20Gd-3.40Y-1.04Zn-0.24Zr extrusion as well as direct extrusions referenced

from literature

Reference Alloy Homogenization D, (mm) n T (°C) ER v, (m/min)
Present Mg-8.20Gd-3.40Y-1.04Zn-0.24Zr 510 °C/12 h/FAC 64 1 400 13.0 0.33
[11] Mg-9.5Gd-4Y-2.2Zn- 0.5Zr 520 °C/24 h/WQ 15 1 450 16.0 0.96
[12] Mg-5.59Gd-3.78Y-0.54Zn-0.49Zr 320 °C/2 h + 500 °C/10 h/AC 16.7 1 400 9.0 1.62
12.5 1 400 16.0 2.88
[13] Mg-8.2Gd-3.8Y-1Zn-0.4Zr 510 °C/12 h/WQ 60 3 400 8.0 0.72

The billet homogenization is detailed with forced air cool (FAC), air cool (AC) and water quench (WQ) from the homogenization temperature
indicated. The diameter of the extrusion (D,), number (n) of ports on the extrusion die, billet temperature (7)), extrusion ratio (ER), and resulting

extrusion speed (v,) are also presented

Table 4 Details regarding the tensile properties, in the extrusion direction, of the as fabricated (F) and peak age (T5) after extrusion condition for

the present alloy and extrusions referenced (Table 3) from literature

Reference Alloy Condition
Present Mg-8.20Gd-3.40Y-1.04Zn-0.24Zr F
TS
[11] Mg-9.5Gd-4Y-2.2Zn- 0.5Zr F
TS5
[12] Mg-5.59Gd-3.78Y-0.54Zn-0.49Zr F (ER 9.0)
F (ER 16.0)
[13] Mg-8.2Gd-3.8Y-1Zn-0.4Zr F
TS5

however, the elongation to failure is lowest of the alloys
compared.

Similar to the extruded material detailed in the reference
articles, the present extrusion exhibits multiple phases
including dynamically recrystallized phases (highlighted
with a yellow box) interspersed between elongated lamellar
structures, Fig. 2. Reference [13] identified the elongated
lamellar structure as containing 14H LPSO which would be
anticipated from the phases present at 400—450 °C (corre-
sponding to the extrusion conditions) on the equilibrium
cooling diagram, Fig. 1.

The improvement of extrusion strength with aging is
observed by multiple authors. According to Chi [13], this is
mainly attributed to the following three factors. Firstly, the
peak-aged alloy contains a high number density of B’ pre-
cipitates (a metastable phase in the RMg5—Fig. 1—

Age YSo.29 (MPa) UTS (MPa) e (%)
- 268 305 4.6
200 °C/48 h/WQ 392 400 1.5

- 325 378 7.8
200 °C/9 h 358 417 5.7

- 239 324 18.1
- 229 318 19.5
- 303 378 17
200 °C/48 h/WQ 395 470 8

sequence [14]) which have been generally reported to play a
key role in strengthening the magnesium alloys through
hindering the motion of basal dislocation. Second, the
remaining LPSO phases after ageing treatment can also
strengthen the alloy by a mechanism of fiber-like rein-
forcement. Thirdly, the basal fiber texture becomes stronger
after ageing treatment. When the tensile axis is parallel to the
extrusion direction, the critical resolved shear stress (CRSS)
for the basal slip of the grains with a basal fiber texture is
zero. So, the strengthening of the basal fiber texture can
further suppress the activation of basal slip, hence resulting
in the improvement of yield strength.

With aging temperature above 200 °C, the time to peak
age for the extrusion decreases and the magnitude of the
peak age hardness decreases, Fig. 3. This could be due to a
decrease in the mol fraction of RMg5 with increasing
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temperature above 200 °C, Fig. 1, as well as an increase in
diffusion kinetics resulting in accelerated coarsening of
strengthening particles.

Upset forging of the present extruded material is most
viable with a temperature window 400-450 °C and platen
speed 2.54 mm/s, Figs. 4 and 5. Although die lubricant is
suggested for magnesium alloys [5], it was not used for the
present study. The as forged alloy exhibits further refinement
to the microstructure, Fig. 6b, relative to the as extruded,
Fig. 2d, with grains elongated in both the longitudinal and
slightly in the transverse direction. The LPSO structure is
also further broken. Tensile properties are similar, Table 2,
regardless of whether the extrusion was forged #7 at 2 passes
1.27 mm/s or #9 three passes 0.42 mm/s. Aging at 200 and
250 °C after forging results in a slight increase in hardness,
Fig. 7, for both Sample #7 and #9. Aging at 250 °C/72.5 h
with a water quench also results in a slight increase to both
yield and tensile strength (Sample #10) in Table 2. However,
there is a significant drop in forging ductility.

Authors have only recently begun investigating the
forging of Mg-Gd-Y-Zn—Zr alloys from the As
Cast/homogenized [15, 16], previously forged [17], and
extruded [18, 19] conditions, Table 5. A comparison of
tensile properties between the as extruded forging stock and
the resulting forging is also presented, Table 6. Similar yield
and ultimate tensile properties are exhibited for the present
alloy and that presented in by Tong in [18]. The [18] cast
ingot was homogenized at 510 °C forl2 h, and then extru-
ded at 400 °C, with the extrusion ratio of 12:1 and ram speed
of 10 mm/s (extrusion speed of 7.2 m/min). Data for Tong
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are collected after one forging step. It is interesting to see an
increase in elongation to failure between the as extruded and
forged material both for the present alloy as well as Tong.
This may be due to further refinement of the coarse LPSO
phases during forging.

In the works of Han, Xu and Shan [15, 16] a cast Mg—
Gd-Y-Zn—Zr alloy was forged. The in-depth study of the
microstructure showed a grain refinement of the a-Mg grains
and precipitation of the LPSO phase (14H type) during
forging. These LPSO phases are known to inhibit dislocation
glide and grain growth. Moreover, the formation of B’ phase
precipitates during the ageing process was found. The high
strength of the alloy is therefore attributed to these precipi-
tated LPSO and b’ phases. The over ageing visible in this
alloy is thought to stem from precipitate free zones, grain
growth and coarsening of secondary phases [5].

Conclusions

1. Extrusion and  subsequent forging of the
Mg-8.20Gd-3.40Y-1.04Zn-0.24Zr (VW94) alloy was
demonstrated. Mechanical behavior consisting of Rock-
well B hardness and tensile properties were sampled in
the as fabricated and aged conditions.

2. Aging at 200 °C improved extrusion strength at the
expense of ductility.

3. Forging improved both the yield and tensile strength of
the as extruded material and increased ductility, attrib-
uted to a refined microstructure.

Table 5 Details regarding composition and forging conditions (the forging stock material, the temperature, T, for billet forging and the platen

speed, v) for the present alloy as well as similar alloys in literature

Reference Alloy (Wt%) Forge stock T (°C) v (mm/s) Notes

Present Mg-8.20Gd-3.40Y-1.04Zn-0.24Zr As extruded 425 1.72 Multi step

[15, 16] Mg-9.12Gd-2.96Y-0.68Zn-0.57Zr Hom. 510 °C/10 h/WQ 470 - -

[17] Mg-9.12Gd-2.96Y-0.68Zn-0.57Zr As forged 407 1.00 Bracket design
[18] Mg-8.2Gd-3.8Y-1.0Zn-0.4Zr As extruded 420 2.00 Multi directional
[19] Mg-10Gd-4Y-1.5Zn-0.5Zr As extruded 350 3.33 Pack forging

Table 6 Tensile properties of the as extruded forging stock and resulting forging for the present alloy (Tables 1 and 2) as well as details from

literature
Reference Condition YSo.29 (MPa) UTS (MPa) er (%)
Present As extruded 268 304 5.8
As forged 313 373 12.3
[18] As extruded 276 347 10.7
As forged 313 382 17.4
[19] As extruded 369 410 19
As forged 401 469 6.4
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Abstract

An open-source parallel 3-D crystal plasticity finite
element (CPFE) software package, PRISMS-Plasticity, is
presented here as part of an overarching PRISMS Center
integrated framework. A new rate-dependent twinning-
detwinning model is incorporated into the framework
based on an integration point sensitive scheme to model
Mg alloys. The model includes both kinematic and
isotropic hardening in order to handle cyclic response of
structural metals. The model is validated versus high
energy diffraction microscopy (HEDM) results of Mg
alloys during cyclic loadings. PRISMS-Plasticity TM is
another feature which has been developed as a new
open-source rapid texture evolution analysis pipeline
based on the Taylor model, which is integrated into the
open-source crystal plasticity software, PRISMS-
Plasticity. The developed framework is used to capture
the effects of alloying on texture development in Mg—Zn—
Ca alloys. Finally, the PRISMS-Plasticity software has
been integrated with the PRISMS-PF phase-field frame-
work to model twinning within Mg alloys.
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Extended Abstract

Crystal plasticity finite element (CPFE) is one of the com-
mon methods to model the mechanical response of Mg and
its alloys [1]. PRISMS-Plasticity [2], which is a highly
scalable CPFE software, has been developed as one of the
important components of PRISMS Center at University of
Michigan to investigate the mechanical response of Mg
alloys. In addition to the CPFE framework itself, several
pre-processing and post-processing pipelines have been
developed in a way that the software can be effectively
integrated with other computational tools and experiments.
Three major integration pipelines include DREAM.3D to
generate initial microstructures [3], PRISMS-Fatigue to
conduct simulation-based fatigue analysis [4—-7], and Mate-
rials Commons as the PRISMS Center information reposi-
tory. Several applications have been investigated using the
PRISMS-Plasticity software. A new rate-independent crystal
plasticity model is implemented within the software which
can capture both twinning and detwinning deformations [8].
Various Mg alloys have been calibrated and modeled using
PRISMS-Plasticity including ZK60A [8], Mg-Nd [9, 10],
WEA43 [11-13], and Mg,Al [14, 15].

PRISMS-Plasticity software version 1.4.0 has been
recently released which includes new features such as new
boundary conditions (BCs) like torsion BCs, Neumann BCs,
and nodal BCs, element deletion capability to model pores
and surface roughness, and user-defined visualization.
Additionally, a new buffer layer feature is added to mitigate
the effect of CPFE boundary conditions for the simulation of
high energy diffraction microscopy experiment. The latest
feature added to PRISMS-Plasticity software is
PRISMS-Plasticity TM [16], which is a rapid texture evo-
lution analysis pipeline. In support of a growing user com-
munity a You-Tube training channel has been established,
virtual training sessions are held regularly and a new Virtual
Machine (VM) for Windows users has been established.
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As an example of the application for the newly released
PRISMS-Plasticity TM pipeline, the texture evolution of
Mg-Y during rolling is investigated. Unalloyed Mg shows a
very strong basal texture along the normal direction
(ND) direction after cold rolling [17-19]. The addition of
rare earth (RE) elements to Mg can weaken the basal texture
by rotation from ND towards RD [20]. To investigate the
effect of the rare-earth element Y on Mg alloy texture evo-
lution, the texture evolution of Mg-3 wt% Y (Mg-3Y) alloy
is investigated during the rolling process. The sample ini-
tially has a random texture consisting of 4096 grains of equal
grain sizes. The rate-dependent crystal plasticity formulation
is used here with the perfect-plasticity assumption [4]. Here,
the response of Mg-3Y is simulated using four slip modes of

Basal (a)({0001}(1120)), Prismatic (a)({1010}(1120)),
Pyramidal (a)({1122}(1123)), and Pyramidal (c+a)
({1122}(1123)), along with one extension twin mode
({ 10T2}<T01 1>) The elastic constants of pure Mg at room
temperature are used here which are Cj; = 59,400 MPa,
C12 = 25,610MP3, C13 = 21,440MP3, C33 =
61,600 MPa, and Cy4y = 16,400 MPa. The initial slip resis-
tances of Mg-3Y reported by Wang et al. [21] are used here
for different deformation systems, as summarized in Table 1.
Following Yaghoobi et al. [2], the PTR scheme is used to
model reorientation due to extension twinning with the
parameters of A = 0.7 and B = 0. In order to mimic the
rolling process along y axis (with z axis being the short

Table 1 The initial slip resistances of different deformation modes in Mg-3Y (Wang et al. [21])

Mode Basal Prismatic

(0001)
RD

(a) END = —10%

(0001)
RD

(d) exp = —40% (€)enp

Pyramidal <a>
sg (MPa) 12 38 36

(D001)
D

(b)END =—-20%

(0001)
RD

Pyramidal <c + a> Twinning

60 40

(0001)

R 7
1

-5

D 4

3

2

1

(C) END = —30%

—60%

(f) END = —100%

Fig. 1 The PRISMS-TM simulated evolution of basal (0001) pole figures in Mg-3Y alloy sample with initial random texture during rolling at
different true strain along ND: a exp = —10%, b exp = —20%, ¢ exp = —30%, d exp = —40%, e exp = —60%, and f exp = —100%
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transverse direction), the velocity gradient tensor of

0 o 0
Lioiiing = |0 0.01 0 s~! is incorporated. The roll-
0 0 -0.01

ing simulation is conducted up to a true strain of 100% in
compression in the sheet normal direction (ND). Figure 1
shows the evolution of basal (0001) pole figures at different
true strains along ND. Unlike unalloyed Mg which forms a
very sharp basal texture along ND during rolling, Fig. 1
shows that the addition of Y weakens the basal texture by
rotation from ND towards RD [20].
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Abstract

While rare-earth Mg alloys have remarkable properties
for high strength applications, lower cost alternatives are
necessary for the widespread industry use of Mg. Ca
added Mg alloys have shown promise as an alternative to
rare-earth alloys. Ca-based precipitates can reduce basal
texture, reduce casting porosity, and increase mechanical
strength of cast components. However, the accumulation
of Ca-based precipitates along inter-dendritic regions can
severely limit ductility. Here, we apply two solid-phase
processing techniques, friction stir processing and shear
assisted processing and extrusion, to produce wrought
microstructure sheet and extruded tubes from a cast Mg—
Al-Mn—Ca alloy. Ductility of the alloy is enhanced by
densification under the applied thermomechanical pro-
cessing conditions, grain refinement, and refinement of
(Al, Mg)—Ca-based precipitates. Solid-phase processing
provides a low cost opportunity to improve the properties
of cast Mg alloys and improve service life.
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Introduction

Lightweighting has been on the forefront of research due to
its importance in fuel efficiency and global energy conser-
vation initiatives. Mg alloys in particular are a promising
candidate due to their high strength to weight ratio. Pure Mg
has a density of 1.7 g/cm® which is approximately one-fifth
that of iron and two-thirds that of aluminum. The primary
limitation for current Mg alloys lies in the ability to fabricate
defect free components for low cost. Traditional casting
methods result in porous structures with local microstructure
heterogeneities [1]. This typically results in low ductility and
poor fatigue life [2, 3]. Higher cost casting alternatives, such
as vacuum assisted high pressure die casting, exist to reduce
the frequency and size of defects, but are not economically
scalable [4]. In addition to processing techniques, alloy
development has been a focus to improve strength, ductility,
and castability by reducing texturing and defect formation.
Rare-earth Mg alloys have shown remarkable properties for
high strength and mission critical applications by reducing
basal texture in cast components [5], but lower cost alter-
natives are necessary for widespread industry adoption. Ca
added Mg alloys offer a promising alternative to rare-earth
alloys with low environmental impact [6]. Ca-based pre-
cipitates can reduce basal texture, reduce casting porosity,
and increase mechanical strength [7, 8]. However, the
accumulation of Ca-based precipitates along inter-dendritic
regions can severely limit ductility. Figure 1 shows the yield
strength and elongation of several Mg-based alloys, high-
lighting the property response of Mg—Ca alloys after
thermo-mechanical processing.

Solid-phase processing techniques, such as extrusion, that
lead to wrought microstructures also have the ancillary benefit
of breaking down these secondary phase particles in Mg—Ca
alloys [18]. Here, we apply two solid-phase processing
techniques, friction stir processing (FSP) and shear assisted
processing and extrusion (ShAPE), to produce locally modi-
fied sheets and extruded tubes from a cast Mg—Al-Mn—Ca
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Fig. 1 An Ashby plot of yield strength and elongation for several
non-rare earth Mg alloys [8—18]

alloy. The effect of the processing parameters on the properties
and microstructure are observed.

Experimental
Friction Stir Processing

Friction stir processing (FSP) is a solid-state thermome-
chanical processing technique that enables local
microstructure modification [19]. A non-consumable rotat-
ing tool is brought into contact with the surface of a work-
piece. The tool rotation and applied normal force lead to
frictional heating and local softening of the workpiece sur-
face [20]. Continuous plastic deformation takes places as the
softened material yields under the shear imparted by the
rotational motion of the tool. The elevated temperature and
imparted strain lead to dynamic recrystallization of the
material which yields a refined grain structure [21].

FSP has been widely applied to magnesium alloys to
improve strength, ductility, and fatigue life [22]. FSP leads
to improved mechanical performance due to several
microstructural modifications. Cavaliere et al. [23] demon-
strated that FSP eliminates casting defects in AZ91 which
slows crack propagation during fatigue. The fracture surface
in the FSP condition demonstrated no evidence of crack
growth along existing defects such as voids or oxides.
Additionally, it is possible to selectively fabricate the texture
of magnesium components as either pyramidal or basal
texture depending on the processing conditions as shown in
FSP of AZ91 [24]. Furthermore, there was substantial dis-
solution and fragmentation of the p-Mg;Al, after
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FSP. Similar observations were captured by Nene et al. [14]
in AXM541 where dispersion strengthening was observed
due to refinement of Al-Ca particles during FSP. Elimina-
tion of casting defects, homogenization of secondary phase
particles, and grain refinement have all been observed for
FSP of Mg alloys.

Shear Assisted Processing and Extrusion

Shear assisted processing and extrusion (ShAPE) is a simi-
lar thermomechanical processing technique that is used to
fabricate tubes, rods, or disks [25]. In ShAPE, a non-
consumable rotating tool or die is brought into contact with a
stationary billet of material. Similar to FSP, the rotational
motion leads to frictional heating of the billet. As the tem-
perature rises, the billet surface begins to yield and undergo
continuous plastic deformation. Features on the surface of
the die guide material flow toward an extrusion orifice at the
center of the die surface. The thermomechanical processing
conditions at the die-billet interface are similar to those
undergone during FSP, so the final result yields a dynami-
cally recrystallized microstructure with refined grains [26].
Whalen et al. [27] fabricated Mg tubes with refined sec-
ondary phase particles and basal textures not aligned with
the extrusion direction. This work aims to leverage the
benefits observed in FSP and ShAPE for Mg alloys and
apply them to Mg—Al-Mn—Ca to produce a high strength,
high ductility, and low cost Mg alloy.

Conclusion

There is substantial evidence in literature that Mg—Ca alloys
have a strong response to thermomechanical processing. As
such, Mg—Ca alloys are a promising alternative to rare-earth
Mg alloys which have a low cost and low environmental
impact. However, there remain questions regarding the
microstructure evolution during thermomechanical process-
ing and the process-microstructure relationship. This work
aims to establish a thorough understanding of the
process-microstructure relationship during FSP and ShAPE
of Mg—-Al-Mn—Ca.
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Abstract

The tensile properties and work hardening behaviour of
die-cast magnesium alloy AE44 were investigated at a
wide range of temperatures from 77 to 473 K and strain
rates from 107 to 107" s™!. AE44 was also subjected to
T5 ageing to understand the effect of heat treatment on the
work hardening behaviour. Both the as-cast and T5-aged
AE44 showed a continuous decrease in strength and
hardening rate with increasing temperature. A positive
strain-rate sensitivity was observed over the entire
temperature range. Voce hardening law was used to
examine the work hardening behaviour, and it appears
that the athermal hardening stage previously reported for
magnesium alloys does not exist in AE44 for the studied
temperatures and strain rates.

Keywords

Magnesium alloys ¢ Mechanical properties ¢ Work
hardening * Athermal hardening ¢ Dislocation slip

Introduction

Magnesium (Mg) alloys are highly skewed towards being
manufactured by pressure die-casting processes. Despite the
efforts of the research community over the last 20 years, the
consumption of Mg alloys by high-pressure die-casting, and
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the closely related thixomolding processes, remains an order
of magnitude above those of all other processes combined.

Mg die-cast parts have unique microstructural character-
istics that set them apart from parts manufactured by other
processes. Die-castings typically have a smaller grain size
(approximately 10 um) and a random texture [1]. Studies
have shown that the activity of basal slip increases markedly
as the grain size decreases [2, 3], and basal slip is shown to
operate in grains with orientations that a simple Schmidt
factor analysis would preclude [3]. The behaviour of twin-
ning deformation is also strongly influenced by grain size at
this scale, with interactions of twins with grain boundaries
and neighbouring grains becoming significant at grain sizes
below about 10-20 um [4].

The Mg-aluminium (Al) system forms the basis of
die-cast alloys with Al improving castability and mechanical
properties. Small quantities of manganese (Mn) are present
to control iron levels and limit its detrimental effects on
corrosion performance. The most common alloys are AZ91
(Mg-9Al1-1Zn-0.2Mn) and AM60 (Mg-6Al-0.3Mn, all
compositions in weight percent, wt%). High levels of Al in
Mg solid solution have a significant impact on high tem-
perature creep resistance and it also modifies the response to
strain rate and temperature through dynamic strain ageing [5,
6]. More specialised alloys have been developed for high
temperature applications and these commonly contain ele-
ments such as Cerium (Ce) and Lanthanum (La) that have a
high affinity for Al and, therefore, reduce the level of Al in
Mg solid solution [7]. Although more complex in compo-
sition, the deformation behaviour of these alloys is simpler
to interpret with less complicating effects from dynamic
strain ageing.

One of the most commonly used creep resistant Mg
die-casting alloys is AE44 (Mg-4AIl-4RE-0.3Mn). Our pre-
vious study showed that AE44 exhibited significant
strain-rate sensitivity at room temperature, which is typical
of Mg alloys with low solute levels [5, 8-10]. The present
study extends the study of deformation behaviour of die-cast
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AE44 to include the effects of temperature, strain rate, and
heat treatment. The work hardening behaviour is also com-
pared with Voce hardening law to better understand the
deformation stages in AE44.

Experimental Methods

The AE44 alloy used in this work has the following com-
position (wt%): Al 3.86, Mn 0.38, Ce 2.61, La 1.66, and
balance Mg. All samples were cast with a 250 tonne cold
chamber machine to produce cylindrical tensile bars of
5.65 mm diameter and 34.5 mm gauge length. AE44 alloy
was tested in both the as-cast condition (designated AE44-F)
and after a heat treatment of 32 h at 200 °C (designated
AE44-TS). TS ageing leads to remarkable improvements in
strength with no substantial reduction in ductility for AE
alloys [11, 12].

Tensile tests were carried out using a screw-driven
Instron machine at a series of temperatures from 77 to 473 K
and strain rates, 107" to 107 s™'. Temperatures above
ambient were achieved using a furnace mounted within the
Instron machine. Temperatures below ambient were
achieved using a custom-made combination grip plus cryo-
genic liquid holder shown in Fig. 1. A 60 mm diameter rod
of Al alloy 2011 was machined to create a cup to hold
cryogenic liquids, such as ethanol plus dry ice and liquid
nitrogen. In the bottom of the cup, an M12 threaded blind
hole was machined to provide a means of attaching the
threaded tensile specimens. On the outside surface beneath
this hole, another M12 hole was machined to provide a
connection to a 20 mm diameter, 304 stainless steel alloy
rod. The use of opposing blind holes eliminated the possi-
bility of leakage of cryogenic fluid.

Due to the complexity of equipment set up, the use of an
extensometer was not practical, instead a model was used to
deduce extension from the crosshead displacement. Tests at
ambient temperature, with an extensometer and with the cup
inverted, were first used to obtain strain and crosshead dis-
placement data. By assuming that all deformation outside of
the gauge length 1is elastic, an accurate tensile
strain-crosshead displacement model was established to
obtain the true stress—strain data. True stress—strain data
were then processed to determine the work hardening rate or
gradient (®) using curve fit function from Python libraries
numpy, scipy and sklearn.

Scanning electron microscopy (SEM) was used for
microstructural ~ characterisation. Electron-backscatter
diffraction (EBSD) data was collected in a FEI Nova
NanoSEM at 20 kV using a step size of 0.5-um. The sample
surfaces for EBSD and SEM analyses were prepared using
standard mechanical polishing procedures and were finished
with 0.06 pm colloidal silica suspension.
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M12 threaded tensile specimen

Cryogenic liquid

Fig. 1 Apparatus for testing at cryogenic temperatures. During testing,
the cup was filled with cryogenic liquid covering the tensile specimen,
and wool blanket was wrapped around the cup to provide insulation

Results and Discussion
Alloy Microstructures

The microstructures and grain size of the die-cast AE44 are
shown in Fig. 2. Mg solid solution forms the primary phase
which is outlined by a eutectic mixture consisting of Mg and
Al-Ce—La based intermetallic phase. Several intermetallic
phases have been reported in this system and the details of
these are described extensively elsewhere [13]. Blocky Mg—
Al based intermetallic phases are also observed. Note that
there are no obvious changes in shape or size of the inter-
metallic phases in AE44 after TS ageing. However, TEM
examinations revealed the formation of spherical nanoscale
precipitates (less than 10 nm) after ageing as previously
reported [14, 15]. The AE44 used in the present study has a
uniform grain size of about 8 pm and a random texture.

Effect of Temperature on Tensile Behaviour
of AE44

The tensile curves for AE44-F and AE44-T5 covering
temperatures from 77 to 473 K are shown in Fig. 3. Both
as-cast and T5-aged conditions show a continuous variation
in strength and hardening rate with temperature, and a pos-
itive strain-rate sensitivity is observed over the entire
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Fig. 2 (a) SEM backscattered
electron image and (b) EBSD
image of the studied alloy AE44

temperature range. The presence of a knee, that is, a region
where the slope rapidly decreases then increases slightly, is
restricted to a range of temperatures. The knee is absent at
200 K and below, and at 473 K. The knee is strongest in the
AE44-T5, 373 K specimens.

The effects of temperature, heat treatment and strain rate
on 0.2% proof stress, g, are shown in Fig. 4. Details of 0.2%
proof stress measurement method can be found in previous
studies [16]. Proof stress decreases with increasing temper-
atures for both heat treatment conditions and strain rates. In
the case of AE44-F, the decrease is close to linear, with a
slight increase in steepness as the temperature increases. For
the AE44-TS5 condition, the rate of decrease is significantly
higher above room temperature. Both AE44-F and TS5 con-
ditions appear to extrapolate towards a similar value at 0 K
of about 220 MPa. At high temperatures, there also appears
to be a convergence towards similar values. The highest
strengthening increment from heat treatment appears to
occur near room temperature (295 K). At all temperatures,
for both alloy conditions, lower strain rate results in lower
proof stress.

350

The hardening rates for AE44-F and TS5 are shown in
Fig. 5a, b, respectively. In AE44-F, the hardening rate (®)
varies linearly with stress indicating Voce hardening [17].
The Voce hardening law is given by Eq. 1. In AE44-T5, the
295 K specimen shows a deviation from Voce hardening,
that is, the region after the knee, is curved. This is the
temperature where the maximum heat treatment strength-
ening effect occurred as shown by the separation of the F and
TS5 curves in Fig. 4. The Voce hardening parameters, ®, and
g, extrapolated from Fig. 5a and the shear modulus, u of
Mg, (17 GPa [18]) were plotted against temperature for

AE44-F in Fig. 5c.
0 =0, (1 - 1)
oy

Effect of Strain Rate on Tensile Behaviour of AE44

(1)

The tensile curves vary with strain rate in a similar manner to
temperature but over a narrower range, as shown in Fig. 6a,
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Fig. 3 Tensile curves for (a) AE44-F and (b) AE44-T5 at two strain rates and multiple temperatures
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Athermal Hardening Discussion

b. The effect of strain rate on 0.2% proof stress is shown in
Fig. 6¢. Proof stress increases with strain rates for both
AEA44-F and AE44-T5, but less markedly for AE44-T5. The
extrapolated linear fits intersect at 220 MPa and a strain rate
of 10”. This value of 220 MPa coincides with that for 0 K,
shown in Fig. 4, and the strain rate of 107 is consistent with
» values commonly used in empirical strain-rate equations
3 [19]. The hardening rate variations with stress are shown in
Fig. 7. The best correlations to Voce hardening laws are for
AE44-F at intermediate strain rates.

The work hardening curves presented above serve as a good

starting point to understand the deformation stages in
hexagonal close-packed (HCP) metals, which is still under
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extrapolated from (a), divided by shear modulus as a function of temperature for AE44-F in (c)
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reported. The stages of deformation in face-centred cubic
(FCC) metals, however, have been studied extensively [19].
In polycrystalline FCC materials, easy glide dislocation slip
(referred to as stage I) is prevented by the constraint of
adjacent grains. The onset of plastic slip in polycrystalline
materials requires cross-slip, a process described as stage II.
Stage II is characterised by a nearly constant hardening rate
with slip occurring on more than one set of planes [20]. In
stage III, the strain hardening rate decreases due to processes
known as dynamic recovery [20]. In many cases, stage III
begins immediately at the onset of plastic deformation, and
so the stage II hardening rate represents only the instanta-
neous hardening rate at the commencement of plastic
deformation. If a metal obeys Voce hardening law, then
stage II hardening rate is equivalent to ®¢. In FCC metals,
this hardening rate divided by shear modulus, ®y/u, typi-
cally yields a constant value of ~ 0.05 regardless of tem-
perature or strain rate and thus is referred to as the athermal
hardening rate, ®;, [19].

In HCP metals, such as Mg alloys, true stage II defor-
mation does not occur as basal slip only has one plane. That
is, the characteristic of stage I, that slip occurs on more than
one set of planes, cannot be met by basal slip alone. If the
deformation behaviour of Mg is analogous to FCC metals,
then there must be some component of prismatic slip in
addition to basal slip, so that slip can occur on more than one
set of planes. This implies that there is no athermal slip
process in Mg alloys with the possible exception of the easy
glide stage of basal slip. This is further supported by Fig. 5¢
which shows that the ®y/u values are clearly not athermal,
ranging from 0.18 at 77 K to 0.04 at 473 K.

Previously, the concept of athermal hardening has been
applied to Mg alloys to model the deformation behaviour.
Caceres and Blake [21] applied Eq. 2 (adapted from [19]) to
the room temperature tensile behaviour of Mg castings with
a range of grain sizes. @, represents the athermal hardening
component and ®, accounts for softening due to dynamic
recovery. ®, is a function of stress, strain rate, and tem-
perature and is the means by which the effects of temperature
and strain rate on tensile curves can be modelled. The
nearness of ®,/u or ®,/E to expected values was cited as
evidence supporting this approach.

do

(0 —ay) P (0 —0y)[0®) — O,(0,,T)]

(2)

Equation 2 is of the same form as the Voce hardening law
(Eq. 1) if we equate ®;, to ®q and ®, to Oy aﬂ The present
study has clearly shown that ®, is not athermal for Mg
alloys and that the nearness of ®¢/u to expected values only
applies to temperatures slightly above room temperature.
Instead @, for the case of Mg alloys, is itself a function of

T. Abbott et al.

temperature and strain rate and so Eq. 3 is a more appro-
priate basis for a model.

© = ©y(i, T) [1 - i} (3)

GV

In both the as-cast and T5-aged conditions, AE44 follows
Voce hardening over a wide range of temperatures and strain
rates (except AE44-T5 at 295 K), if the knee section is
excluded. Modelling the knee section requires a separate
approach, and it is still under investigation. A further
understanding is also required for AE44-T5 at 295 K which
is the temperature where the maximum heat treatment
strengthening effect occurs.

Conclusions

The effects of temperature and strain rate on the tensile
properties and work hardening behaviour of Mg alloy AE44
have been studied. It is observed that both the AE44-F and
AEA44-T5 show a continuous decrease in strength and
hardening rate with increasing temperature and decreasing
strain rate. One significant finding is that the athermal
hardening stage, commonly reported for Mg alloys, is not
observed for the present AE44 alloy in both the as-cast and
T5-aged conditions. The Voce hardening parameter shows a
continuous decrease with increasing temperature.
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Abstract

High-pressure die-cast magnesium (Mg) alloys are
required for components working at temperatures above
200 °C. These new alloys are necessary for high-volume
applications such as critical parts used for internal
combustion (IC) engines in power tools. Here we present
new developments of a Mg—RE die-cast alloy that shows
excellent ambient and high-temperature tensile strength,
creep resistance, stiffness, and thermal conductivity,
which are key advantages for alloys used at elevated
temperatures. The excellent creep resistance of the
die-cast Mg3.5RE (La, Ce, Nd)1.5GdMnAl alloy, in
comparison with its counterpart alloy without the Al
addition, shows a significant improvement of the
steady-state creep rate (SCR) at 300 °C/50 MPa. The
synergistic effect of Al, Gd, and Mn has been found to
induce a novel and thermally stable AIMnGd ternary
short-range order (SRO, 0-2 nm)/cluster (2-10 nm) in
the Mg matrix, which is believed to be responsible for the
improvement in creep performance.
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Introduction

Magnesium alloys as lightweight structural materials are
attractive in manufacturing powertrain components because
of the excellent damping property to achieve significant
reduction in vibration [1-3]. This is even more attractive for
the application in powered tools as the reduced vibration can
increase the comfortability in human operation. However,
the inherent features of magnesium alloys are usually not
favourable for applications at high temperatures [4, 5].

Generally, having Al in Mg alloys was considered ben-
eficial for castability but detrimental for creep resistance at
elevated temperatures [3, 6]. Therefore, the most widely
used die-cast Mg—Al-based alloys (AZ91, AM50/60) are not
suitable for elevated applications above 120 °C, due to the
formation of thermally unstable Mg;;Al;, phase [7, 8]. The
improvement through adding Si, Sr, Ca, Sn, and rare earth
(RE) can increase the creep resistance of Mg—Al-based
die-cast alloys, but only work well at temperatures up to
150-175 °C [6, 9]. Therefore, further increase of working
temperatures has focused on the Mg—-RE alloys without Al
addition. However, it is unclear whether minor additions of
Al can be beneficial for Mg-RE alloys working for higher
temperatures.

In this work, it is aimed to study the effect of Al in a
die-cast Mg—RE alloy that shows excellent creep resistance
at elevated temperatures of 300 °C. The microstructure
characterisation is conducted at an atomic level to under-
stand the mechanism of creep resistance. The discussion
focuses on the relationship between the microstructure and
the creep resistance.

Experimental
Cylindrical creep samples were prepared by high-pressure
die casting (HPDC) on a 4500 kN cold chamber machine,

and the gauge diameter and length of creep samples were
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6.35 mm and 20 mm, respectively. The alloy composition
obtained by ICP-OES was Mgl.6La0.9Cel.0Nd1.5Gd0.3
7Zn0.3Mn0.5A1 (wt.%). Creep tests were conducted on a
lever-type Instron machine following ISO 204:2018. The
creep temperatures were set 200-300 °C, and the stress
levels of 40-80 MPa were applied for the creep tests. The
temperature of the creep samples was controlled by ther-
mocouples with an accuracy of + 1 °C, and the loaded
stresses were lower than the yield stress. One extensometer
was attached to the gauge section of samples to measure the
strains during creep testing.

Backscattered SEM (BSD-SEM) observation was per-
formed on a Zeiss SUPRA 35VP microscope. Electron
backscatter diffraction (EBSD) samples were prepared by
electrolytic polishing using picric acid solution (a mixture of
12.6 g picric acid, 30 ml acetic acid, 30 ml water, and
420 ml ethanol) after mechanical polishing. The electrolyte
temperature was — 30 °C after liquid nitrogen treatment,
and the polishing time was 80-100 s with 20 V voltage.
TEM samples were prepared by mechanical polishing fol-
lowed by final ion thinning. TEM analysis including
nano-diffraction (ND), bright-field (BF) imaging, and
high-resolution TEM (HRTEM) imaging were conducted
using a FEI Tecnai G2 microscope. An in-depth TEM
analysis was carried out using a Thermofisher Titan Themis
60-300 microscope at 300 kV, which was equipped with a
highly efficient (4 quadrant) energy dispersive X-ray
(EDX) system and a probe aberration corrector for atomic
and nano-scale characterisation in the scanning TEM
(STEM) mode. The collection angle of the high-angle
annular dark field (HAADF) detector ranged from 80 to 150
mrad. The probe size was set to 0.1 nm with a convergent
semi-angle of 22.5 mrad. Energy dispersive spectrometer
(EDS) mapping was also applied under STEM. A 3D visu-
alisation program for structural models (VESTA) was used
to construct interfacial atomic structures.

Results
Tensile Creep Properties

Figure 1 shows the creep properties of the die-cast
Mg3.5RE1.5GdMnAl alloy, the comparison with the coun-
terpart Al-free Mg3.5RE1.5GdMn alloy and the traditional
representative Mg-Al-based commercial die-cast
MRI153M, AJ62, MRI230D, and AE44 alloys for elevated
applications. As illustrated in Fig. la, under the creep tem-
perature of 300 °C and the stress of 50 MPa, the
Mg3.5RE1.5GdMnAl alloy went into the tertiary state after
creep for 460 h (h) and did not reach the rupture point after
620 h; the counterpart Mg3.5RE1.5GdMn alloy went into
the tertiary state after creep for 350 h and ruptured after
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450 h, whereas the secondary steady-state creep strain of the
Mg3.5RE1.5GdMnAl alloy was much lower than the
counterpart Mg3.5RE1.5GdMn alloy and the four commer-
cial alloys. As shown in Fig. 1b, the steady-state creep rate
(SCR, s™') of the MRII53M, AJ62, MRI230D, AE44,
Mg3.5RE1.5GdMn, and Mg3.5RE1.5GdMnAl alloys at
300 °C/50 MPa were (4.58 + 1.19) x 107, (3.39 + 0.88)
x 107,  (3.15+0.82) x 1078, (5.69 + 1.41) x 107,
(4.68 £+ 1.23) x 107'° and (1.35 + 0.28) x 107'°, respec-
tively. The Mg3.5RE1.5GdMnAl alloy showed a 71%
reduction in the SCR compared with the counterpart
Mg3.5RE1.5GdMn  alloy; it further showed a
much-improved creep resistance in contrast to the four typ-
ical Mg—Al-based commercial die-cast alloys. In addition,
the SCR of the Mg3.5RE1.5GdMnAl alloy was lower
than the heat-treated gravity cast Mg alloys (QE22,
EQ21, AM-SC1, WEA43, WES54, Mgl5Gd, Mg8Gd4Yy,
Mg15Gd2Y, Mgl0Gd3Y, and Mgl12Y5Gd) for applications
at 200-300 °C [10-19]. Therefore, the die-cast Mg3.5REL.5
GdMnALI alloy has a superior creep resistance that could
promote the working temperatures of the die-cast Mg alloys
from 120-200 °C [3, 20] to 200-300 °C.

As-Cast Microstructure

Figure 2a-h show the BSD-SEM morphology and SEM—
EDS mapping of the counterpart Al-free Mg3.5RE1.5GdMn
alloy in the as-cast state. The microstructure comprised the
primary o;-Mg matrix phase with a grain size of ~ 10—
30 um, the secondary o,-Mg matrix phase with a grain size
of ~ 2-10 pm and the intermetallic phase at the grain
boundaries (GBs). Previous studies [20, 21] have confirmed
that the fine o,-Mg was formed in the die cavity with a
higher cooling rate than the a;-Mg which was formed in the
shot sleeve. The major intermetallic phase at the GBs of the
Mg3.5RE1.5GdMn alloy was Mg;,RE, which was enriched
in La, Ce, Nd, and Gd. Figure 2i—q display the BSD-SEM
morphology and SEM-EDS  mapping of the
Mg3.5RE1.5GdMnAl alloy in the as-cast state. The major
intermetallic phase at the GBs of the Mg3.5RE1.5GdMnAl
alloy was still Mg,RE that was enriched in La, Ce, Nd, and
Gd. However, a small amount of fine AILRE; intermetallic
phase formed at the GBs of the Mg3.5RE1.5GdMnAl alloy,
which was in blocky morphology. The Al,RE; intermetallic
phase was enriched in Al and Gd, as shown in Fig. 2m and n.

Microstructure Evolution at GBs by Creep
Figure 3a and b present the BSD-SEM and STEM mor-

phology of the intermetallic phases at the GBs of the die-cast
Mg3.5RE1.5GdMnAl alloy before creep, and the ND
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Fig. 1 Tensile creep properties of the die-cast Mg3.SRE1.5GdMnAl alloy under the as-cast condition, compared with the counterpart Al-free
Mg3.5RE1.5GdMn alloy and the traditional representative Mg—Al-based commercial die-cast MRI153M, AJ62, MRI230D, and AE44 alloys for
elevated applications. a Representative creep curves. b The steady-state creep rate of the alloys tested at 300 °C with a 50 MPa stress

Fig. 2 As-cast microstructure of a-h the counterpart Al-free b La, ¢ Ce, d Nd, e Gd, f Mn, g Zn, and h Mg in a; i BSD-SEM
Mg3.5RE1.5GdMn alloy and i—q the die-cast Mg3.5RE1.5GdMnAl  morphology of the Mg3.5RE1.5GdMnAl alloy; j—q SEM/EDS maps of
alloy analyzed by SEM. a BSD-SEM morphology of the counterpart the elements: j La, k Ce, 1 Nd, m Gd, n Al, o Mn, p Zn, and q Mg in i
Al-free Mg3.5RE1.5GdMn alloy; b—h SEM/EDS maps of the elements:
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Fig. 3 Microstructure of the as-cast die-cast Mg3.5RE1.5GdMnAl alloy a—d before creep and e-h after creep at 300 °C/50 MPa for 400 h. a,
e BSD-SEM morphology; b, f STEM images and ¢, d, g, h ND patterns showing the intermetallic phases at the GBs

patterns in Fig. 2c and d verified that the intermetallic
phases at the GBs of the Mg3.5RE1.5GdMnAl alloy
before creep were Mg ,RE and Al,RE;. Figure 3e and f
show the BSD-SEM and STEM morphology of the
Mg3.5RE1.5GdMnAl alloy after creep at 300 °C/50 MPa
for 400 h. The Mg,RE and ALRE; phases at the GBs
showed no obvious change of morphology in comparison
with that before creep. In addition, the ND patterns in
Fig. 3g and h demonstrated that the intermetallic phases at
the GBs of the Mg3.5RE1.5GdMnAl alloy after creep were
still Mg,RE and AI,RE;. Therefore, there were no phase
transformations at the GBs after creep, indicating that
Mg ,RE and ALLRE; were stable and did not degrade at the
high creep temperature of 300 °C.

Microstructure Evolution in Mg Matrix by Creep

Figure 4a—e, f and i show the microstructure in the Mg matrix
of the Mg3.5RE1.5GdMnAl alloy before and after creep at
300 °C/50 MPa for 400 h, respectively. Isolated solute atoms
and a novel ternary AIMnGd SRO/cluster were observed in
the Mg matrix of the alloy before creep (Fig. 4a—e). After
creep at 300 °C/50 MPa for 400 h, an Al,Gd precipitate was

observed in the Mg matrix (Fig. 4f); isolated solute atoms and
the AIMnGd SRO/clusters still existed in the Mg matrix
(Fig. 4f=i); the quantity of isolated solute atoms decreased
(Fig. 4g), while the size of some clusters increased (Fig. 4f).
However, the size of the clusters was under 10 nm after creep
at 300 °C/50 MPa for 400 h (Fig. 4f). In this work, the
AIMnGd microstructure with the size of 0-2 nm and 2—
10 nm was called the SRO and cluster, respectively. In
addition, the size of Al,Gd precipitate was ~ 27-75 nm.
Further, the Al,Gd precipitate exhibited a hexagon-faceted
morphology under the projection direction of {001) Mg.
Figure 4d and e show the enlarged view of the SRO and
cluster in Fig. 4c, h and i show the enlarged view of the SRO
and cluster in Fig. 4g. The AIMnGd SRO/clusters occupied
the positions of the Mg atoms, both before (Fig. 4d, e) and
after creep (Fig. 4h, i). The inserts in Fig. 4d, e, h and i show
the corresponding fast Fourier transform (FFT) patterns in the
areas, and the FFT patterns of the AIMnGd SRO/clusters were
the same as their adjacent areas of the Mg matrix, both before
and after creep, which indicated that the AIMnGd
SRO/clusters were coherent with the Mg matrix. SRO and
clusters were also reported in some Mg alloys [22-24].
Therefore, the microstructure evolution mainly occurred
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Fig. 4 STEM images showing the microstructure in the Mg matrix of
the die-cast Mg3.5RE1.5GdMnAl alloy a—e before creep and f-i after
creep at 300 °C/50 MPa for 400 h, under the projection direction of
{0001 } Mg. a, c—e The STEM-HAADF images and b STEM/EDS

in the Mg matrix of the Mg3.5RE1.5GdMnAl alloy after
creep.

Figure 5 shows the interactions between dislocations
and precipitates in the Mg matrix, and between the dislo-
cations and intermetallic phases at the GBs during the
steady-state creep of the die-cast Mg3.5RE1.5GdMnAl alloy
at 300 °C/50 MPa. Importantly, high-density AIMnGd
SRO/clusters were observed for pinning dislocations in the
Mg matrix (Fig. 5a). Al,Gd precipitates can also contribute
to dislocation pinning; however, due to the lower number
density and larger size, their contribution to the dislocation
pinning may not be as significant as the AIMnGd
SRO/clusters. The HRTEM images in Fig. 5b—d show the

Solute atom

¥

mapping of the solute atoms and AIMnGd SRO/clusters in the Mg
matrix before creep; f—i the STEM-HAADF images showing the solute
atoms, AIMnGd SRO/clusters and Al,Gd precipitates in the Mg matrix
after creep

impeding of the dislocations across the GBs by the Mg{,RE
network.

Discussion
Effects of Mg,,RE/Al,RE; at GBs on Creep

It was suggested that the formation of the Mg ,RE phase at
the GBs became possible in Mg—AI-RE alloys when
the RE/AI weight ratio was above 1.4 [25]. In differentia-
tion to the divorced or lamellar Al-containing compounds in
the die-cast Mg—Al-based alloys, Mg ,RE constitutes the
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Dislocation

X

Fig. 5 a BF-TEM and b-d HRTEM images viewed along the [1 2 10]
Mg, showing the dislocations in the die-cast Mg3.5RE1.5GdMnAl
alloy after creep at 300 °C/50 MPa for 400 h. a The dislocations in the
Mg matrix far from the GBs and viewed with g = [1 01 1] Mg, and

major intermetallic phase at the GBs of the Al-free die-cast
Mg-RE alloys [26, 27]. More importantly, Mg,RE can
form a network. With the increase of the RE/Al weight
ratio, there is a transition from the Al-rich Al;;RE; to the
Al-free Mg ,RE at the GBs. In theory, the transition
sequence is Al;;RE; — ALRE — AIRE — ALRE; —
AIRE, — Mg, RE [28]. As the die-cast Mg3.5REL.5
GdMnAl alloy has a RE/Al weight ratio of ~ 10:1, the
Mg ,RE network can form at the GBs (see Figs. 2 and 3).
However, Al is tied up by RE, especially Gd, to form the
divorced ALL,RE; compound at the GBs (see Fig. 2).
Mg ,RE was reported to be more stable than Al;;RE;,
which can degrade to ALRE via a releasing of Al [29, 30].
The diffraction analysis after creep (see Fig. 3) also sup-
ported the stability of Mg ,RE. It was further reported [31]
that the increase of the interconnectivity of the intermetallic
phase at the GBs was important for the enhancement of
creep resistance as it can shield more load from the matrix.

dislocations massively pinning by the AIMnGd SRO and clusters;
b HRTEM image showing the dislocations very near the GBs; ¢ and
d enlarged views of the dislocation areas marked by Al and A2 in b,
respectively

Regarding ALREg, it is highly rich in RE, rather than Al,
and it has the only theoretical possibility of decomposition
into AIRE,. However, this decomposition would not occur
(see Fig. 3) even at 300 °C/50 MPa as the later lanthanides
including Gd had a strong combination with Al. Moreover,
AlLREj; has a melting point of more than 1000 °C [28]. Thus,
in terms of the intermetallic phases at the GBs, the addition
of Al here did not deteriorate the creep properties, as Al was
tied up by Gd to form the thermally stable ALRE; com-
pound. Considering that the major phase at the GBs was the
thermally stable network of Mg,RE, Mg,RE should also
play a significant part in the excellent creep resistance in the
die-cast Mg3.5RE1.5GdMnAl alloy via impeding the
movement of dislocations across the GBs (see Fig. 5b—d).
This is in comparison to the traditional Mg—Al-based com-
mercial die-cast alloys (see Fig. 1) for elevated temperature
applications. However, for the counterpart Al-free
Mg3.5RE1.5GdMn alloy, the addition of 0.5wt.% Al
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should have a very limited effect on the improvement of
creep resistance at the GBs since it hardly changed the major
Mg ,RE network at the GBs (see Figs. 2 and 3).

Effects of Precipitates and SRO/Clusters on Creep

Dynamic precipitates were traditionally thought to contribute
to the creep resistance of Mg alloys via dislocation pinning
[32-34]. However, in some alloys such as Mg-0.45La-1.2Y
(in at.%), SRO/clusters can play an important role for creep
resistance [22]. There have been some intense debates about
the effects of the dynamic precipitates and SRO/clusters on
creep resistance [3]. Some researchers thought that
SRO/clusters were thermally unstable and disappeared after
ageing and/or creep [35, 36]. Clearly, massive amounts of
the AIMnGd SRO/clusters still existed in the Mg matrix of
the die-cast Mg3.5RE1.5GdMnAl alloy, after creep at 300 °
C/50 MPa for a duration of 400 h, which can be attributed to
the high thermal stability of the AIMnGd SRO/clusters [37].
SRO/clusters could also hinder dislocation movement and
contribute to creep resistance [23, 24]. Here, both the Al,Gd
precipitates and the AIMnGd SRO/clusters can contribute to
creep resistance. However, the number density and thermal
stability [37] of the AIMnGd SRO/clusters were much
higher than the AI,Gd precipitates, so the AIMnGd
SRO/clusters should play an important role for the creep
resistance of the Mg3.5RE1.5GdMnAl alloy. In addition,
SRO/clusters were hardly observed in the Mg matrix of the
crept counterpart Mg3.5RE (La, Ce, Nd)1.5GdMn alloy, and
REZn, ZnGd, and MnGd precipitates with larger size dom-
inated the creep of the alloy rather than SRO/clusters.
Moreover, the singular addition of Al into traditional Gd-free
Mg-RE (La, Ce, Nd) alloys deteriorated creep resistance [26,
30]. Therefore, it is not the singular effect of Al or Gd that
provides the exceptional improvement of creep resistance; it
is the synergistic effect of Al, Gd, and Mn to form the novel
thermally stable and creep-resistant ternary AIMnGd
SRO/clusters in the Mg matrix that provides the exceptional
improvement in the creep resistance in the Mg3.5RE (La,
Ce, Nd) 1.5GdMnAl alloy. This is in contrast to the coun-
terpart Al-free Mg3.5RE (La, Ce, Nd) 1.5GdMn alloy.

Conclusions

(1) Thedie-castMg3.5RE1.5GdMnAl alloy offers a superior
low steady-state creep rate of 1.35 x 107" s™' under the
critical condition of 300 °C/50 MPa, which is 71% lower
than the counterpart Al-free Mg3.5RE1.5GdMn alloy,
and much lower than the traditional Mg—Al-based
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commercial die-cast alloys for elevated temperature
applications; this enables die-cast Mg alloys to work at
the higher temperatures of 200-300 °C.

The addition of Al induces the formation of a novel
thermally stable ternary AIMnGd short-range
order/cluster in the Mg matrix of the Gd-containing
Mg3.5RE1.5GdMnAl alloy. The AIMnGd short-range
order/clusters still exist after creep at 300 °C/50 MPa
for 400 h. Moreover, high-density AIMnGd short-range
order/clusters can be observed for dislocation pinning
during creep. It is the synergistic effect of Al, Gd, and
Mn to form the thermally stable and creep-resistant
AIMnGd short-range order/clusters that provides the
exceptional improvement of creep resistance in the
Mg3.5RE1.5GdMnAl alloy in comparison to the
counterpart Al-free Mg3.5RE1.5GdMn alloy; this alters
the traditional understanding of the disadvantage of Al
on the creep resistance of Mg alloys.

A thermally stable network of the Mg,RE (La, Ce, Nd)
phase forms at the grain boundaries of the
Mg3.5RE1.5GdMnAL alloy; it also impedes the further
motion of dislocations across the grain boundaries,
which plays a significant role in achieving the super
creep resistance in the Mg3.5RE1.5GdMnAl alloy, in
contrast to the traditional Mg—Al-based commercial
die-cast alloys for elevated temperature applications.
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Abstract

The condensation behavior of magnesium vapor in
vacuum and argon was studied by inert gas condensation
method. The effects of heat source temperature 1273—
1473 K on the macro morphology and condensation
temperature of magnesium vapor condensation were
obtained in vacuum and 0.2m%h argon flow. The results
show that magnesium vapor condenses in a small area in
vacuum, while the existence of argon would prevent the
condensation process of magnesium vapor, resulting in
the increase of the condensation area. The initial
condensation temperature of magnesium vapor carried
by argon is 974.0-1159.8 K, which is higher than 781.8—
1034.8 K in vacuum; The condensed products with dense
combination can be obtained in vacuum, while the
condensed products with different particle sizes can be
obtained in argon flows. A new idea is provided for the
manufacture of magnesium powder and magnesium alloy
through the condensation experiment of magnesium by
inert gas condensation method.

Keywords

Magnesium vapor * Condensation behavior * Vacuum
Argon flow ¢ Inert gas condensation method

J. Han - Q. Yang (X)) - X. Bai

Sino-Platinum Metals Resources (Yimen) Co. Ltd, Yuxi, 653100,
China

e-mail: yq@ipm.com.cn

J. Han - X. Bai
Precious Metal Laboratory Co., Ltd. of Yunnan, Kunming,
650000, China

J. Han - D. Fu - J. Guo - T. Zhang (IX))

School of Metallurgy, Northeastern University, Shenyang,
110819, China

e-mail: zta2000@ 163.com

© The Minerals, Metals & Materials Society 2023

Introduction

Magnesium is the lightest structural metal; it is widely used
in aerospace, automobile, rail transit, 3C, metallurgical
industry and civil fields because of its excellent performance
in engineering [1-3]. While the magnesium powder has
more active chemical properties, which can be used in hot
metal desulfurization, metal reductant, aerospace booster
fuel additives, lighting flares, and other aspects, and has high
application value. There are many methods to produce metal
powder, such as ball milling [4, 5], grinding [6], electrode-
position [7], granulation, and atomization [8, 9]. For metal
magnesium powder, it is generally prepared by ball milling,
grinding, or atomization. It is common to use grinding
method. However, due to the active chemical properties of
magnesium, the products obtained by physical and chemical
methods of mechanical crushing or smelting are easy to be
oxidized, and the purity is not high. Therefore, it is necessary
to adopt new methods to prepare metal magnesium powder
or magnesium alloy materials, so as to reduce process pol-
lution and improve production effect.

Inert gas condensation (IGC) is one of the main physical
methods for preparing clean powders or materials because of
its advantages of less preparation procedures, easy collection
of powders, and high particle purity. It is applied to the
preparation of various types of powders or materials such as
metals, alloys, and metal oxides [10—-13]. The IGC method
promotes the volatilization of raw materials by heating the
heat source in the evaporation chamber and fills the con-
densation chamber with inert gas, so that the metal, alloy, or
compound to be prepared can be gasified and then con-
densed to form powder or material, which can provide a
method for the clean preparation and production of magne-
sium powder.

Therefore, this study was designed to compare the con-
densation behavior of Mg vapor in 0.2 m*/h argon (Ar) flow
at 1273-1473 K with its behavior under a vacuum, and the
condensation law of magnesium vapor in the process of
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condensation was obtained. Mg condensation, the conden-
sation versus temperature trends, and microcondensation
morphology of pure Mg were obtained and examined.
Through Mg condensation experiments under vacuum and
with Ar, the condensation conditions for Mg and its con-
densation behavior were obtained, with the goal of providing
a new strategy for the production of Mg powders through
these condensation experimental results.

Experiment and Method

Mg ingot (99.9%) was used as the raw material, and
volatilization and condensation experiments were carried out
under vacuum and Ar flow to observe the condensation
behavior of Mg vapor under different conditions. Vacuum
conditions were created by vacuum pump and Ar (99.99%)
controlled by flowmeter. Experiments were carried out in a
horizontal furnace (SK-GO03143, Zhonghuan, Tianjing,
China) (Fig. 1), a stainless steel tube, and furnace tempera-
ture set at 1273, 1323, 1373, 1423, and 1473 K. After
reaching temperature, 30 g (& 1 g) of Mg in a graphite
crucible was placed in the furnace center and the chamber
evacuated less than 100 Pa or a flow of 0.2 m*/h of Ar
introduced to the chamber for 15 min to ensure the complete
Mg volatilization. The Mg sample volatilized at the corre-
sponding temperature and Mg vapor moved to the conden-
sation area. Graphite foil (0.2 mm thick) acted as a
condenser for Mg vapor. When the temperature was < 373
K, the condenser was removed and Mg condensation prod-
ucts collected. These products were characterized by X-ray
diffraction analysis (XRD; D8 Advance, Bruker Corp., Bil-
lerica, MA, USA) and scanning electron microscopy (SEM;
Zeiss EVO 18, Carl Zeiss AG, Oberkochen, Germany).

Fig. 1 Schematic diagram of
magnesium vapor condensation

J. Han et al.
Results and Discussion

Description of Experimental Macroscopic
Phenomena of Magnesium Vapor Condensation

Results from Mg vapor condensation at 1273-1473 K
showed that the volatilization and condensation of metals are
closely related to temperature and vapor pressure (Fig. 2).
Due to increased particle internal energy, molecular thermal
movement of Mg particles allowed them to move from the
liquid metal surface into space at the furnace temperature
and then moved into the furnace tube. When the tube tem-
perature had reduced to a certain temperature, the Mg vapor
pressure was higher than the saturated Mg vapor pressure at
this temperature, reaching a supersaturated state. Mg atoms
continuously collided with other atoms and the condensation
surface. After further energy loss the Mg vapor condensed,
the atoms adsorbed onto the condenser surface to form
surface aggregations, subsequently nucleating and growing.

Observations of Mg vapor condensation under vacuum
conditions showed that condensed products formed in a
small area, which decreased with increased furnace tem-
perature (Fig. 2a—e). Condensation occurred in larger areas
under 0.2 m*/h Ar flow, which was different from vacuum
results (Fig. 2f—j). These differences were due to the exis-
tence of Ar in the Mg/Ar mixed gas, which collided with Mg
vapor reduces the collision between Mg and Mg atoms such
that the this noncondensable and nonreactive gas weakened
the Mg vapor condensation process, an effect that has been
reported in other references [14, 15]. Moreover, Ar has a
directional flow, which contributed kinetic energy to Mg
atomic vapor, such that they moved with the flow before
condensing in the condenser, thus producing longer con-
densation zones. With decreased condensation temperature,
there were three forms of condensation products in Ar flow,
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Fig. 2 Macromorphology of Mg
vapor condensation under
vacuum and Ar. Condensation
products in yellow dashed boxes:
1273, 1323, 1373, 1423, and
1473 K with vacuum (a—e) and
0.2 m*/h Ar flow (£-j,
respectively)
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Fig. 3 Gas-liquid—solid phase diagram of Mg

including large spherical, transitional, and powder particles.
According to the gas—liquid—solid phase diagram of Mg
(Fig. 3), with decreased temperature and vapor pressure, Mg
vapor followed different condensation paths and resulted in
different macroscopic morphologies [16, 17].
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Condensation Temperature of Magnesium Vapor
in Vacuum and Argon Flow

The condensation temperature is the main factor affecting Mg
vapor condensation. The distribution of condensation tem-
perature at 1273-1473 K in vacuum and 0.2 m>/h Ar flow
showed that, when the condensation end temperature of Mg
vapor in vacuum was 520.4-571.3 K, changes in furnace
temperature did not affect the end temperature of Mg vapor
condensation, which was consistent with the results of Xiong
Neng’s study on Mg vapor in vacuum (Fig. 4) [18]. However,
this was different from Ferguson's results, because in his
experiment, vapor flowed vertically upward and this buoy-
ancy plume had a great influence on the experimental tem-
perature gradient, thus affecting condensation temperature
[19]. The higher the furnace temperature was, the greater the
energy carried by Mg vapor. When volatilizing to the con-
densation area, a certain residence time was required to fully
exchange heat with outside materials before crystallization
nucleation and condensation could occur. When the vapor
pressure in the tube increased, the vacuum pump affected
vapor movement and made it move to the pipe outlet.
Therefore, with increased furnace temperature, the initial
condensation temperature decreased. The initial condensation
temperature of Mg vapor in vacuum was 781.8-1034.8 K.
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When the furnace temperature increased, Mg atoms
volatilized more rapidly and were carried by Ar gas to the
cooler area to condense. This resulted in higher Mg vapor
pressure and thus higher partial pressure in the Ar/Mg mixed
gas, increasing the number of collisions between atoms and
thus reducing the critical nucleation radius of Mg vapor.
This situation was conducive to the aggregation and growth
of Mg particles, such that the initial condensation tempera-
ture increased. The initial condensation temperature of Mg
vapor in 0.2 m’/h Ar at 1273-1473 K was 974.0-1159.8 K,
which was different from that under vacuum conditions.
According to the three-phase diagram of Mg, the reason for
these results was that the Mg vapor partial pressure under Ar
flow was greater than under vacuum and, therefore, when
Mg vapor was supersaturated, it condensed at higher tem-
perature. The end temperature could not be determined due
to the presence of Mg in the furnace outlet under Ar flow.
The observed results were due to gas—liquid—solid and gas—
solid phase transitions. With the melting point of Mg at
923 K, when the temperature of the condensation area was
lower than the melting point, the Mg vapor pressure was still
in a supersaturated state. At this time, the gas—solid phase
transition of Mg vapor occurred and liquid phase particles
did not aggregate and grow, directly becoming powder
particles.

SEM and XRD of Condensation Products
of Magnesium Vapor

SEM patterns of condensation products in vacuum and 0.2
m’/h Ar flow at a heat source temperature of 1273-1473 K
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(Fig. 4). Products of Mg vapor condensation under vacuum
showed the phenomenon of sheet growth, with metal blocks
bonded with each other and condensed into metal Mg sheets
on graphite paper in the temperature range of 1273-1473 K
(Fig. 4a). This was consistent with Yang’s SEM results of
Mg vapor condensation under vacuum [17]. However,
results were different between condensation under Ar and
vacuum. The condensation products in D; area were found
to be spherical, which was due to the vapor-liquid—solid
phase change during the condensation process and the
existence of liquid surface tension, such that spherical dro-
plets with small surface area were obtained (Fig. 5b). SEM
analysis of Dy, D,, and D5 areas at 1273, 1373, and 1473 K
showed that the particle sizes of D, and D3 were signifi-
cantly reduced. In D, area, there were transitional particles
with different sizes. Powder particles were found to have
hexagonal structure, which indicated that Mg vapor easily
formed hexagonal structures when the temperature was
lower than the metal’s melting point in an Ar flow. The
results showed the Mg particle in D, area had particle size of
0.15-1.04 mm, Mg particle in D, area had particle size of 2—
35 um, and Mg particle in D5 area had particle size of 0.5—
8 um.

XRD patterns of condensation products showed that heat
source temperature had an increased preference for the
(102) and (103) crystal orientation but inhibited the prefer-
ence for the (110) orientation under vacuum (Fig. 6).
However, Mg vapor condensation under Ar was beneficial
for the (102) orientation. The reason for this difference
between vacuum and Ar was that the Mg vapor condensation
process under Ar had a single flow effect. For condensation
products in Dy, D,, and D53 condensation zones at 1373 K,
XRD results were basically consistent and the results
showed that product purity was high and not easily oxidized.

Conclusion

Mg vapor condensation products carried by Ar were differ-
ent from that under vacuum, with the former being large
spherical, transitional, and powder particles. The initial
condensation temperature of Mg vapor at 0.2 m’/h was
974.0-1159.8 K, which was higher than 781.8-1034.8 K
under vacuum, was caused by different vapor pressures.

SEM results showed that Mg vapor condensation prod-
ucts in vacuum were blocky, but also different under Ar. In
the higher temperature region, the product was spherical due
to the influence of surface tension. When the temperature
was lower than the melting point, particle size was decreased
and with hexagonal structure.

Due to the influence of single direction Ar flow, Mg
vapor was encouraged to the growth of (102) crystal faces.
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Fig. 5 SEM analysis of condensation products from Mg vapor. Here, 1473 K and vacuum (a), 0.2 m>/h Ar flow at 1373 K (b), Dy, D5, and D3 in
0.2m*h Ar flow at 1273 (¢;—c3), 1373 (d;—d3), and 1473 K (e;—es, respectively)
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High purity crystalline Mg was obtained in both vacuum and
Ar flow conditions.
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Recent global supply shortages, combined with need for
light-weight structural components for efficient trans-
portation, have led to very high prices for magnesium due
to its low density and high part stiffness/weight. This
study continues prior work on magnesium recycling using
multiple-effect distillation with gravity as the parameter to
create the pressure difference between effects, called
G-METS. The long-term vision is for continuous distil-
lation, but experiments to date have only used batch
distillers with maximum rate of 1 kg/h. and minimum
energy consumption of 2 kWh/kg. This study presents the
design of laboratory-scale continuous distiller including a
custom-made furnace to sustain a high-power density and
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Introduction

With the significant demand for magnesium metal, there are
certain obstacles to the prevalent usage of magnesium.
Based on an increase in the global population, industrial-
ization and digitalization headed the pressure on the raw
material resources drastically in current trends. According to
areport in the EU list of critical raw materials (2020), OECD
forecasts that the demand for these critical materials will
double from 79 billion tons in 2020 to 167 billion tons by
the end of 2060. It has been said that the critical raw
materials’ extent of dependence will be substituted with
today’s needful reliance on oil [1]. The latest 2022 U.S
Geographical Survey (USGS) and EU reports on the list of
critical materials represent the economic importance of
magnesium metal along with the high supply risk [2, 3]
(Fig. 1).

It is a well-known fact that China is the monopoly epi-
center for the magnesium market in the supply chain, around
87% of the world’s magnesium market. However, due to the
uncertain circumstances of COVID-19, the production of
magnesium in China has reduced significantly and thereby
resulted in very high of magnesium metal 5-7 times higher
than when compared to the earlier period [4].

We have presented the concept of Gravity-Driven
Multiple-Effect Thermal System (G-METS) in Magnesium
Technology symposium at the TMS annual meeting in 2021
and 2022 [5, 6]. This paper provides the information of
partial results of the one-effect distillation experiments. We
presented five batch distillation experiments with the similar
design described in the previous published paper on the
TMS magnesium symposium on 2022 [6]. Currently, we are
working on designing the custom-made bottom and side
heating elements for enhancing the uniform temperature
gradient between the evaporator and condenser of the dis-
tiller. In this paper, we have discussed a detailed proposed
plan to design manufacturing of semi-continuous one-effect
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Fig. 1 European Union critical
materials assessment including
magnesium [3]
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distiller and custom furnace. Also, we have included some of
the same figures presented in the prior paper as a reference
set of figures for this paper [5-8].

G-METS (Gravity Multiple-Effect Thermal
System) Magnesium Distiller

Magnesium has played a prominent role in the commercial
field from the manufacturing of automobile vehicles to
defense artillery and ground-terrain vehicles. For economic
and environmental sustainability, there is an essential need
the recycling magnesium scraps for the better welfare of the
environment. There are several refining methods have been
done based on either flux or flux-less refining of the accu-
mulated magnesium scraps. However, vacuum distillation
methodology under flux-less refining is a very much efficient
process in extracting magnesium from scrap materials at
remarkably high purity.

Vapor Compression Distillation (VCD) can significantly
reduce energy consumption, the capital cost of magnesium
distillation, and other operating costs. VCD provides the
enthalpy of vaporization to the evaporator. The compressor
in the system raises the pressure of the condenser above that
of the evaporator. The boiling point of the condenser is
significantly higher than the evaporator, thereby providing
the hotter heat flow from the condenser to the cooler evap-
orator. This method helps in refining the distilled magnesium
to about 90% when compared to batch distillation. G-METS
uses a similar principle with gravity as the factor to create

the pressure difference between the evaporator and con-
denser. G-METS has no internal moving element and
making it more energy efficient when compared to VCD
with multiple moving systems of varying pressure differ-
ences. G-METS distiller will likely use well below 1 kW/kg
of magnesium element and produces an extraordinary record
during the continuous distillation process, thereby substan-
tially reducing the capital cost. This distiller can potentially
play a prominent role in recycling magnesium alloys from
rare-earth magnets [9] to the primary production of magne-
sium elements [10]. The prominent role of the Mg distilla-
tion can lower the concentrations of impurity than the
conditions of the low-corrosion alloys like AZ91E [11]. The
process of distillation facilitates the direct reduction of the
magnesium oxide (MgO) in the Hall-Heroult cell with a
dense reactive liquid cathode (i.e., tin metal) to produce an
alloy. From then on, the pure Mg can be separated from the
formed alloy using G-METS and tin restored to the host
metal in the electrolysis cell [10, 12-16] (Fig. 2).

The description of the G-METS multiple-effect magne-
sium distiller design is elaborated briefly in the previous
published article at the TMS magnesium symposium [5, 6].
This design method of multiple-effect distillation is similar
to the concept of the multiple-effect distillation apparatus
patented by Charles W. Lotz in 1970, initiated the design to
covert the saline water to fresh water, by evaporating the
fresh water and leaving the saline or distilland salts in the
evaporating surface [17]. Similarly, water distillation
multiple-effect evaporation system was patented by
John P. Petrek in the year 1992 [18]. It uses the similar idea
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of vertical drainpipes between the two-effects to procure the
desired pressure difference between the evaporator-
condenser pair (Fig. 3).

Experiments

One-Effect Distiller

As mentioned prior, each effect consists of a condenser and
evaporator combined with the standpipe between them. The

term “one-effect” distiller means the interaction between the
condenser-evaporator system. We conducted five rounds of
experiments with the dimensions and specifications as
elaborated previously [5]. Initially, for the first three exper-
iments, we faced several challenges as in the due to improper
vacuum conservation in the distiller led to the formation of
magnesium nitride—leading to the formation of ammonia
and thereby inhibiting the evaporation process. Also, even
though the temperature we maintained furnace temperature
to about 1100 °C, there was an insufficient temperature
gradient to distill magnesium. Therefore, there were some
changes made in the design parameter as we continued to
conduct the batch distiller experiments. In the 4 and 5th
experiments, we increased the diameter of the distiller plates
from 7 to 10 inches and decreased the pipe height by 1.75
inches in the condenser and 3 inches in the evaporator. In
this newer design, we believe that the heat transfer is
enhanced better than in the previous model to maintain a
proper temperature gradient for the magnesium to evaporate
and condense at the condenser. However, we are still facing
some trials in accomplishing the magnesium to distill in the
condenser (Fig. 4).

Two-Effect Distiller

The next planned experiment is to conduct a two-effect
distiller as shown in Fig. 5. Wherein it consists of each two
effects (condenser-evaporator) vertically arranged in the
successive pattern of the distiller. The working is very much
similar to the one-effect distiller. In this working process, the
condensation heat provides a significant amount of heat for
the evaporation process. This principle can be achieved by
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Fig. 4 One-effect distiller—AE41 Mg-Al-Nd alloy distillation

building higher pressure in the condenser than in the evap-
orator. Wherein the boiling point of the condenser is con-
siderably higher than the evaporator such that heat flows
effortlessly from the higher condenser to the lower evapo-
rator temperature. Another interesting aspect is the standpipe
wherein the liquid magnesium weight creates the pressure
difference, as the weight of the liquid metal in the standpipe
column causes to enhance the pressure in the evaporating
chamber which is successively arranged below one another.
Thereby the condenser connected to the lower part of the
evaporator also raises pressure significantly (Fig. 5).

Semi-Continuous One-Effect Distiller

The design of this model is quite different with the same
setup as of a one-effect distiller but has a new part called
“melter” with the walls of the same 10”” nominal schedule 40
pipes of 0.5” thick A572 mild carbon steel. This part is
attached right above the condenser. This newer part consists
of a scheduled pipe diameter of 6 inside the 10” pipe and
consists of a long melter standpipe connecting the evaporator
and the melter chamber as seen in Fig. 6. The main purpose
of the standpipe is to maintain the pressure flow of the liquid
magnesium into the evaporator chamber. To avoid the
moving parts inside the system, we use argon (Ar) gas as a
piston or pushing agent to compress the adequate amount of
magnesium liquid into the evaporator via a standpipe. The
pushing action of the magnesium liquid in the melter by the
argon gas is done by actuating the valves at intermittent time
intervals. There are two holes proposed in the top plate of the
melter. The central hole into the 6” pipe embedded inside
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Fig. 5 Two-effect distiller 3-D CAD model (left); detailed working of
G-METS magnesium distillation (right) [5, 6]

the 10” pipe is the mainstream flow for argon gas and
vacuum line. The other hole vacuumed is to depressurize in
the area inside the area between the 6 and 10" scheduled
pipe to avoid the leakage of argon gas from the 6” pipe
chamber into the standpipe, which can disrupt maintaining
the pressure flow of the magnesium into the evaporator. The
two streamlines of the argon gas and the vacuum line are
controlled via a valve as shown in Fig. 6.

Furnace

The furnace is a custom build with a bottom and side heater
to alter the heat supply accordingly to sustain a proper
temperature gradient for distillation to take place. The
standard side heaters and the insulations are obtained from
Thermcraft company. However, the bottom heater is custom
built using insulating firebrick, ceramic pegs, and Cr-Al-Fe
coils from Kanthal wires wound around the pegs. The main
purpose of building the furnace is to create a sufficiently
high-power density for the bottom heater. Also, the idea of
this furnace is to create a proper temperature gradient for
magnesium to distill into the condenser from the evaporator.
Initially, the side and bottom heaters are started together for
the solid magnesium to melt into liquid magnesium com-
pletely. Once the magnesium is melted to liquid, only the
bottom heater is operated continuously maintain continuous
distillation of magnesium. The whole furnace is covered
with insulation to minimize heat loss for better efficiency of
the distillation process (Fig. 7).
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Fig. 6 Solid CAD image of one-effect continuous distiller, two valves for vacuum and argon gas inlet each—full view (left); sectional view (right)
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Fig. 7 Schematic illustration of side and bottom heater furnace with insulation (left); sectional solid CAD image of the furnace (right)
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Fig. 8 Temperature—time graph for one-effect distillation experiment

Results

From conducting the one-effect distillation experiments to
distill the magnesium from the evaporator to the condenser
at the temperature of 1100 °C, there were some challenges
faced in each experiment for the complete distillation of
magnesium to happen. Some of the major challenges we
faced are holding the inert vacuum environment inside the
distiller while crimping process, wherein the presence of a
small amount of air can inhibit the whole distillation process
and lead to the formation of strong pungent smelling am-
monia (magnesium nitride). Moreover, the main reason for
the issues in the experiments is due to the insufficient supply
of high-power density. Inconsistent fluctuations of power
densities from the existing furnace led to failures in the
distillation experiments. However, in the 5th experiment of
the one-effect distillation, which was conducted for about
8 h at 1150 °C. There were some accumulations of the
magnesium metal deposition clustered on the top of the
standpipe in the condenser section. The reason we believe
this situation is due to clogging of magnesium on the
standpipe due to insufficient temperature gradient. We have
recorded the temperature—time graph of each top and bottom

T3 T4 T5 T6

plate of the condenser and evaporator with the help of
thermocouples from the data logger. The recorded temper-
ature—time graph of the fifth experiment is shown in Fig. 8.

Conclusion

Therefore, the concluding analysis of the successful working
of the G-METS distillation requires high-power density for
the efficient distill of magnesium, as was used in Infinium
distillation experiments [5, 6]. The next step of the plan is to
build a custom-made furnace as described previously to
maintain a perfect temperature gradient in future experi-
ments. With the successful building of the furnace, we can
expect a positive result in the distillation of the magnesium
in all one, two-effect, and continuous distillers.

If all succeeds, detailed thermal models will be validated
for all the effects and continuous distiller. This would
enhance the growth of the G-METS distiller for a great
possibility in the present market by plummeting the maxi-
mum use of the current energy to an extremely low 0.5-
1 kWh/Kg. Especially, the continuous distiller will open a
new door for removing the barrier and will enable a
low-energy efficient recycling process, mainly for the
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low-grade challenging post-consumer scraps such as Cu and
Ni contaminated materials. This G-METS methodology will
then be able to distill high-purity magnesium from low-grade
scraps.
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Abstract

This paper introduces a new silicothermic process,
compound vertical retort technology for magnesium
production. The workflow and key equipment and
technologies were introduced. With the new technology,
a demonstration unit was established in China. For the
demonstration unit, the new equipment of lined steel
retort was developed to solve the problem of “adhesion
and glaze,” realizing the mechanical releasing slag; the
new compound magnesium crystallizer with radiation
heating surface and with function of sectional crystal-
lization was developed to obtain magnesium metal of
higher purity 99.8%; the new dual-regenerative furnace
with combustion mode of double-deck, double-direction,
hedging, suction, and reducing atmospheric firing was
developed to realize temperature uniformity, and to
further improve the combustion efficiency and heat
efficiency. According to the actual production, these
new technology’s economic and technical indices meet or
even exceed the design expectations, significantly better
than the Pidgeon process.
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Introduction

The global prominence of climate problems has prompted
the widespread application of lightweight materials in the
fields of automobiles, aerospace, and electronic products [1,
2]. As the lightest structural materials, magnesium and
magnesium alloys are increasingly favored. The amount of
magnesium and magnesium alloys is increasing year by
year, but the growth of demand is limited due to the pro-
duction of primary magnesium. In fact, due to the lack of
major breakthroughs in magnesium production technology,
the development of the magnesium industry has slowed
down in recent years.

At present, there are two kinds of magnesium production
technology used in industrial production in the world: sili-
cothermic reduction process and electrolysis process. The
United States, the United Kingdom, Australia, Israel, CIS
countries and other countries use the electrolysis process,
France and Brazil use slag conductive semi-continuous sil-
icothermic process, and Canada used the electrolysis method
before and has now changed to the horizontal retort sili-
cothermic method (Pidgeon method). South Korea intro-
duced the Chinese vertical retort silicothermic process,
China mainly uses horizontal retort silicothermic (Pidgeon
process) [3]. Because the energy consumption and cost of
electrolytic magnesium production greatly exceed that of
silicothermic process, the global annual output of electrolytic
method is less than 100,000 tons (see Fig. 1), and most of
them have been stopped or semi-suspended. In recent years,
the United States [4], Australia [5], and other countries have
been vigorously researching silicothermic process.

Due to the abundant mineral resources such as magnesite
and dolomite and cheap labor, China has vigorously devel-
oped the Pidgeon process since 2000 and gradually pro-
moted its application. Up to now, the annual output of
magnesium metal is about 800,000 tons, accounting for 80%
of the world’s magnesium production above. However, for a
long time, the Pidgeon process has problems such as low
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production efficiency, high energy consumption, high carbon
emissions, and high labor intensity; especially, the produc-
tion method of horizontal retort is difficult to achieve
mechanization. Vertical Retort magnesium production
technology has been developed in recent years [6].

This paper introduces a new type of silicothermic magne-
sium production technology, namely the compound vertical
retort magnesium production technology. The main technical
process, key technology research and development, construc-
tion and operation of demonstration plant of the compound
vertical retort magnesium production technology are mainly

Fig. 2 Working flow of
compound vertical retort

technology Steam Jet Pumg

Steam
Pocket

introduced. And through the comparison and analysis of the
technical and economic indicators of the compound-vertical
process with the Pidgeon process and Magnetherm process, the
superiority and advancement of the compound vertical retort
magnesium production technology are discussed.

The Compound Vertical Retort Technology
for Magnesium Production

Working Flow

By integrating the self-developed compound vertical retort,
compound crystallizer, compound reduction furnace,
reduction slag waste heat recovery device, and supporting
auxiliary systems, the compound vertical retort magnesium
production technology process has been formed. The main
process flow of the double vertical retort magnesium pro-
duction technology is shown in Fig. 2, which is mainly
composed of raw material production/transportation system,
magnesium reduction production system, magnesium/slag
product transportation system, and supporting auxiliary
systems. The magnesium reduction production system is the
core part of the magnesium production process. It consists of
the upper compound magnesium crystallizer and mecha-
nized feeding device, the middle regenerative compound
reduction furnace body (including the compound vertical
retort), the lower mechanized slag removal device and the
high-temperature slag waste heat boiler and other equipment.
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During the production operation, the raw material dolomite
is calcined in a rotary kiln to produce calcined white, and the
calcined white is mixed with ferrosilicon and fluorite
according to the proportion and then finely ground in a ball
mill, and the powder is sieved and pressed into pellets; the
storage equipment containing the pellets is lifted to the top of
the compound vertical retort by the lifting device, and the
pellets are loaded into the compound vertical retort by a
mechanized feeding device; vacuum system and regenerative
combustion system are operated to make the temperature and
pressure conditions in the retort meet the conditions required
for production and start the magnesium reduction process; the
magnesium vapor flows upward through the central cylinder
of the compound vertical retort and enters the crystallizer for
condensation, the water jacket absorbs the crystallization heat,
and the generated steam is directly supplied to the vacuum
steam jet pump for use; the reduction residue is discharged
from the bottom of the retort and enters the waste heat boiler
through a closed slag-catching device. After the slag is cooled,
it is conveyed to the slag bin for subsequent processing
through an automatically closed conveyor. For the mechanical
compound vertical technology, the manhours for completing
the feeding and discharging of one retort were largely shorten
to around 15 min compared to the Pidgeon process.

Research and Development of Key Technique
and Equipment

Firstly, from the thermophysical and chemical changes and
gas, liquid and solid multiphase changes that occur under the
conditions of silicothermic magnesium production, combined
with experimental verification and analysis, the internal
reaction mechanism of melting and bonding of materials is
clarified, the root cause of “sticking pot” and “glaze forma-
tion” is found, and effective measures to solve the problems of
“sticking pot” and “glaze formation” are proposed [7]. Based
on this, a vertical pot with inner liner structure is developed.
In addition, through the study of thermodynamics and
dynamics mechanism of the solid-phase reaction of magne-
sium production by silicothermic process, a mathematical
model that can accurately describe the magnesium reduction
process is constructed, and the structure of the compound
vertical retort is optimized with the help of numerical simu-
lation technology [8—11], and reasonable structural parame-
ters of the compound vertical retort with a central cylinder are
given; combined with the research results of fusion bonding
and the experimental research on the creep properties of
high-temperature heat-resistant steel materials, the composite
mode between the body of the compound vertical retort and
the inner liner and the center cylinder are given [12].
Secondly, the magnesium yield of a single retort of a
compound vertical retort is higher than that of the traditional
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horizontal retort by the Pidgeon process. With the increase in
the output of crystalline magnesium, the slow heat transfer
rate of the traditional crystallizer and the congestion and
overflow of magnesium vapor in the crystallizer have also
emerged; the traditional structure and size of crystallizer can
no longer meet the demand of compound vertical retort
magnesium production. The compound crystallizer is sig-
nificantly larger than the traditional crystallizer in height and
diameter, the heat transfer area is increased, and the heat
transfer efficiency is improved by welding the radiation heat
transfer plate inside the outer condensate jacket and the
outside of the inner crystallizer one by one [13]. This “fin
type” structure design can increase the heat transfer area
between the crystallization cylinder and the condensate
jacket by more than two times, and the crystallization vol-
ume of magnesium can reach about 10 kg. m~2. h™', which
is more than three times of the traditional crystallizer.
Furthermore, the regenerative combustion reduction fur-
nace is generally used in the industrial production of silicon
thermal magnesium production. The retort filled with filler
balls is placed in the furnace for heating. The external heat
flow field of the retort includes the convection exchange of
high-temperature flue gas flowing through the retort wall,
radiation of high-temperature flue gas to the retort wall. By
establishing a coupling model of the calculation model of the
flow around the retort and the magnesium reduction model in
the retort, our team simulated the temperature field and heat
flow field distribution in the silicothermal magnesium retort.
By optimizing the nozzle structure, fuel, and air operating
parameters, the temperature difference inside the furnace
chamber of the single-module reduction furnace is < 50 °C.
The numerical simulation results were used to predict the
change of magnesium reduction rate in a single reduction
retort in the reduction furnace and the change characteristics
of the total reduction rate [14]. Based on simulation, the
design of the compound reduction furnace adopts
double-layer/bidirectional/interleaved/hedged/jet X flame,
etc., to fully realize the uniform temperature in the vertical
and horizontal directions in the reduction furnace and to
improve the combustion efficiency and thermal efficiency of
the reduction furnace [13]. In addition, the negative pressure
reducing atmosphere combustion technology adopted can
significantly reduce the oxidation corrosion rate of the sur-
face of the reduction retort, and the life of the reduction
furnace body and the reduction retort have been improved.

The Demonstration Unit and Its Working
Status

On the basis of the comprehensive completion of the design,
verification, and development of the key equipment and
supporting equipment for magnesium production in
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compound vertical retort, we have built a pilot plant for
magnesium production with such a vertical retort in China
see Fig. 3. The core equipment, key supporting equipment,
and supporting process system of the double vertical retort
magnesium production technology have been fully verified
in actual production operation. After the pilot plant was put
into operation, the problems such as excessive water and tar
in the external gas supply system, insufficient power of
external spiral slag dispenser, and material backflow and
jamming were found and solved successively. The influence
of external factors and supporting devices on the overall
system operation was eliminated. The actual operation

Table 1 Main technical and

shows that the pilot production unit can run continuously
and stably for a long time, and all the economic and tech-
nical indexes have reached/exceeded the design criteria.

With the material-magnesium ratio of 6.2 as the mea-
surement benchmark, the main technical and economic
indicators of compound vertical retort magnesium produc-
tion technology are listed in Table 1 in this paper according
to the operational indicators of the pilot production unit. The
comparison shows that all the technical and economic
indicators of the compound vertical retort are significantly
better than that of the horizontal retort of the Pidgeon pro-
cess and Magnetherm process.

e No. Index Compound Pidgeon process Magnetherm
economic indicators of compound vertical retort process
vertical retorts

Reduction cycle (h) 12 12 16-24
2 Magnesium yield per retort (kg) ~100 20-30 ~3000 (one
batch)
3 Reduction furnace energy >1.0 ~1.6 ~2.4
consumption (tce/t-Mg®)
4 Service life of retort (day) ~180 60-90 -
Purity of rough magnesium > 99.8%, dense < 99.5%, not < 99.5%,
solid dense solid liquid

“tce/t-Mg index represents the energy consumption for producing 1 tons magnesium in reduction stage, the
energy consumption for raw materials of dolime and ferrosilicon not included
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Summary

This paper comprehensively introduces a new magnesium
production technology, the compound vertical retort mag-
nesium production technology, and introduces in detail the
basic theoretical problems and solutions of engineering
thermophysics and thermochemistry in the research and
development of the compound vertical retort magnesium
production technology. The main process flow and technical
characteristics of the double vertical retort magnesium pro-
duction technology are introduced. Through the comparative
analysis with the technical and economic indicators of the
horizontal retort Pidgeon method, this paper discusses the
superiority and advancement of the composite vertical retort
magnesium production technology.

A new integrated calcination and silicothermic reduction
short process for magnesium production was investigated in
detail in this paper. Deep research on this technology was
introduced, including fundamental theoretical problems and
solutions of engineering thermophysics and thermochem-
istry in the research and development of the compound
vertical retort magnesium production technology, the con-
struction and operation of the scale-up experiment and the
pilot plant and the main process flow and technical charac-
teristics of the compound vertical retort magnesium pro-
duction technology. Through the comparative analysis with
the technical and economic indicators of the horizontal retort
Pidgeon process, this paper discusses the superiority and
advancement of the composite vertical retort magnesium
production technology.
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Abstract

The use of biodegradable magnesium (Mg) alloys for
bone fixation devices has potential to improve patients’
quality of life by avoiding the necessary secondary
operations conducted regularly for the removal of
implants fabricated from conventional non-resorbable
alloys. Mg-alloys have excellent biocompatibility and
biodegradability along with a low modulus of elasticity
which will decrease bone-shielding effects. However, low
corrosion resistance and relatively poor mechanical
performance limit the use of Mg-based alloys for
biomedical applications. This study focuses on the
processing of Mg-Ca- and Mg-Sr-based alloys via powder
metallurgical route. Thermodynamic calculations are used
to predict the liquid phase fractions in order to optimise
sinterability and porosity levels. Materials characterisa-
tion was conducted to validate the thermodynamic
modeling results using optical and scanning electron
microscopy (SEM/EDS) as well as X-ray Diffraction
(XRD).
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Introduction

Additive Manufacturing (AM) technology can produce
patient-specific implants with very complex geometries
[1, 2]. Magnesium (Mg) alloys produced by
high-temperature AM techniques such as Laser Powder Bed
Fusion (L-PBF) have been extensively investigated for
biomedical applications [3-5]. However, the use of high
power sources such as laser and electron beam raises safety
concerns due to the intrinsic properties of Mg: high affinity
to oxygen, low boiling temperature, and high vapour pres-
sure [6-9].

Low-temperature AM techniques such as fused deposi-
tion modeling (FDM) have high potential to be used for
processing Mg-based alloys targeting biomedical applica-
tions which can avoid issues related to PBF-based AM
techniques. FDM is a cost-efficient 3D-printing technique
commonly used to produce polymer-based components from
filaments. Employing FDM that operates at low tempera-
tures (<200 °C) can offer key technological advancement in
the customization of patient-specific biodegradable Mg
implants with maximum design flexibility. However, the
application of FDM technology is currently not widely
adopted for Mg-alloys due to the low sinterability of Mg.
Binder jetting and material extrusion have been mainly
investigated for producing Mg alloys. Salehi et al. achieved
high and isotropic mechanical properties of ZK51 produced
by binder jetting showing around 177 MPa of ultimate
compressive strength (UCS) [10]. Furthermore, specific
sintering processes such as microwave sintering and
two-step sintering process enhance the mechanical properties
of Mg alloys produced by Binder Jetting [10, 11]. However,
optimizing porosity levels without sacrificing structural
integrity during the sintering process is the main challenge.

Mg has high oxygen affinity, and, therefore, upon expo-
sure to air, a thin stable oxide layer (MgO) is formed on the
particle surface acting as a barrier to diffusion and thereby
strongly inhibits sintering [12]. There exist some practical
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Table 1 Results of particle size Alloy d10 (um) ds0 (pm) d90 (um)
analysis (laser diffraction)
Mg-20Sr 87.44 207.40 277.50
Mg-20Ca 63.40 144.40 271.70

solutions with which this challenge can be lowered and
accordingly improve the sintering behaviour of Mg,
including the addition of the alloying elements to the pure
Mg along with the control over the sintering atmosphere. For
example, sintering in the presence of a high purity inert gas
to protect parts from oxygen and/or to use oxygen getters
inside the crucible during heat treatment are reported to
reduce oxidation [12—14]. In this regard, Wolff et al. [14]
added two binary alloys, Mg-7Ca and Ca-18 Mg (in wt.%),
along with the calcium hydride (CaH,), to pure Mg powders
during powder blending step and sample preparation for the
powder metallurgy process. In their work, the addition of the
master alloys or calcium hydride increased the sinterability
of Mg, and it was concluded that the highest mechanical
properties were corresponded to Mg-0.6wt.% Ca blend.
Furthermore, Shaper et al. [15] investigated the mechanical
properties and microstructural analysis of AZ81 Mg alloy
parts manufactured via metal injection moulding
(MIM) followed by T4 heat treatment. It was reported that
AZS81 alloy demonstrated higher mechanical properties and
significantly shorter sintering time (4 h at 605 °C) as com-
pared to Mg-0.9Ca. Also, the T4 post-heat treatment at 420 °
C for 10 h did not improve the mechanical properties of the
MIM part.

Liquid-phase sintering (LPS), where a liquid phase forms
just below the melting temperature, will allow enhanced
sinterability due to solid wetting, providing a capillary force
that pulls the grains together [16]. Furthermore, supersolidus
LPS, where sintering is conducted between the solidus and
liquidus, allows liquid to form between grain boundaries, is
effective for the sintering of pre-alloyed powders [17]. Sin-
tering behaviour affects the final porosity and degree of
shrinkage, determining the final component’s mechanical
properties and structural integrity.

The objective is study is to investigate the sinterability of
two binary Mg-20Ca and Mg-20Sr alloys where particles are
obtained via slow speed dry milling. 525 and 575 °C were
selected as sintering temperatures based on thermodynamic
calculations to understand the contributions from LPS and
solid-state sintering.

Experimental Procedure
As-received master alloys (Shanghai Xinglu Chemical

Tech.) with nominal compositions of Mg-20Sr and
Mg-20Ca (% in weight) were used as the base materials.

Magnesium alloy powder was obtained from the ingots via
slow speed milling without using any cutting fluid. Dry
milling of the ingots was conducted using Emill milling
equipment in automatic feed mode and NDrill with param-
eters: depth of cut 1 mm, length of travel 200 mm/min
where 1 revolution took 24 s/5 mm. During drilling, a
maximum temperature increase of 3 °C was determined
using an infrared thermometer.

Mg alloy powder was then sieved to separate particles
coarser than 300 microns, and all the particles were deter-
mined to be larger than 25 microns (i.e. delimited particle
size (x) range: 25 pm < x < 300 pm). Particle size distri-
butions (d10, d50, and d90 are defined as 10%, 50%, and
90% of the particles smaller than x, respectively) were
determined via laser diffraction for both Mg-20Ca and
Mg-20Sr master alloys (Table 1). Microtrac S3500 dry dis-
persion laser diffractometer was used to analyse the particle
size.

Particles were compacted in a cylindrical die using a cold
pressing setup (PA 260, Josef Lucas LTD Birmingham) with
an applied load of 30-50 kN and dwell time of 15-20 s, and
thereby Mg-20Ca and Mg-20Sr discs with a diameter of
25 mm were manufactured. Sintering was conducted in a
tube furnace (Lenton Tube Furnace 1600) under argon
(Ar) as a protective atmosphere using two different sintering
temperatures, 525 and 575 °C, with the following parame-
ters: 5 °C/min heating to aforementioned temperatures,
holding for 2 h at each temperature, and subsequent cooling
to ambient temperature with 5 °C/min cooling rate. It should
be mentioned that even though the cooling rate is set as 5 °
C/min, the actual cooling rate may vary. Thereafter, speci-
mens were extracted from the sintered discs and cross sec-
tions were metallographically prepared following the
standard procedure, finishing with a 1 pm diamond paste
polishing step.

For the assessment of liquid phase fractions and the
equilibrium phases, ThermoCalc thermodynamic software
(TCS Magnesium-based alloys database) was used. The
calculations were based on Mg-Ca and Mg-Sr binary phase
diagrams.

Morphology and size of raw particles were analysed
before and after sieving using optical microscopy (Buehler
Coventry) and scanning electron microscopy (SEM,
TM4000PIus Tabletop Hitachi, Japan), and the porosity
percentage was calculated from the optical micrographs
using the Image J software (an open platform for scientific
image analysis, https://imagej.net/Welcome).  Chemical
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Mg-20Ca

Fig. 1 SEM images of raw particles after milling

analysis of the phases was performed using energy disper-
sive spectroscopy (EDS). X-ray diffraction (XRD) analysis
was conducted using Cu-K, source (Siemens D500 X-ray
diffractometer) with a step size of 0.02° and dwell time
of 3 s.

Results and Discussion

Raw particle morphology of the as-milled samples was
found to be irregular with sharp edges (Fig. 1). Additionally,
large differences in particle sizes were observed for both
alloys. While some particles with sizes over 6 mm were
seen, there were also numerous particles as small as 6 pm in
size. This type of irregular morphology with sharp edges is
expected for particles obtained via milling.

Sieving was conducted using mesh sizes of 300 and
25 pum in order to remove large particles and decrease the
difference in particle size. After sieving, particle sizes were
analysed using SEM along with laser diffractometer (size
distribution—-Table 1). Smaller variation in particle sizes than
as-milled condition was evident for both alloys (Mg-20Sr
and Mg-20Ca) shown in Fig. 2. It was determined that
Mg-20Ca alloy has smaller particles compared to Mg-20Sr;
50% of the particles (d50 value) were below 144.4 pm and
2074 pm  for Mg-20Ca and Mg-20Sr, respectively
(Table 1). Based on the EDS analyses, obtained particles
possess close to nominal composition; Ca content was found
to be around 20.8%, and Sr content was approximately 19%
for the binary alloys. As both elements have high affinity to
oxygen, around 3-5% oxygen (in wt.%) was present as
surface oxide.

XRD analyses was carried out on the milled and sieved
particles for both alloys. According to the binary Mg-Ca and
Mg-Sr phase diagrams [18], the most stable secondary

Fig. 2 SEM images of raw particles after sieving

phases were Mg,Ca and Mg ;Sr,. Consistently, it was
determined via XRD analysis that the same equilibrium
phases were present in as-milled and sieved particles
obtained from the as-cast master alloys (Fig. 3). This finding
is consistent with the author’s previous studies on Mg-Sr-
and Mg-Ca-Sr-based alloys where Mg,Ca and Mg;;Sr,
intermetallics are the main interdendritic phases formed
upon casting [19-21].

Thermodynamic calculations were done using Thermo-
Calc software (TCS Magnesium-based alloys database).
Based on the calculations, liquidus temperatures were
determined: 518.3 °C (Mg-20Ca) and 588.2 °C (Mg-20Sr).
Two (2) separate sintering treatments were selected as
525 °C and 575 °C. For Mg-20Ca alloy, liquid phase sin-
tering (LPS) should dominate both at low and at high tem-
peratures; however, only solid-state sintering is expected to
be active during sintering process for Sr-containing alloy as
liquidus temperature (588.2 °C) is higher than both 525 °C
and 575 °C.

Figure 4 shows SEM images obtained from both
Mg-20Sr and Mg-20Ca alloys upon sintering conducted at
525 °C for 2 h. Image analyses conducted on several images
indicate lower porosity levels for Mg-20Ca (22.5%) in
comparison to Mg-20Sr alloy (47.5%). This is probably due
to the lower liquidus temperature of Mg-20Ca alloy where
partial liquid formation occurred during sintering as
observed via SEM analysis.

In the Ca-containing alloy, dendritic formation of
Mg-rich region is evident (Fig. 4). This has been observed
partially in the structure as a result of liquid to solid phase
transformation. Moreover, porosity levels are not homoge-
neous throughout the structure; there are parts of the sample
with higher porosity levels. As thermodynamic calculations
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do not involve the kinetics of phase transformation, further
in-depth studies are needed to link the amount of liquid
phase fraction and sintering conditions. On the other hand, in
Sr-containing alloy no dendritic phase formation was
observed upon sintering at 525 °C, consistent with dominant
solid-state sintering mechanism predicted by thermodynamic
calculations. Limited sinterability was determined without
the liquid phase formation (47.5% porosity). Additionally,
non-spherical particle morphology may have also decreased
the area of contact between separate particles reducing sin-
terability; however, more detailed analysis should be con-
ducted to understand the effect of particle morphology on
sinterability.

Sr-rich

—20um_

Fig. 5 SEM images of alloys after sintering at 575 °C for 2 h

Figure 5 shows final microstructures of both composi-
tions upon high-temperature sintering process (575 °C for
2 h). In contrast to low-temperature sintering, both alloys
have shown the partial activation of LPS which created a
clear interface between LPS only region and the region that
is formed by LPS and solid-state sintering (shown as dashed
line). It is determined that LPS only region has 0% porosity
and possess typical cast microstructure. However, the
regions where both LPS and solid-state sintering mecha-
nisms are active have higher porosity levels; 14.9%
(Mg-20Sr) and 20.5% (Mg-20Ca). It should also be stated
that porosity levels decreased significantly when sintering
temperature increased from 525 to 575 °C.
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Fig. 6 Macrostructures of
Mg-20Sr and Mg-20Ca alloys
sintered at 525 and 575 °C (2 h)
exhibiting LPS only and
LPS/solid-state sintering regions

Mg-20Ca

Macrostructures of both alloys (Fig. 6) exhibited loss of
structural integrity upon sintering at 575 °C after 2 h due to
the formation of LPS controlled regions. The liquid only
regions which have solidified upon cooling are mainly at the
bottom of the samples (consistent with gravitational force).
Boxes in the figures are representing the areas involved
solid-state sintering where porosity analyses were done. In
order for structural integrity to be kept without creating high
level of porosity, sintering temperature, and time should be
optimised. Future work will involve the use of cryo-ball
milling technique to further reduce the size and to obtain
more spherical particles which will also improve sinterability
between magnesium particles.

Conclusion

Dry milling and sieving processes have been successfully
used to obtain particles of Mg-20Sr and Mg-20Ca alloys
with sizes 25 < x < 300 pm. Particles that had irregular
morphology and sharp edges were compacted to form
cylindrical samples. Thermodynamic calculations were used
to assess liquidus temperatures, equilibrium phases as well
as fraction of liquid formation. However, it should be noted
that kinetic considerations were not involved for the calcu-
lations. This data was used to select two separate sintering
temperatures where for Ca-containing system LPS is
expected to dominate sintering, whereas solid-state sintering
mechanism should control sintering of Sr-containing sam-
ples. Preliminary data indicated that at high sintering tem-
peratures LPS mechanism is activated leading to not only
lower levels of porosity but also the loss of structural

Mg-20Sr

LPS

575°C, 2hr

Gravitational Force

integrity. The results also indicated that additional optimi-
sation is necessary to link thermodynamic calculations with
sintering conditions (temperature and duration). This is part
of an on-going research where kinetics of phase transfor-
mation is studied to optimise the amount of liquid formed
without losing the structural integrity. The future work
involve the development of new Mg alloy compositions with
superior sinterability which will shed light into the use of
low temperature AM for processing biomedical Mg alloys.
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Abstract

The effect of aging heat treatment on microstructure,
hardness, and superelasticity at room temperature was
investigated herein for Mg-18.8 at.% Sc alloy. The
hardness of the alloy is increased via aging heat treatment
at temperatures between 423 and 523 K, from ~ 90 Hv
(as-quenched condition) to a maximum of 180 Hv. Aging
heat treatment at a higher temperature reduces the
incubation time before the onset of age hardening.
Scanning electron microscopy observations and X-ray
diffraction analysis showed that the precipitation of
hexagonal close-packed (o) phases within the
body-centered cubic () matrix phase causes age harden-
ing and the hardness value almost depends linearly on the
volume fraction of o precipitates. Furthermore, the o
precipitates formed via aging heat treatment can be
deformed along with B matrix phase upon stress-induced
martensitic transformation in a sample with ~ 10%
volume fraction of o precipitates, resulting in a slight
reduction in stress hysteresis and a minor increase in
superelastic recovery compared with the as-quenched
condition.
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Introduction

Shape memory alloys (SMAs) have attracted attention in
several fields owing to their unique properties, such as large
recoverable strain and flexibility. The large recoverable
strain in SMAs can be obtained upon heating them after
unloading (shape memory effect) and/or simply upon
unloading (superelasticity) due to reversible martensitic
transformation; the strain value generally reaches several
percent [1, 2]. Since the discovery of Au—Cd alloy [3],
various SMAs have been discovered and developed, e.g., Cu
—[4-6], NiTi—[1, 2, 7], Fe—[8-10], and Ti-based alloys
[7, 11, 12]; however, Mg-based SMA was not discovered
until we first reported the superelasticity of a Mg—Sc alloy
[13].

According to reported phase diagrams, the Mg—Sc alloy
is the only Mg-based binary alloy whose microstructure can
be controlled, depending on heat treatment conditions,
between a low-temperature hexagonal close—packed (or)
phase and a high-temperature body centered cubic () phase
at the same Sc content [14, 15]. The unique characteristic of
this alloy appears to enable it to show thermoelastic
martensitic transformation between [ and o” phases
(orthorhombic structure), and we have demonstrated that a
Mg-20.5 at.% Sc alloy with B single-phase exhibits su-
perelasticity at 123 K owing to stress-induced martensitic
transformation [13]. The working temperature range in
which superelasticity occurs depends on the Sc content, and
we recently discovered that the Sc content of ~ 19 at.% is
suitable for room temperature superelasticity [16, 17].
Because the density of the superelastic Mg-Sc alloy
is ~ 2 g/lem®, which is approximately one-third of
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conventional NiTi-based superelastic alloys, the alloy may
attract attention in automobile and aerospace field from the
perspective of fuel efficiency. With its low Young’s modulus
and high biocompatibility [18, 19], the Mg—Sc superelastic
alloy can be applied in medical field as bone plates, stents,
etc. Recently, Li et al. implanted a Mg-30 wt.% Sc alloy
(equivalent to 18.8 at.% Sc) into rats and showed that the
alloy exhibits acceptable biocompatibility and biodegrad-
ability [20].

Although the Mg—Sc superelastic alloy exhibits the
abovementioned unique properties, it still faces some chal-
lenges that need to be addressed. The most critical of which
is its low strength and eventual low superelastic recovery at
room temperature [16, 17]. Although the recovery can be
considerably increased by coarsening the grain size, similar
to the case of Cu- and Fe-based shape memory alloy [5, 6,
10], maximum superelastic recovery obtained in Mg—Sc
alloy at room temperature was only 3% [16] because slip
deformation can occur easily at the same time with
stress-induced martensitic transformation. From this per-
spective, an increase in strength of the P matrix phase is
strongly desired to further improve superelasticity.

Herein, we focused on aging heat treatment because age
hardening is a well-known strengthening mechanism in
various alloys, including Mg-based alloys. The effect of age
hardening on superelasticity is also reported in SMAs, such
as NiTi—[2, 7], Fe—[8, 9, 21, 22], Ti—[7, 11, 12], and
Cu-based alloys [23, 24], where the effect can be either
positive or negative depending on the amount and/or size of
the aging products. For example, it is reported that nanosized
precipitation due to aging heat treatment effectively
strengthens the matrix phase of the Fe—Mn—Al-Ni SMA
and realizes superior superelasticity, whereas an excess
increase in size of the precipitates deteriorates the supere-
lasticity of the alloy [9, 21, 22].

In the Mg—Sc alloy, aging heat treatment is also effective
in increasing the hardness and tensile strength owing to the
precipitation of the o phase within the B phase [25-27].
However, the Sc content of the measured samples was either
16.8 at.% or > 20 at.% and the effect of aging on supere-
lasticity was not investigated. In this study, we investigated
the effect of age hardening on the superelasticity of the Mg
—Sc alloy at room temperature.

Procedures

A Mg-Sc ingot with the nominal composition of Mg-18.8 at.
% Sc was prepared by OSTECH Co. Ltd. and Hunan Ori-
ental Scandium Co. Ltd. A block was cut from the ingot and
hot rolled at 923 K. The resulting sheet was homogenized at
873 K for 24 h before being cold rolled with intermediate
annealing at 873 K for 15 min until its thickness
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reached ~ 1.3 mm. For each measurement, a specific size
of sample was cut from the cold rolled sheet; subsequently,
the sample was heat treated and then aged as mentioned
below.

The changes in hardness and microstructure were mea-
sured using samples with the size of ~ 5 x 5 mm? The
samples were solution heat treated at 963 K for 30 min,
followed by quenching into iced water to obtain [
single-phase, and finally aged at 423, 448, 473, or 523 K for
different durations. Hardness was measured using a Vickers
hardness tester with an applied load of ~ 10 N. The hard-
ness of a sample was calculated from the average of 10
points. The microstructure was observed using a scanning
electron microscope (SEM) with an accelerated voltage and
probe current of 15 kV and 10 pA, respectively. The
observed samples were polished using SiC papers and dia-
mond pastes of different grit sizes (3, 1, 0.25 pm) and
chemically etched in acid solution for 5s to obtain a
mirror-like surface. X-ray diffraction (XRD) analysis was
performed to investigate the constituent phases in measured
samples.

Samples with a length and width of approximately 40 and
5 mm were prepared to evaluate superelasticity at room
temperature. Cyclic heat treatment (CHT) was applied to the
samples to obtain the grain size of ~ 1 mm because a small
grain size of about several hundred micrometers consider-
ably deteriorates superelasticity [16, 17] and therefore makes
it difficult to determine the effect of aging on superelasticity.
Specifically, the samples were solution heat treated at 963 K
for 30 min, followed by air cooling to room temperature. In
the following cycle, they were again solution heat treated at
963 K for 30 min, followed by quenching into iced water to
obtain P single-phase. This type of abnormal grain growth
(AGG) was first observed by Omori et al. in the Cu-based
SMA [28], where subgrains seemed to be formed by the
precipitation and dissolution of the second phase via CHT,
and eventually, the subgrain boundary energy acted as an
additional driving force for grain growth, resulting in AGG
[28, 29]. The second phase is the a phase in the case of the
Mg-Sc alloy [16], and the obtained average grain size
was ~ 980 um in the current study. The detailed mecha-
nism underlying the AGG is under investigation and will be
reported in the future study. The sample that underwent CHT
was finally aged at 423 K for 4 ks, and a cyclic tensile test
was conducted at room temperature to evaluate the supere-
lasticity of the alloy. The tested sample was loaded to i%
strain and then unloaded to zero stress at the ith cycle (i = 1,
2, 3, etc.). The test was repeated until fracture. The strain rate
was set to 107> s~ ', and sample thickness and gauge length
were approximately 0.5 and 15 mm, respectively. A sample
that underwent CHT without aging heat treatment
(as-quenched sample, hereafter) was also tested at room
temperature.
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Results and Discussion

Figure 1 shows the plots of Vickers hardness versus aging
time at different temperatures, where the hardness of the
as-quenched sample was ~ 90Hv (shown with a gray sha-
ded line). At each aging temperature, the hardness increases
considerably with aging heat treatment and exhibits a sig-
moidal change against aging time. Incubation time before
the onset of hardening becomes longer with decreasing ag-
ing temperature. By contrast, the maximum hardness values
of ~ 180 Hv are almost identical within the range of
measured aging time.

A microstructural change observed using an SEM is
shown in Fig. 2. The as-quenched sample has a
single-phase with a small amount of o phase at the grain
boundaries of the B phase (Fig. 2a). These o phases at grain
boundaries should be formed during quenching and were
also reported in previous studies [13, 15]. Inclusions shown
in white in the figure were measured using SEM-EDX
(energy dispersive X-ray spectroscopy) and were found to be
Sc,05 that could be formed during the melting process.
These inclusions are also seen in all the aged samples;
therefore, we believe they do not affect the age hardening
behavior. Figure 2b presents the microstructure after aging
at 423 K for 4 ks, showing the presence of needle-like
precipitates within the B matrix phase. These precipitates
grow along their longitudinal direction with aging time, and
the volume fraction increases, as shown in Fig. 2c and 2d.
The same microstructural changes were also seen in the
samples aged at 448, 473, and 523 K.

XRD analysis was performed on the samples aged at
423 K to confirm the phase of the precipitates, and the
results are shown in Fig. 3. In the XRD pattern, reflection
peaks appear at ~ 36.5° after aging for 4 ks, and the peak
intensity increases while that of [ phase decreases with
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Fig. 1 Vickers hardness as a function of aging time at different
temperatures
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aging time, indicating that aging products shown in Fig. 2b—
d are o phases. Hardness is also plotted in Fig. 4 as a
function of the volume fraction of the o phase. The volume
fraction was measured using the ImageJ software using the
SEM images of the sample aged under different conditions.
It is clear from Fig. 4 that the change in hardness due to
aging heat treatment is related to the change in the volume
fraction of o phase, and an increase in volume fraction of the
o phase leads to age hardening in the studied alloy. The
same results have been reported in our previous works,
where Vickers hardness increases with the volume fraction
of needle-like o precipitates due to aging [25-27].

Arrhenius plots are presented in Fig. 5 to investigate the
kinetics of age hardening behavior, where 7. denotes the
incubation time, as defined in the inset of the figure, and
T represents the aging temperature. According to the
Arrhenius equation,

1 0
In (g) = — ﬁ + C7

activation energy Q is equivalent to the slope of the
Arrhenius plots, where R and C denote the gas constant and
a constant value, respectively. The Q value is calculated
as ~ 83.9 kJ/mol and is almost the same as the reported one
(~ 83.5 kJ/mol) in a previous report which suggests the
precipitation of the o phase is dominated by interface
diffusion in the present Mg-Sc alloy [27]. Meanwhile,
interface diffusion is also dominant in the precipitation of
bainite plates in the case of the Cu-based alloy that shows
age hardening owing to bainitic precipitation [30].
Furthermore, notably, if the volume fraction is below 30%,
the bainite plates can be deformed together with the matrix
phase upon stress-induced martensitic transformation and
hence do not deteriorate the superelastic recovery at all
despite a slight increase in the hardness of the alloy owing to
bainite plates [23]. From this perspective, it is expected that
o precipitates could also be deformed in the present Mg—Sc
alloy upon stress-induced martensitic transformation and, in
turn, could improve the superelasticity of the alloy at room
temperature if the volume fraction of o precipitates is in a
proper range.

To investigate the effect of o precipitates on the supere-
lasticity of the alloy, we conducted cyclic tensile tests at
room temperature. The grain size of the tested sample was
increased to ~ 980 um using AGG induced via CHT, as
mentioned in Section Procedures. The aging condition was
set to 423 K x 4 ks, where the volume fraction of o pre-
cipitates was ~ 10%. Notably, the aged samples with
higher volume fraction, i.e., the ones aged at 423 K for 10
and 50 ks, were too fragile to undergo cyclic tensile tests.
Figure 6a shows the cyclic stress—strain curves obtained
using the as-quenched and aged samples. Both samples
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Fig. 2 Secondary electron

(SE) images of the samples;

a as-quenched, b after 423 K x 4
ks, ¢ after 423 K x 10 ks, and
d after 423 K x 50 ks
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Fig. 3 X-ray diffraction patters obtained from the as-quenched and
aged samples
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Fig. 5 Arrhenius plots of In (1/z.) versus 1/T.t. denotes the incubation
time as defined in the inset of the figure and T represents the aging
temperature

show clear stress hysteresis during loading and unloading
and exhibit superelasticity at room temperature. To compare
these two samples quantitatively, superelastic strain (ek)
and applied strain (¢) at the ith cycle were defined as shown
in Fig. 6a. Stress hysteresis (aflys) was also defined as the
difference between stresses during loading and unloading at
i/2% strain (Fig. 6a). The plots of & and o-flys as the func-
tions of & are presented in Fig. 6b and c, respectively,
showing that the maximum superelastic recovery in the aged
sample (~ 1.1%) is higher than that in the as-quenched
sample (~ 0.8%), whereas aflys is slightly decreased in the
aged sample. To investigate the possible causes of the dif-
ferences, SEM observation was performed on the surface of
the aged sample after a fracture. Figure 7a and b presents the
obtained microstructures, showing that martensite plates
have been formed across o precipitates all over the observed
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area and the precipitates seem to be deformed along with the
B matrix phase upon stress-induced martensitic transforma-
tion, as in the case of the foregoing Cu-based superelastic
alloy [23, 30]. It is therefore suggested that o precipitates
that had been deformed along with  matrix phase cause
back stress to assist the reverse transformation of the
stress-induced martensite phases. The back stress and a
slight increase in hardness might result in decreased stress
hysteresis and slightly larger superelastic recovery.

Conclusions

The effect of aging heat treatment on the hardness,
microstructure, and superelasticity of the Mg-18.8 at.% Sc
alloy at room temperature was investigated herein, and the
following conclusions were drawn:

(1) Aging heat treatment at temperatures between 423 and
523 K effectively increased the Vickers hardness of the
alloy from ~ 90 Hv (as-quenched condition) to the
maximum value of 180 Hv.

hysteresis (aﬁys) at ith cycle are also defined in the figure. b &g, and
c aflys of the samples as the function of &

(2) SEM observations and XRD analysis revealed that the
precipitation of the o phases within the B matrix phase
caused age hardening and the hardness value after aging
almost linearly depended on the volume fraction of the
o phase regardless of the aging condition.

The cyclic tensile test of the sample that had been aged
at 423 K for 4 ks revealed that it was possible for the o
precipitates with a volume fraction of ~ 10% to be
deformed along with the B matrix phase of the alloy
upon stress-induced martensitic transformation, which
in turn caused back stress during reverse transforma-
tion. The back stress and a slight increase in hardness of
the aged sample might result in slightly smaller stress
hysteresis and minor improvement in superelastic
recovery at room temperature compared with those of
the as-quenched sample.
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Abstract

Lightweight components improve the fuel efficiency of
internal combustion vehicles and contribute to extending
the driving range of electrified vehicles. Many Mg alloys
have been developed over the years to meet these
demands; however, low formability at room temperature,
corrosion, and high cost have inhibited widespread
adoption in the automotive industry. The new alloy
Mg-1Zn-1A1-0.5Ca-0.2Ce-0.4Mn (ZAXEM 11100, all in
weight %) has shown excellent post-rolling formability
with an Ericksen Index of 7.8 mm and a post-T6 yield
stress of 270 MPa in lab scale sheet samples. In this
work, a processing map based on Gleeble thermome-
chanical tests has been developed for the new alloy. This
processing map provided important guidance to a
production scale extrusion. This work details the mechan-
ical performance of ZAXEM11100 as an extrusion alloy.
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Introduction

Vehicle lightweighting has been a strong motivator for
magnesium alloy development as a lightweight material [1,
2]. With increasing demand and production of electric
vehicles, where large capacity and heavy batteries are nee-
ded, the benefit of removing weight from other areas of the
vehicle has become a greater initiative [3]. Magnesium
(Mg) and its alloys have been formed successfully into
automotive parts by both high-pressure die casting (HPDC)
and wrought processing [1, 4]. A major hurdle toward
greater use of Mg has been its low formability at room
temperature, largely due to strong c-axis texture after
deformation [4, 5]. This has limited the use of wrought Mg
to only higher temperature production methods like rolling,
forging, and extrusion [6]. The increase in working tem-
perature can improve formability but will also increase
processing time, cost, and complexity compared to steel and
aluminum alloys. [1]

Currently, there are very few commercial wrought Mg
alloy compositions, compared to steel and Al alloys, used for
structural applications [4, 5, 7]. The most common are the
Al- and Zn-containing alloys (AZ61, AZ80, AZ31), Zn- and
Zr-containing alloys (ZK60, ZK31), and Al- and
Mn-containing alloys (AM30). Extensive research has been
conducted into modifications to these alloys with rare earths,
Li, and/or Ca [8-12]. These additions have shown
improvement in room temperature ductility and formability
[4, 12]. This is due to the ability of these elements to modify
texture of the deformed microstructure, the CRSS of slip
systems, and the occurrence and frequency of twinning.

Shi et al. [5], in cooperation with the United States
Automotive Materials Partnership (USAMP), developed
Mg-1Zn-1A1-0.5Ca-0.4Mn-0.2Ce alloy (all in weight %,
hereafter referred to as ZAXEM11100) that possessed high
formability in post-rolled T4 condition and excellent tensile
properties after T6. The improved formability was credited
to texture modifications (Ca and Ce in solid solution) and the
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improved strength post-heat treatment to clustering of solute
atoms.

Forming at elevated temperatures makes possible defor-
mation modes that are not readily activated at room tem-
perature. In wrought Mg-Zn-Al alloys, deformed at elevated
temperatures, Dynamic Recovery (DRV), Dynamic
Recrystallization (DRX), and Dynamic Precipitation (DP)
have been reported each with different and interdependent
effects on flow behavior [13, 14]. The processing map was
developed to display the dominate microstructure mecha-
nisms that are acting at a given process conditions (tem-
perature and strain rate) [15-17].

The current paper extends the work on this alloy begun
by Shi et al. by observing the compressive stress vs. strain
behavior under various temperatures and strain rates to
produce a processing map. The extrudability and scalability
of this alloy is studied with large-scale extrusion testing.

Numerical Methods
Processing Map Construction

A processing map is a well-studied tool for hot working
processes, which can be used to find the optimal temperature
and strain rates for deformation [18]. The maps are con-
structed with two parts: an efficiency parameter and a sta-
bility criterion [19-21]. Most published processing maps
make use of the Prasad method [22] due in part to the
computational simplicity as well as the large body of liter-
ature to support its reliability. A brief derivation of the
important equations is given as well as a discussion as to
important assumptions made in the derivation that must be
satisfied. The assumptions of the processing maps are that
the work piece acts as a power dissipator, where the total
applied power (P) is dissipated by plastic work/heat and
microstructural change, through irreversible processes. This
process is expressed as:

P=o-¢

Il
OS>

O’*dé+7é*d€ (1)
0

which can also be written more simply as
P=G+J (2)

with G being the dissipator content and represents the power
dissipated by plastic work (heat) and J being the dissipator
co-content which represents the power dissipated by
dynamic microstructural and metallurgical processes. J is the
term of interest and can be evaluated as
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J=7é*d0=%
m

0

(3)

under the assumption of a power-law stress—strain rate
relationship (¢ = A&™). The simplification in Eq. 3 is only
valid if strain rate (&) and the strain rate sensitivity parameter
(m) are independent. This independence can be verified by
plotting In(g) versus In(¢). If ¢ and m are independent, the
resulting curve will be linear and the efficiency that power is
dissipated by microstructural processes, #, is defined by
Prasad as the ratio

J 2m

= = 4
1 -]max m+1 ( )

where J, is the value of J at m = 1 or where the workpiece
acts as a liner dissipator. However, if ¢ and m are not
independent, both Eqgs. 3 and 4 are invalid. To compute
processing maps in this case, Murty and Rao et al. developed
a more general solution that does not rely on the power-law
relationship [23]. Equation 4 was modified to be

J  (P-G)

Jmax

1 ¢
1 J, max [ g*xé& é ‘| ( )
Equation 5 requires an integration of G beginning at a
strain rate of zero which is not done experimentally. To
mediate this, Murty and Rao separated the integral in Eq. 5
so that a power-law relationship is assumed near a strain rate

of zero via Eq. 6 and substituted into Eq. 5.
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There are many proposed equations to predict instability
for the construction of processing maps [24]. Kumar [19]
and Prasad [20] built on the instability criteria outlined by
Ziegler [25]

dD

— >
dé

© | O

(8)

where D(¢) is the materials dissipative function which is
substituted for J as the metallurgical dissipative function is
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of interest. The full derivation can be found in the cited
literature. This substitution in a power-law stress and strain
rate relationship yields the inequality

wherever this inequality is not satisfied, instable flow is
predicted to occur. When the power law relationship is not
assumed, the stability criteria is seen in Eq. 10 as derived by
Murty and Rao [24].

2m > (10)

Materials and Methodology

The material used for this study was gravity cast
ZAXEM11100 alloy billets (22.86 cm diameter by 76.2 cm
length) provided by Terves LLC. The composition was
verified with spark optical emission spectroscopy
(Spark-OES) and is included in Table 1. A test billet was
subjected to a multistage heat treatment, developed in a
previous work [5], to sequentially dissolve all secondary
phases and improve processability.

Compression cylindrical samples were machined by
electronic discharge machining (EDM) to the size of 10 mm
diameter by 15 mm long. Samples were taken near the outer
edge of the heat-treated billet slice. Uniaxial compression
tests at fixed temperatures and true strain rates were per-
formed on a Gleeble 3800 thermomechanical testing frame.
The test temperatures were from 325 to 425 °C in 25 °C
increments and strain rates in one-decade increments from
107 to 10°s™'. Strain was measured by using the dis-
placement of the Gleeble arm. All compression tests were
conducted to a true strain of 1 mm/mm. Samples were
resistively heated at a rate of 5 °C/s until the desired tem-
perature was reached. The temperature was measured with a
thermocouple that was impact welded to the center of the
sample. All sample temperatures remained within £3 °C
throughout testing. After testing, samples were quenched
into room temperature water within 5 s of test termination to
prevent post-deformation microstructure evolution.

Large-scale extrusions were done on an Extral 3800 MT
extrusion press. The billets were skinned with a lathe to
remove scaling before preheating to 390 °C. A 0.4" x 5.5"
(1 x 13.9 cm) plate die with at extrusion ratio of 28.9 was
used. Feed rate was varied to change the average strain rate,

Table 1 OES measured
composition of ZAXEM11100
billet

Element Zn

Composition (wt.%) 1.38

as calculated through slab analysis, of the extrusion from
0.04 to 0.15 57"

Results and Discussion

Figure 1 shows the flow behavior of ZAXEM11100 alloy,
following an expected trend of yield stress and flow stress
decreasing with increasing temperature and increasing with
increasing strain rate. The flow stress data was first pro-
cessed with a custom-built MATLAB program using a cubic
spline fit to extrapolate the experimental data to intermediate
strain rates and temperatures. After this extrapolation, a In(o)
versus In(¢) plot, Fig. 2, was constructed, and ZAXEM11100
was determined to not follow a linear relationship, and,
therefore, the Murty and Rao method for processing map
construction (Eq. 7) and the instability relationship from
Eq. 10 will be used in this work.

The flow stress data at 20, 40, 60, and 80% strains was
used to construct the processing maps seen in Fig. 3. Two
domains and one instability region were identified by con-
ventional means. Domain I has a maximum efficiency 0.95-1,
exists at low strain rate (10~ s™!), and shifts from 350 to
375 °C as the strain increases. The peak efficacy of Domain II
cannot be determined because the bulk of this domain is at
strain rates higher than the tested rates. The bulk of the pro-
cessing map is dominated by the instability region. This
region exists between strain rates of 107> s™' to 107" s~ at
all temperatures investigated with little movement seen in
location the instability region at different strains.

Generally, curves at low strain rates (10°~107%) and high
temperatures (400—425 °C) show ideal plastic flow behavior
while curves at 10° strain rate and 325-375 °C show strain
softening that is evidence of dynamic microstructural chan-
ges. The early peak in flow stress followed by softening seen
in 10 s™", 325 °C condition and the 10° s™", 425 °C both
show strong evidence for significant DDRX [26] (Fig. 1).

The power of a processing map is its ability to identify
regions ideal for extensive deformation processing. Conven-
tional wisdom is to select strain rates and temperatures that
result in a high degree of DRX. In Mg alloys, this is even more
important due to the reduced c-axis texture and grain size of
heavily recrystallized microstructures. A peak efficiency
between 30 and 50%, depending on the material’s stacking fault
energy, is a good indication for DRX being the dominating
microstructural process [22]. Domain II could be an option as
the efficacy seen in the range investigated is in the 30-50%
range that is typical of good dynamic recrystallization [18].

Al Ca Ce
1.25 0.52 0.2

Mn
0.46

Other elements

0.09

Mg
96.1
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Fig. 2 In(o) versus In(¢) plot of ZAXEM11100 at a fixed true strain of
0.5

Production Scale Extrusions

A pilot study of the performance of this alloy under
industrial scale extrusion was performed on the same billet
with the same condition used in the production of the pro-
cessing map. The first trial was done with a billet temper-
ature of 390 °C and a speed of 1”/min (25.4 mm/min).
There was no observed macroscopic cracking, Fig. 4a.

¢ T r T T T T T T T 1
00 01 02 03 04 05 06 07 C8 09 10

0+ T . T T T T T T T 1
00 0.1 02 03 04 05 06 0.7 0.8 09 1.0
14

A second trial was done at the same billet temperature but
with an elevated extrusion speed of 2”/min (50.8 mm/min).
This second trial, Fig. 4b, resulted in extensive hot cracking
after extrusion despite the calculated average strain rate,
0.15 s~', and extrusion temperature falling within the stable
region of the processing map except for the initial strains,
Fig. 3a.

Through CALPHAD analysis Fig. 5, the solidus of
ZAXEM11100 was calculated to be quite low at 425 °C.
The measured temperature of the plate, after leaving the
extrusion press, fluctuated between 420 and 450 °C which is
60 °C warmer than the billet before extrusion and above the
solidus temperature indicating that friction during extrusion
resulted in sufficient heating induce incipient melting.
A lower initial billet temperature was attempted but the
stress required to begin extrusion, breakthrough stress, was
too great and extrusion was not possible. In Table 2, the
effect of Zn and Ca content on the solidus was investigated.
It was found that reduction of each individually was able to
raise the solidus to above the exit temperature of the billet at
2"/min.

While ZAXEM11100 has shown good performance in
lab scale rolling experiments and some promise in the pro-
cessing map analysis, the low solidus gives it a very narrow
temperature range for successful production scale extrusion.
A change in the Zn or Ca content could increase this window
and lead to a more extrudable alloy.
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Murty and Rao Process map (power dissipation) at 40 percent strain

-.

Fig. 3 Processing map Constructed for ZAXEM11100 at a 20%, b 40%, ¢ 60%, and d 80% strain with the instability region shaded in gray.
Contour lines correspond to lines of equal efficiency

Fig. 4 Images of extruded

ZAXEM11100 plate as it left -4~ Die Exit $
the die with an extrusion - P

speed of a 1™/min (25.4 : | - X
mm/min) and b 2'/min o -
(50.8 mm/min) 4 ;. =

=~

/ _‘.‘:_f"“'.’--
R —

Mouth




194 T. Avey et al.
Fig. 5 Equilibrium phase 0.02
fraction versus temperature plot
of ZAXEMI11100 billet used in
extrusion testing calculated with 0.0175
the PanMg2021 database
0.0154
Liquid
0.01254
_—~
* ™,
@ 0.014 7 - Al Mg, Al,Ca
= '|I / e S, HCP
1 A T_AlCaMg
0.0075 II_\ o F
N
0.005+ e \\_. MgoCe | i
AN AlgMing
«
0.0025 4 | \'\.,Qg:ngZns
0 II T T T --I---\--‘.x T T | T I T T T
100 150 200 250 300 350 400 450 500 550 600
Ip T[C]
Table 2 Effect of Zn and Ca content on the solidus of nominal e The thermal window to successfully extrude

ZAXEM11100 composition (Mg-1Zn-1A1-0.5Ca-0.2Ce-0.4Mn)

ZAXEM11100 limits its usability but a change to the Zn

Zn content Solidus temp ~ Ca content Solidus temp or Ca composition should improve its workability.
(wt%) (O (Wt%) (0
0.7 465 0 570
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Abstract

Mg-1.277Zn-0.75Gd-0.17Zr alloy (at.%) reinforced by
long period stacking ordered (LPSO) structure
X-Mg,GdZn was fabricated and then subjected to
indirect extrusion and T5 and T6 heat treatments,
respectively. Effect of indirect extrusion and heat treat-
ments on microstructure evolution and room temperature
tensile mechanical properties were systematically studied
and discussed. Results show that the morphology of X-
phase changes from plate-like to lamellar-like and further
to disconnected block-like with the technical process.
Large amounts of fine f° phases precipitate in oa-Mg
matrix of T5-treated alloy. Tensile and yield strength of
the as-extruded alloy is 338 and 230 MPa, which is
owing to the hard and fragile lamellar-like X-phase is easy
to start cracks. T5-state alloy exhibits optimal mechanical
properties with ultimate tensile strength of 390 MPa,
tensile yield strength of 295 MPa and elongation of
11.9%, owing to the f8° precipitates strengthening and
LPSO X-phase strengthening.
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Introduction

Recently, magnesium alloys have shown the potential to
serve as excellent structural and engineering materials that
can reduce the weight of vehicle or aerospace components
with superior high specific strength and specific stiffness [1,
2]. However, a serious difficulty in further application of
magnesium alloys is the poor mechanical properties, espe-
cially its low strength and mechanical processing [3].

The strengthening of Mg-based alloys has long been a
popular subject for the weight reduction. Mg-Zn-RE alloys
have attracted more attention because of the superior me-
chanical properties. The addition of Zn in Mg-RE alloys has
been identified to have significant effect in improving both
the strength and ductility [4]. The solid solubility of rare
earth element Gd in magnesium alloys reduces dramatically
with decreasing temperature, whose equilibrium solid solu-
bility at 821 K and 473 K is 4.53 at.% and 0.61 at.%,
respectively, forming an ideal system for precipitation
hardening. Thus, magnesium alloys with Gd addition have
been extensively studied to develop high strength and good
heat-resistance. Anyanwu et al. researched that the
as-extruded Mg-17Gd-0.51Zr alloy reaches the ultimate
tensile strength of 400 MPa after TS heat treatment, which
was mainly due to the fine precipitates in the matrix during
aging [5]. Mg-Zn-Gd alloys with excellent mechanical
properties are attributed to solution strengthening, aging
strengthening and secondary phases strengthening, espe-
cially long period stacking ordered (LPSO) structure
X-Mg,GdZn strengthening [6]. Lu et al. [7] investigated
that 16 ECAP passed Mgoy7.,Zn,Gd, gZr ; (at.%) alloy owns
the ultimate tensile strength, yield strength and elongation of
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387 MPa, 324 MPa and 23.2%, respectively, which could
be attributed to a large number of 14H LPSO X-phase.

As a kind of effective strengthening phase, Mg-Zn-Gd
alloys with LPSO phase show good possibility to be a type
of high-strength magnesium alloys. The accumulated
experimental results indicate that the mechanical properties
of Mg-Zn-Gd alloys could be tailored by reasonable control
of the volume fraction and morphology of the LPSO struc-
tures. Simultaneously, Zn and Gd ratio could influence the
volume fraction of LPSO X-phase and show a range of
mechanical properties. More recently, it is believed that the
LPSO-containing magnesium alloys demonstrate ordinary
performance in as-cast condition, but the mechanical prop-
erties are significantly enhanced after conventional plastic
deformations such as hot extrusion, equal channel angular
pressing (ECAP) process and rolling [8]. Hot extrusion is an
extremely effective method to refine the microstructure and
phase morphology so as to improve the mechanical prop-
erties of magnesium alloys. On the basis of considering
technical conditions could also cause the transformation of
secondary phase volume fraction and morphology, and the
effect and strengthening mechanism have not yet been
widely reported.

Based on this background, microstructures and mechan-
ical properties of a Mg-1.27Zn-0.75Gd-0.17Zr alloy during
extrusion, and following solution treatment and isothermal
aging (T5 and T6 treatments) were investigated in this study,
in order to explore the possibility of preparing Mg-Zn-Gd-Zr
alloys strengthened via co-existed LPSO phases and pre-
cipitates. A trace amount of Zr added into the investigated
alloys was aiming at grain refinement.

Materials and Methods

A ©60 mm Mg-1.277Zn-0.75Gd-0.17Zr (at.%) billet was
successfully prepared by conventional casting method [9].
Chemical composition of the alloy is presented in Table 1.
Samples cut from the ingot are homogenized at 430 °C for
14 h and quenched into cold water. Indirect extrusion is
from ®47 mm cylinders to @12 mm rods with a speed of
56 cms ' in a 50 mm extruding container at 400 °C.
Aging hardening behaviors are investigated at 200 °C for
different times between 2 and 117 h. Parts of the extruded
rods and tensile specimens are solution-treated at 430 °C for
8 h, among which a fraction of them is followed by aging at
200 °C to achieve T6-state. TS processing is performed by

Table 1 Chemical analysis
constitution of the experimental
alloy

Alloy

Mg-1.27Zn-0.75Gd-0.17Zr

S.Yin et al.

aging of the extruded samples directly at 200 °C. Finally, the
annealed samples are dipped into the water for quenching.

Tensile tests of the specimens are performed in triplicate
at a crosshead speed of 1 mm/min, according to the relevant
standard of using cylindrical specimen with the dimension of
25 mm gauge length and 6 mm diameter. All tensile tests are
carried out on a Shimadzu AG-X (10 kN) machine at room
temperature. Image analysis technique using at least ten
areas is applied to estimate the volume fraction of second
phase. Vickers hardness test is carried out by 3 kg load for
15 s. Linear intercept method is used to determine the grain
size of the alloys. Microstructures are observed by an optical
microscope (OM), a transmission electron microscope
(TEM; JEM-ARM?200F) and a scanning electron microscope
(SEM; Zeiss Ultra 55, Germany) with an energy dispersive
spectroscope analyzer (EDS). The acceleration voltage of
TEM is 200 kV, the corresponding bright-field and
high-resolution images are characterized. Similarly, the
secondary electron images of SEM are detected, 500-5000
magnifications are used, and the acceleration voltage is
15 kV. Results of diffraction peaks are manipulated through
the normalized process.

Results and Discussion

Age hardening behaviors: The age-hardening values with
different aging time of the sample aged at 200 °C is shown
in Fig. 1. Originally, the hardness value increases slowly and
then increases rapidly after 8 h aging. It reaches the peak at
16 h and then decreases gradually. Subsequently, the hard-
ness adopts a saw-tooth-like model with the prolonged aging
time and then turns into a period of fluctuation. In order to
correlate the hardness with the microstructures, peak hard-
ness of 16 h will be investigated further.

Microstructure evolution: Fig. 2 shows the XRD pat-
terns of the Mg-1.27Zn-0.75Gd-0.17Zr alloy at different
conditions. It reveals that as-cast Mg-1.27Zn-0.75Gd-0.17Zr
alloy is composed of «-Mg solid solution, W-phase
(Mg3Zn;Gd,), and X-phase (Mg;,GdZn). After the indirect
extrusion and the subsequent heat treatments, second phases
composition remain the same but diffraction peaks intensity
of X-phase is stronger than that in as-cast condition, and
diffraction peaks intensity of W-phase is weaker than the
as-cast alloy.

Figure 3 manifests the microstructures of the longitudinal
section for the Mg-1.277Zn-0.75Gd-0.17Zr alloy. After

Chemical analysis constitution (at. %)
Zn Gd Zr
1.268 0.753 0.171

Mg
Bal



Effect of Extrusion and Heat Treatment on Microstructure ...

201

108 |- [—s— Harness(HV)|

105

L L
g,

=}
L]
T

Vickers Hardness
8 8

1 1 L L 1 1 1 L L

0 10 20 30 40 S50 60 70 80 90 100 110 120 130

Aging Time (h)

Fig. 1 Age hardening values of experimental alloy

u m---a-Mg
dh-wMg‘zGdZn
[ | *---Mg,Zn Gd,
E [
£ 6 d
o -treate
k5 *e T A *
[= hard
~ |T5-treated
e |
i 1 i L i L i L 1
10 20 40 50 60
20(degree)

Fig. 2 XRD patterns of the Mg-1.27Zn-0.75Gd-0.17Zr alloy

Fig. 3 Microstructures of the
Mg-1.27Zn-0.75Gd-0.17Zr alloy:
a Optical microstructure and

b SEM image of the as-extruded
alloy; ¢ Optical microstructure
and d SEM image of the
T5-treated alloy; e Optical
microstructure and f SEM image
of the T6-treated alloy

extrusion and heat treatments, the second phases are cracked
and zonal distributing along the extruding direction. Mean-
while, dynamic recrystallization (DRX) occurs during the
extrusion process and large amount of dynamic recrystal-
lized (DRXed) grains appear. Average size of the dynamic
recrystallization grains ranges from 8 ~ 12to 10 ~ 15 pm
via T5-treated procedure, and it reaches about 18 pum after
T6 treatment. This phenomenon illustrates that heat treat-
ment process could coarsen the grains. EDS result of point A
suggests that the chemical composition of the block-like
phase is Mg-9.17 at. % Zn-6.49 at. % Gd, suggesting it is
W-Mg37Zn;Gd, phase. The lamellar-like structure of point B
in Fig. 2a contains Mg (88.47 at. %), Zn (5.13 at. %) and Gd
(6.36 at. %), which is close to X-Mg;,GdZn phase. Volume
fraction of the second phases in matrix increase with the
process of TS5 and T6 treatments. Meanwhile, X-phase
morphology develops into bulk of thick plates throughout
the matrix (Fig. 3e).

The TEM observation and corresponding SAED patterns
for the as-annealed specimens are shown in Fig. 4. The
14-layer period-stacking structure X-phase is always existed
in as-extruded and as-annealed conditions as shown in
Fig. 4b and c. Figure 4a shows the TEM bright-field image
of the alloy aged at 200 °C for 16 h. A high density of fine
spherical precipitates with black contrast could be observed
in the grains. These particles are distributing in the matrix
uniformly and compactly. According to the corresponding
selected area electron diffraction (SAED) pattern given in
Fig. 4d, extra diffraction spots of the precipitates are
observed at the 1/2 {1-210} and 1/2 {—1012} positions,
indicating these precipitates are ° phases [10]. Figure 4b
shows the image of the alloy at T6 condition. A little bit of
small f’ellipsoidal particles emerges in the matrix.

The mechanical properties of the alloy in as-extruded
condition, T5-state and T6-state are demonstrated in Fig. 5.
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Fig. 4 TEM images and
corresponding SAED patterns of
the as-annealed experimental
alloy: a T5-state and b T6-state
Mg-1.27Zn-0.75Gd-0.17Zr alloy;
¢ HRTEM image of T6-state
Mg-1.277Zn-0.75Gd-0.17Zr alloy
and d corresponding SAED
pattern of (a)
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Fig. 5 Tensile properties of the experimental alloy at different

conditions

With the peak-aging treatment at 200 °C for 16 h, the ulti-
mate tensile strength is improved from 338 to 390 MPa.
However, the elongation of the alloy is decreased from 14.9
to 11.9%. Nevertheless, ultimate tensile strength decreases to
340 MPa and the elongation slightly increases to 15.1% after
the solution and aging treatment (T6). Generally speaking,
volume fraction of second phases increases gradually than
the extruded condition. Meanwhile, X-phase morphology
develops into bulk of thick plates throughout the matrix
(Fig. 3e). Although the aging treatment at 200 °C does not
affect the volume fraction of LPSO X-phase in the alloy, it
has a significant effect on the formation of RE precipitates.
With prolonged aging at 200 °C, large amount of RE pre-
cipitates (i phases) is formed in «-Mg matrix of the alloy
and its volume fraction also increased gradually. The large
amount of fine, dense and uniformly dispersed B’ phases
precipitate in the T5-treated alloy contribute to the high
strength and good thermal stability of the alloy. The

EB//[1010]

precipitates have great ability to retard dislocation motion on
the basal planes [11]. The i~ precipitates form on the pris-
matic planes and the LPSO structures form on the basal
planes, interconnecting into a network within the alloy and
thus leading to the unique mechanical properties of the alloy.
To sum up, aging (T5) treatment is the effective measure
to strengthen the LPSO X-phase containing alloys. The
worse mechanical properties of T6-staged alloy may be
attributed to the dissevered effect of plate-shaped X-phase
and the relatively large DRXed grains. In the meanwhile,
strengthening  precipitate can easily change the
semi-coherent crystal lattice with high solid solution tem-
perature, so as to decrease the strengthening effect.

Conclusion

1. Mg-1.27Zn-0.75Gd-0.17Zr (at.%) alloy consists of o-
Mg, X-phase and W-phase. Volume fraction of secondary
phases increase through heat treatments, but the second
phase species remain unchanged.

2. Large amounts of fine B’ phases precipitate in o-Mg
matrix of T5-treated alloy. The alloy owns the superior
ultimate and yield strength of 390 and 295 MPa at T5-
state, respectively, as well as the elongation of 11.9%.

3. Little fellipsoidal particles emerge in the matrix after T6
treatment. Through T6 treatment, the ultimate and yield
strength is 340 and 220 MPa, the elongation is 15.1%.
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Abstract

As a type of biodegradable material, AZ31 magnesium
alloy has attracted much attention in the bio-implanting
field. Depending on the actual applications, it is often
necessary to modify the microstructure of materials to
achieve different properties. It is critical to understand the
relationship between microstructure and corrosion prop-
erty of AZ31 magnesium alloy. Grain size is the
microstructural feature studied in this work. Heat treat-
ment was employed to obtain the samples with different
grain sizes. Bio-corrosion test was conducted for the
samples through being immersed in simulated body fluid
for various time intervals. Scanning electron microscope
was employed for observing morphology changes due to
corrosion testing. The results show that the corrosion rates
increased with the immersion duration for the samples,
the samples with larger grain size exhibited better
corrosion resistance, and the corrosion mechanism was
uniformly pitting corrosion.

Keywords

Magnesium alloy * Grain size * Corrosion * Pitting

Introduction

As the eighth abundant elements in the earth crust and due to
its high strength to density ratio, magnesium and its alloys
are playing a pivotal role in the fields of automotive industry,
aeronautics industry and clinic applications. Specifically for
clinic applications, there are many kinds of materials that can
be used as biomaterials such as stainless steels, titanium
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alloys, magnesium alloys, ceramics as well as polymers.
However, magnesium alloys have critical advantages among
all these choices as the material candidates for bone implants
[1-4], orthopedic applications [5] as well as vascular stents
[6]. AZ31 magnesium alloy was intensively studied for the
bio-applications. Bertuola et. al studied the corrosion pro-
tection capability of a polymeric coating from a phytocom-
pound for AZ31 alloy to constrain bacterial adhesion [7].
Wang et. al studied the cellular response of AZ31 magne-
sium alloy stent in artery [8]. Yadav et. al studied the surface
properties and biodegradation kinetics for AZ31 magnesium
alloys with bioceramic hydroxyapatite coating [9]. Although
mechanical properties of magnesium and its alloys are
important [10, 11], their corrosion behavior is also crucial. It
is known that the microstructure of materials affect the
corrosion behavior. This study investigated the effect of
grain size on the corrosion behavior of AZ31 magnesium
alloy including weight loss, corrosion rate, and surface
morphology.

Experimental

The cylindrical samples were prepared from AZ31 magne-
sium alloy bar with the chemical composition of ~3%
aluminum, ~ 1% zinc, and ~96% magnesium. The samples
were with a diameter of 12 mm and a height of 10 mm. To
achieve different grain sizes, one batch of the samples were
heat-treated at 200 °C for 72 h. Both as-received and
heat-treated samples were polished using P600 sandpapers to
ensure the same surface smoothness. Optical microscope
was employed to characterize grain sizes of the samples
before and after the heat treatment. SBF (simulated body
fluid) solution [12] was utilized for the immersion testing of
the samples. For the immersion testing, four specimens were
prepared at every different immersion durations. The
immersion durations used in this study are 0.5 day, 1 day,
7 days, 14 days, and 28 days. The testing was performed at
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36.5 £ 1.5 °C and pH in the range of 6.3-7.8. The ratio of
SBF volume to the surface area of a sample should be
30 ml/cm?. SBF was renewed every 2-3 days to ensure that
pH remained at physiological values, which can simulate the
human fluid environment optimally. After the immersion
testing, the samples were washed by ethanol and dried by
warm flowing air. The masses of the samples were measured
before and after the immersion testing. Scanning electron
microscopy (SEM) was utilized to study the morphology of
the sample surface after being corroded in SBF.

Results and Discussion

Figure 1 reports the grain size distribution histograms for
both as-received AZ31 magnesium alloy and AZ31 mag-
nesium alloy after heat treatment at 200 °C for 72 h. The
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Fig. 1 Grain size distribution histogram for a as-received AZ31
magnesium alloy and b AZ31 magnesium alloy after heat treatment at
200 °C for 72 h
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average grain sizes are about 7.43 £ 4.79 ym and
14.69 + 12.28 pm for the as-received and heat-treated
samples, respectively. The average grain size for the
heat-treated sample is about twice of that for the as-received
sample. The heat treatment process resulted in the significant
increase of the grain size. However, in terms of dispersion,
grain size distributions before and after heat treatment
remained almost the same.

During the whole SBF immersion tests, the pH value was
strictly monitored. The SBF solution was changed every
48 h to keep a normal physiological environment. The
variation of pH values during SBF testing is reported in
Fig. 2 for both as-received and heat-treated samples. The
data show that the pH value increased with the immersion
durations for both types of samples. The reason for the pH
value change is due to the evolution of hydrogen as well as
magnesium matrix being anode during the process. The
overall chemical reaction is as follows:

2Mg + 2H" + 2H,0 —»2Mg?>" + 2 OH™ + 2 Hy(gas)
(1)

As a result, the pH value increased at the expense of
dissolution of the Mg matrix. The more significant the pH
value changes, the more corroded the sample would be. For
both as-received and heat-treated samples, the change of pH
values became less with the increase of immersion durations.
The comparison between Fig. 2b indicates that the
heat-treated sample would be more corrosion resistant than
the as-received sample, since the highest pH value for the
heat-treated sample is less than that for the as-received
sample.

The weight loss was measured for both as-received and
heat-treated samples after the immersion testing as shown in
Fig. 3. The weight loss increased with the increase of
immersion time for both samples. Furthermore, the rate of
dissolution for the samples increased with the increase of
immersion time. The weight loss for the as-received sample
is higher than that for the heat-treated samples for the studied
immersion durations. This may be related to the different
grain sizes for the two types of samples. The heat-treated
sample has larger average grain size, and thus less grain
boundary area compared to the as-received sample. Gener-
ally, grain boundaries are prone to be attacked in the solution
and the increase of grain boundary area can lead to worse
corrosion resistant.

The corrosion rate could be calculated using the mass
information of the dried samples through the following
equation [13],

CR =8.76 x 10" W/(ATr) (2)

where CR is the corrosion rate, W is the mass loss (g), A is
the original surface area of each sample (cm?®), T is the
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Fig. 2 Variation of pH value after different immersion durations for
a as-received AZ31 magnesium alloy and b AZ31 magnesium alloy
after heat treatment at 200 °C for 72 h

immersion time (h), and r is the sample density (g/cm3). For
both as-received and heat-treated samples, a similar trend
was followed that the corrosion rate increased significantly
with the increase of the immersion duration in the SBF
solution. For immersion time from O to 72 h, the corrosion
rate was increasing with the same rate; and for samples
exposed in SBF solution from 72 to 168 h, the rate of cor-
rosion increased dramatically; as to further immersion up to
336 h, samples remained the same corrosion rate as the
corrosion rate calculated at 168 h, which may mean a bal-
ance between the formability of the passive protection film
on the sample’s surface and the dissolution of that film
accompanied by the attacking of CI™ ions in the solution;
and afterward, it was increased significantly for longer
explosion in the SBF solution (Fig. 4).

magnesium alloy under different immersion durations
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Fig. 4 Corrosion rate for both as-received and heat-treated AZ31
magnesium alloy under different immersion durations

Fig. 5 AZ31 magnesium alloy
before corrosion

Figure 5 shows the image of the as-received sample
before experiencing corrosion as a reference. Figures 6 and
7 exhibited the SEM images of surface morphology
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Imm

2mm

Fig. 6 Surface morphology of the as-received AZ31 magnesium alloy
samples after the immersion in the SBF solution fora 12 h and b 672 h

variation when exposed to SBF solution for different time
periods, for both as-received and heat-treated samples. The
figures show the micrographs for the immersion durations of
12 and 672 h as the representing conditions. For both types
of samples, the variation of surface morphology followed the
similar trend with the increase of the immersion duration. At
the initial stage, after being exposed to humid environment
for up to 24 h, the outline of the surface was complete and
no pitting was observed. This observation indicated a pro-
cess of formation of a noble film on the surface of the
samples, which was in good agreement with many other

2mm

2mm

Fig. 7 Surface morphology of the heat-treated AZ31 magnesium alloy
samples after the immersion in the SBF solution fora 12 h and b 672 h

studies in pure magnesium and magnesium alloys [14—16].
This also agrees with the increase of pH value shown in
Fig. 2.

As being exposed in the SBF solution for up to 168 h,
pitting obviously appeared on the surface, which indicated
the breaking down of the film layer mainly composed of Mg
(OH), at some locations. When the immersion duration is
longer than 168 h, a compact protective layer was no longer
existing and localized corrosion started to occur. But at some
other locations on the surface, the intact portion of the layer
was still acting as a protection.



Effect of Grain Size on Bio-corrosion Properties of AZ31 Magnesium Alloy

Conclusion

This study investigated the effect of grain size on the cor-
rosion behavior of AZ31 magnesium alloy including pH
value variation, weight loss, corrosion rate, and surface
morphology. Heat treatment was used to increase the aver-
age grain size. The following insights can be drawn from the
results.

e The pH value increased with the immersion durations for
both as-received and heat-treated samples.

¢ For both as-received and heat-treated samples, the change
of pH values became less with the increase of immersion
durations.

e The weight loss and corrosion rate for the as-received
sample is higher than that for the heat-treated samples.

e The heat-treated sample would be more corrosion resis-
tant than the as-received sample.

¢ As being exposed in the SBF solution for a duration of at
least 168 h, pitting became the corrosion mechanism.
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Abstract

In the present study, the microstructural evolution of
solid-solution treated Mg—4Sn—-3Al-1Zn—0.3Mn (TAZM)
was explored through hot compression tests in the
temperature range of 300-460 °C and the strain rate range
of 0.001-1 s~ L. Dynamic recrystallization (DRX) behav-
iors induced by hot compression and the effects of Sn
alloying were studied, using analytical electron scanning
microscopy. The correlation between DRX of a-Mg grains
and dynamic precipitation of Mg,Sn during hot deforma-
tion was revealed. The influences of Mg,Sn dynamic
precipitates over plastic deformation of o-Mg grains,
texture evolution, and cracking were also discussed.

Keywords

Mg—Sn alloy * Dynamic recrystallization ¢ Dynamic
precipitation

Introduction

As the lightest structural metal, magnesium alloys are con-
sidered as a promising alternative for the application of
automobile lightweight, due to their excellent properties of
low density, high specific strength, and specific stiffness
[1-3]. Magnesium alloys normally yield insufficient forma-
bility under room temperature [4, 5]. It is well known that
the processing parameters have a great impact on plastic
deformation mechanisms and therefore the formability of
magnesium alloys [6-8]. Another reason is that the
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processing parameters such as temperature, strain, and strain
rates are also able to effectively control precipitation
behavior by regulating the diffusion of solute elements [9—
13]. Attention has been drawn to Mg-Sn-based alloys due to
their superior precipitation strengthening effect introduced
by Sn alloying [13-28]. Mg,Sn acts as the main precipitate
in Mg-Sn system and shows excellent thermal stability,
leading to a good combination of strength and formability
[13]. Past work has shown that dynamic precipitates of
Mg,Sn during hot working/deformation improved the
mechanical performance of magnesium alloys [17, 29-31].
Zhang et al. [32] reported a novel lean Mg—Sn—Ca—Mn
wrought alloy with yield strength of 450 MPa and elonga-
tion of 5%. Sasaki et al. [30] also developed a Mg—6.6Sn—
5.9Zn-2.0A1-0.2Mn (TZAM6620) (wt.%) extruded alloy
with a combination of strength (370 MPa) and elongation
(14%) via double aging.

Numerous research focuses on how to reduce the acti-
vation of non-basal slip systems in magnesium alloys [33]. It
is well established that the addition of alloying elements,
such as a few weight percentages of Sn alloying element,
could weaken basal texture and promote the activation of
non-basal slip systems, by altering the stacking fault energy
(SFE) [34-36]. Muzyk et al. [37] suggested that the addition
of Sn could decrease the energy barrier for partial disloca-
tions and stacking fault formation significantly compared
with the other alloying elements. Consequently, Mg,Sn
precipitates can influence the activation of slip systems [12,
38, 39]. It is widely accepted that dynamic recrystallization
(DRX) behavior significantly influences the microstructure
and mechanical properties of Mg alloy [40-44]. Mg,Sn
precipitates are generally believed to increase the number of
the DRXed grains via Particle Stimulated Nucleation
(PSN) mechanism [44-47]. Zhao et al. [48] reported that
significant precipitation occurred in Mg-4Sn after hot ex-
trusion, and the average DRXed grain size decreased from
15.6 um to 3.6 pum with increasing the content of Sn from
1.3 to 4.7 wt.%. Alternatively, the morphology of Mg,Sn
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precipitated phase is also a function of processing parame-
ters. Kabir et al. [16] found that there were more dynamic
precipitates at low temperature (250 °C) and low strain rate
(0.001 s_l) during hot deformation in Mg—3Al-3Sn (wt.%).
Most precipitates were present mostly in the recrystallized
area on the recrystallized grain boundaries. It is of great
interest to explore the mutual influences of Mg,Sn dynamic
precipitation and DRX behavior during deformation at ele-
vated temperatures.

In the present work, we constructed hot compression pro-
cessing map of a Mg-4Sn-3Al-17Zn-0.6Mn (TAZM4310)
alloy with —0.9 true strain, in the temperature range of 340-
460 °C and strain rate range of 10°-1s™'. We focus on
microstructure evolution, especially Mg,Sn dynamic precip-
itates and DRX behaviors of a-Mg grains, in Mg—Al-Zn—-Mn
alloys during hot compression.

Experimental

Mg—4Sn-3Al-1Zn-0.6Mn (wt.%) (TAZM4310) alloy with
the composition given in 3D X-ray Microscopy
(XRM) (ZEISS Xradia 620 Versa, Carl Zeiss X-ray Micro-
scopy Inc., USA) was performed on £ 3 x 12 mm samples
of both alloys. The samples were imaged at 80 kV with a
resolution of 0.7 pm-voxel ' and an exposure time of 3.5 s
per projection. A total of 2400 projections were collected per
each tomography scan. 3D reconstructions were performed
using the reconstruction software (XMReconstructor, Carl
Zeiss X-ray Microscopy Inc., USA), which is based on the
filtered back-projection-based algorithm. Reconstructed
datasets were segmented and quantitatively analyzed using
ImageJ (US NIH, USA) and Avizo 9.2 (Thermo Fisher
Scientific, USA).

Table 1 was prepared from pure Mg, Al, Zn, Sn (>99.9
wt.%), and Mg-1.83wt.%Mn master alloy, by melting in an
electronic resistance furnace at 700 °C under the protection
of cover gas with 99.5% CO, and 0.5% SFg mixture. The
alloying melt was held at 700 °C for 30 min to homogenize,
followed by cooling down to 680 °C and then cast into the
permanent mold which had coated and preheated to 250 °C.
Ingots with the dimensions of ®95 mm x 500 mm were
cast by pouring the melt into the mold.

Cylindrical samples (10 mm in diameter and 12 mm in
length) for compression tests were homogenized alloy at

W. Sun et al.

420 °C for 24 h. Uniaxial hot compression tests were con-
ducted on a Gleeble-3180 thermal-mechanical simulation
testing system. Nickel-based lubricants and graphite sheets
were used on both ends of the sample to reduce friction.
Before the tests, two thermocouples were welded on the
surface of the sample for temperature control. Then, the
sample was heated at a heating rate of 5 °C/s to 350 °C and
held for 120 s to ensure uniform temperature distribution.
For hot compression, the strain rates (true strain rate) were
0.001, 0.01, 0.1, and 1 sfl, the deformation temperatures
were 300, 340, 380, 420, and 460 °C, and the strain was
constantly kept to —0.9.

The hot compressed microstructure was characterized
using an optical microscope (OM, Olympus DP72, UK) and
a scanning electron microscope (SEM, TESCAN MIRA3,
Czech) equipped with an electron backscatter diffraction
(EBSD, Oxford Instrument C-Nano, UK) detectors. The
samples were cross-sectioned transversely along the center-
line and then ground and polished following standard pro-
cedures. High-angle annular dark-field images (HAADF-
STEM) and energy dispersive spectrometer maps (EDS)
were obtained using a transmission electron microscope
(TEM, FEI Titan G2 60-300, Thermo Fisher Scientific,
USA). Samples for OM and SEM observations were etched
by a solution of 5 wt.% picric acid, 5 vol.% acetic acid, and
10 vol.% deionized water-alcohol for 10 s. Electrochemical
polishing was performed on polished samples for EBSD
characterization, using a solution of 4 vol.% perchlorate-
alcohol at —40 °C for 90 s. EBSD datasets were processed
using AZtecCrystal 2.1 software (Oxford Instruments, UK)
and MATLAB ™ R2021b (MathWorks, USA) with MTEX
5.8.3 toolbox [49, 50].

3D X-ray Microscopy (XRM) (ZEISS Xradia 620
Versa, Carl Zeiss X-ray Microscopy Inc., USA) was per-
formed on 23 Xx 12 mm samples of both alloys. The sam-
ples were imaged at 80 kV with a resolution of
0.7 pm-voxel " and an exposure time of 3.5 s per projection.
A total of 2400 projections were collected per each tomog-
raphy scan. 3D reconstructions were performed using the
reconstruction software (XMReconstructor, Carl Zeiss X-ray
Microscopy Inc., USA), which is based on the filtered
back-projection-based algorithm. Reconstructed datasets
were segmented and quantitatively analyzed using Imagel]
(US NIH, USA) and Avizo 9.2 (Thermo Fisher Scientific,
USA).

Table 1 Alloy composition as determined by inductively coupled plasma emission spectrometer (ICP-AES)

Alloy Compositions (wt.%)
Mg Sn Al Zn
TAZM4310 Bal 3.92 2.86 1.32

Mn Fe Cu Si Ni
0.59 0.002 0.005 0.008 <0.001
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Results and Discussion

The true stress—strain curves of the TAZM4310 alloy under
various deformation temperatures and strain rates are shown
in Fig. la. All the samples were strained to —0.9 via uniaxial
hot compression. It is observed that the flow stress rapidly
increases to a peak value and then gradually decreases to a
relatively steady state. It can be found that the flow stress
curve normally experienced three stages: stage I (work
hardening stage) approximately in the strain of 0 to —0.2,
stage II (softening stage) approximately in the strain of O to
—0.2 to —0.5, and stage III (steady stage) approximately in
the strain range of —0.5 to —0.9. The flow stress levels
decreased with the rise of deformation temperature, and also
the reduction of strain rates, in the form of Zener—Hollomon
parameter. It is also noted that the hardening rate gradually
decreases with the compression until it approaches O at a
strain of —0.2, as the dynamic recovery (DRV) and DRX
began.’

The processing maps of hot deformation containing a
power dissipation map and an instability map are usually
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Fig. 1 a Flow curves b plots of hardening rate versus strain of TAZM,
deformed at various temperatures and strain rates
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used to evaluate the machinability of alloys. Power dissi-
pation efficiency () and instability criterion (&) are calcu-
lated by the following Eqgs. (1-3) [S51]:

Olno
m= <ﬁ>ﬂ m

2m
n:erl @)
E=2m—y (3)

Processing maps of the alloys were drawn in Fig. 2. It is
shown that n increases with decreasing strain rate and the
rise of temperature. Similarly, instability regions tend to
yield lower # values. The efficiency indicator increases,
implying DRX becomes more dominant during deformation,
and this also represents more suitable temperature and strain
rates. From the processing map, TAZM4310 alloys have a
wide area of window for processing parameters with good
formability, as indicated by the right bottom corner of the
maps.

Optical micrographs in Fig. 3 indicate that macro-SBs (as
indicated by yellow arrows) developed as hot compressed to
the strain of —0.9. The overall microstructure shows that the
inhomogeneous deformation is more evident under the lower
compression temperature and slower strain rate. Cracks have
been clearly observed at 340 °C at both 0.01 and 1 s~ strain
rates. Few twinning signatures were observed. It can be
clearly seen that both alloys exhibit a typical bimodal
structure, with fine and equiaxial recrystallized (DRXed)
grains and coarse unrecrystallized (unDRX) grains elongated
along the compression direction. Moreover, the nano-size
Mg,Sn dynamic precipitates presented in the samples were
found to be aligned along the DRXed region in TAZM4310
alloys at the temperature of 340 °C with the strain rate of
0.01 s~' in Fig. 4. Substantial dynamic precipitation occur-
red in TAZM4310 alloy, which is more obvious at 340 °C as
shown Back-Scatter Electron (BSE) images. In contrast,
there were few precipitates of particles in hot compressed
microstructure under 420 °C. It clearly shows the formation
of numerous Mg,Sn as compared to hot compressed AZ31
alloy, when the sample is strained to —0.9.

Figure 5 shows the EBSD IPF mapping, view along axis
direction (AD), revealing the grain morphology and orien-
tation of hot deformed microstructure, with a strain of —0.9.
Region of interests (ROIs) for EBSD characterization were
all selected from the center of the tested samples. Grain
reconstruction for EBSD datasets was performed, based on
the threshold misorientation angle of 5° between neighbour
measurements. Within the shear band, a ‘necklace structure’
consisting of refined DRXed grains was formed around the
deformed coarse grains as shown in Fig. 5a. The crystal
orientation of DRXed grains was randomized away from
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Fig. 3 Optical images of microstructure in TAZM4310 hot com-
pressed at various temperatures and strain rates

basal-textured deformed grains, as subjected to hot com-
pression in AZ31 alloy. Many twins have been identified in
corresponding grain boundary maps. Most of them are ten-
sile twins, mainly distributed in the deformed grain area.
Figure 6 confirms the texture evolution of hot com-
pressed microstructure as influenced by processing param-
eters derived from Fig. 5. Deformed grains developed a
basal-textured microstructure for two alloys, while no
obvious texture weakening was observed for the TAZM4310
alloy via DRX. From Fig. 7, it can be seen that the mean size

420°C 0.01s""

340°C 0.01s™
C) :

TAZM

AZ31

Fig. 4 Dynamic precipitation of Mg,Sn as a, b TAZM4310 and c,
d AZ31 being hot compressed to the strain of —0.9

of DRXed grains in TAZM4310 alloy is larger than AZ31
DRXed grains being strained under the same condition.

As shown in Fig. 8§, three-dimensional(3D) morphology
of hot compressed microstructure was revealed by
micro-CT. The intermetallic particles and cracks were sep-
arately segmented from 2D slices. It clearly shows that there
is no obvious variation in the morphology of intermetallic
particles and their size distribution for TAZM4130 and
AZ31 alloys. Therefore, the improvement in hot processing
performance in TAZM4310 is mainly related to the Sn
alloying element. Combining optical micrograph of Fig. 4
with micro-CT results in Fig. 8, it indicates that the macro
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Fig.5 a, c, e, g EBSD IPF-AD map and b, d, f, h corresponding grain
boundary map of —0.9 strained microstructure for a—-d TAZM4310 and
e-h AZ31 alloys

shear bands formed by plastic deformation and dynamic
recrystallization were often located along the interface
between DRXed grain regions and coarse deformed grains,
which is also consistent with our past work on the
microstructural analysis of hot compressed Mg-3Zn—Zr
alloy [52]. The macro-crack and voids in TAZM4310 alloys
were observed in severely hot deformed samples. It may be
closely correlated with the growth of the intergranular
micro-cracks. In future work, it is of great importance to
explore the correlation between dynamically precipitated
particles of fine size and these crack zones.
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Fig. 6 Pole figures of grains (both deformed and DRXed grains) a—
b TAZMA4310 and c-d AZ31 alloys
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d AZ31 alloys
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TAZM431

0 AZ31
(a) i

Compression direction

Crack

Fig. 8 a, b Reconstructed slices of hot compressed microstructure
using micro-CT. ¢, d rendered 3D morphology of intermetallic particles
colored by individual particles and cracks in grey. a, ¢ TAZM4310
alloys and b, d AZ31 alloys

Conclusions

This paper studied the deformation and DRX behavior of
TAZM4310 and AZ31 magnesium alloys in hot compres-
sion at the temperature of 340—420 °C and in the range of
0.01-1 s~ strain rates. Under various temperature and strain
rates, softening occurred as the strained to —0.1, as the DRX
behaviour become dominant as the compression progressed.
As seen from the established hot processing map for
TAZMA4310, there is a wide window of suitable processing
parameters, indicating good formability. Hot compressed
microstructure exhibits a typical bimodal morphology, with
fine and equiaxial recrystallized grains (DRX grains), and
coarse unrecrystallized grains elongated along the com-
pression direction (unDRX grains). Nano-size Mg,Sn
dynamic precipitates presented in the samples were found to
be aligned along the DRXed region in TAZM4310 alloys. In
future work, it is of great importance to explore the corre-
lation between dynamically precipitated particles of fine size
and these crack zones.
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Abstract

The aqueous Mg-ion batteries (RMBs) have attracted lots
of attention due to the high safety characteristics, low cost,
and similar electrochemical characteristics to lithium.
Magnesium orthovanadate (Mg3zV,0g, MVO) has stable
three-dimensional framework and large ion channels and
is expected to be a high-performance energy storage
electrode material. Herein, low-cost Mgz V,0g cathode for
RMBs is prepared by high-temperature calcination with
the aqueous Mg?* electrolyte. As a result, the MVO not
only exhibits excellent electrochemical rate capability (the
reversible discharge specific capacity is 143 mAh g~ at
the current density of 0.05 A g~', and it still remains
61 mAh g™! at a large current density of 4 A g'), but
also expresses good cycling performance (81% capacity
retention after 10,000 cycles at the current density of
3 A g™ "). This work proves that the MVO is an excep-
tional candidate for MIBs.

Keywords

Magnesium orthovanadate ¢ Aqueous Mg-ion battery °
Cathode materials ¢ Energy storage

Introduction

With the rapid consumption of nonrenewable fossil fuels
over the past decades, growing concerns on environmental
issues and energy crisis [l, 2]. In order to achieve
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sustainable development, clean energy utilization, such as
solar energy and wind energy and tidal energy, has become
an urgent task of human society [3]. The exploitation of
electric vehicles and smart grids is the general trend of world
development. High-performance secondary batteries as the
energy storage system play a key role in electric vehicles and
smart grids [4]. At present, lithium-ion batteries (LIBs) as
one of the most popular energy storage devices have been
widely applied to portable electronics owing to its high
energy density, long cycling stability, and mature market [5,
6]. However, the safety problems, limited lithium resource,
and increased prices still hinder the further development of
LIBs [7]. Therefore, there is an urgent need for alternative
energy with abundant resources and low cost to tackle the
above problems. Aqueous magnesium-ion batteries
(AMIBs), an ideal substitute for LIBs, have a great potential
for the large-scale energy storage applications because of its
earth-abundant storage, high security, low price, low
reduction potential of Mg metal (—2.4 V vs. SHE), and high
theoretical volumetric capacity (3833 mAh cm > for Mg vs.
2046 mAh cm > for Li) [8]. Also, compared with organic
electrolyte, aqueous electrolyte can greatly improve the ionic
conductivity of salt and has the advantages of low cost,
non-toxic, non-flammable, and low requirements for pro-
duction environment [9-11]. Nevertheless, the divalent
magnesium ions carry twice as much charge as the mono-
valent lithium ions while the ionic radius of magnesium
(0.72 A) is similar to lithium (0.76 A), which causes strong
polarization effect and sluggish diffusion kinetics of Mg?* in
host materials, resulting in unsatisfactory energy and power
densities [12, 13]. Thus, one of the most crucial tasks in
RMBs is searching for ideal cathode materials.

Vanadate is an important vanadium-based material.
Compared with vanadium oxide, vanadate has more stable
crystal structure, better cycle stability, and longer cycle life.
This is because the metal cation has a high energy barrier,
which is not easy to leave the lattice node position during
charge and discharging process. It plays a role in supporting
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and stabilizing the crystal structure and is conducive to
maintaining the cyclic stability of the electrode material [14,
15]. Simultaneously, vanadium has multiple chemical
valence states (V>*, V** and V") and can be coordinated
with oxygen to form various open V-O ligands. A variety of
metal cations, such as alkali metal ions (Li*, Na*, K" and
Rb"), alkali earth metal ions (Ca**, Mg®*, and Sr**), tran-
sition metal ions (Ag*, Cu®*, Zn**, Co**, etc.), and others
(AI**, In**, Bi**, NH*, etc.) can be inserted into V-O
polyhedron to directly composited with it, resulting vanadate
display various electrochemical properties because of dif-
ferent components introduction [16—19]. Thus, vanadate has
a broad application prospect in the field of energy storage.

In the present work, we report magnesium orthovanadate
(Mg5V,05, MVO) prepared by a high temperature calcina-
tion method. MVO has a stable three-dimensional frame-
work and large ion channels and is expected to become a
high-performance energy storage electrode material. As
expected, the corresponding results show that the MVO is an
ideal cathode material. It displays an initial discharge
capacity of 143 mAh g ' and the average discharge voltage
of ~2.34V (vs. Mg2+/Mg) using 4.5 M Mg(NO3), in
deionized water as the electrolyte. Even at a high current
density of 4 A g”', a reversible capacity of 61 mAh g~' is
obtained. In addition, the MVO cathode material exhibits an
excellent cycling stability (10,000 cycles, 81% capacity
retention) at high current density (3 A g™').

Experiment
Synthesis of Samples

All reagents were analytically pure and without further
purification. Mg3V,0g was prepared by a high-temperature
calcination method, which was reported by Li et al. before
[20]. For a typical synthesis experiment, the raw materials
V,05 and MgO were first sieved to a uniform particle size of
45-75 pm. Then, MgO and V,05 were mixed in a ceramic
crucible (O.D. 9 cm, H 3.5 cm) in a molar ratio of 3 and
calcined in a muffle furnace at 1223 K for 12 h. Finally, the
white MVO powder was obtained and was used for the
microstructural and the electrochemical characterizations.

Characterization

The crystallographic information of the prepared sample was
measured by X-ray diffractometer (XRD, X’Pert PRO MPD)
with Cu Ko radiation (1 = 0.1514178 nm) in 20 range of
10-90° at 0.02° s™' scan rate. The X-ray photoelectron
spectroscopy (XPS) analysis was performed using a
Thermo ESCALAB 250XI  spectrometer with a

X.-F. Ma et al.

monochromatized Al Ko X-ray. The morphology and
microstructure of product was measured by field transmis-
sion electron microscopy (FESEM, TESCAN MIRA4) and
transmission electron microscopy (TEM, Talos F200S).

Electrochemical Measurements

The electrochemical properties were measured at room
temperature using CR2432 coin cells assembled in atmo-
spheric air, which was fabricated by MVO electrode as
cathode, activated carbon (AC) electrode as anode, saturated
magnesium nitrate (4.5 M Mg(NOs),) as aqueous elec-
trolyte, and a Whatman Glass microfiber filter (Grade GF/A)
was used as the separator. For the preparation of the elec-
trodes, a slurry composed of 80 wt% MVO, 10 wt% acet-
ylene black and 10 wt% polyvinylidene fluoride (PVDF)
dispersed in 1-methyl-2-pyrrolidone (NMP). The obtained
electrodes were prepared by coating the slurry onto carbon
fiber papers (diameter 12 mm) with a mass loading of active
material about 1 mg cm ™2, then drying in vacuum at 80 °C
for 12 h. The cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) are collected using a elec-
trochemical workstation (CHI 660E, Chenhua). The impe-
dance data were recorded within the frequency range of
0.01-10,000 Hz. The galvanostatic charge—discharge tests
were measured in the potential range of —1.1-1.4 V versus
AC (1.3-3.8 V vs. Mg**/Mg) at different current densities
using a multichannel battery testing machine (CT4008A,
Neware). The assembled coin cells were aged for several
hours before the charging/discharging process to ensure that
the electrodes can be completely wetted.

Results and Discussion

The X-ray diffraction (XRD) patterns is displayed in Fig. la
to investigate the crystallographic structure of the
as-prepared sample. All the diffraction peaks are consistent
with Mgz V,0g (JCPDS No 73-0207) with lattice parameters
of a=6053A, b=11442 A, c=833A, a=B=7y=
90.0°, indicating the successful synthesis of MVO powder
without any impurities. Meanwhile, the sharp diffraction
peaks at 20 equal to 19.70, 27.11, 29.67, 31.24, 35.21,
35.92, 43.62 and 63.14, which correspond to the (111),
(112), (131), (040), (132), (023), (240), and (244) planes,
indicating good crystallinity of the obtained MVO. Fig-
ure 1b demonstrates crystal structure of the orthorhombic
MVO, where [VO,] tetrahedra and edge-shared [MgOg]
octahedra are linked to oxygen atoms at the vertices. It forms
a stable three-dimensional framework and a large ion
channel, which is very conducive to the insertion/desertion
of metal ions. The X-ray photoelectron spectrum (XPS) was
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Fig. 1 XRD pattern of the MVO (a), crystal structure of MVO (b), XPS survey spectrum of MVO (c), XPS spectra of Mg 1s (d), V 2p (e), and O

Is (f) in MVO

used to further investigate the composition of the MVO. As
is we can see in the survey spectrum (Fig. 1c), Mg, V, and O
elements were detected. The Mg 1s, V 2p, and O 1s spectra
was showed in Fig. 1d—f. The Mg 1s peak located at
1303.9 eV. In V 2p spectra, it shows two asymmetric peaks,
which are related to V 2py, (517.2eV) and V 2p;3p
(524.4 eV) orbitals, belonging to V>*. According to the O 1s
core level, two distinct components at 530.1 eV and
533.2 eV correspond to V-O layers and Mg-O, respectively
[21]. The morphology of the synthesized MVO is analyzed
through SEM characterization, as shown in Fig. 2a-b, it is
obvious that the products are irregular micron particles with
size of 2-3 um. According to energy dispersive X-ray
spectroscopy (EDS) elemental mappings in Fig. 2c—f, the
Mg, V and O atoms are homogeneously distributed in the
MVO sample.

The magnesium storage electrochemical properties of
MVO as cathode material were examined in the coin-type
cells with 4.5 M Mg(NOs), as aqueous electrolyte, using the
AC electrode as anode. Firstly, the typical cyclic voltam-
metry (CV) curves were measured at the scan rate of
0.1 mV sfl, 0.2 mV sfl, 03mVs! and 0.4 mV sfl,
respectively, within the potential range from 1.1 to 3.8 V
(vs. Mg**/Mg) (Fig. 3a). Three anodic peaks are observed
around 1.8, 2.5 and 3.6 V, and three cathodic peaks are
situated at 3.0, 2.3 and 1.5 V, which ascribed to the
extraction and insertion potential of Mg?*, respectively. The
galvanostatic charge/discharge testing was used to further

evaluated the electrochemical performance. As is shown in
Fig. 3b, it exhibits the rate performance of the MVO at
different current densities ranging from 0.05 to 4 A g~',
delivering the reversible and stable capacities of 143, 108,
87, 82, 78, 76, 70, 65, and 61 mAh gfl, respectively. When
the current density returns to 0.05 A g~!, the specific
capacity retains 136 mAh g~!, indicating outstanding
structural stability of MVO electrode to withstand
large-current tests, robust reaction kinetics and excellent rate
capability. Figure 3c presents the corresponding galvanos-
tatic charge—discharge curves of MVO at different current
densities. As the current density increase, all these curves
display similar voltage plateau behavior during charging and
discharging process, a high average discharge voltage of
~234V (vs. Mg*/Mg), relating to redox reactions
responsible for insertion/extraction of Mg*. Meanwhile, the
discharge specific capacity of cell decreased from 144 to
63 mAh g™, owing to the charge and discharge time is short
at high current density, and the ion or electron transfer,
oxidation—reduction reaction, etc., do not get enough time.
In addition, high current density will lead to supersaturation
or over consumption of protons in the electrolyte, and the
internal resistance and ion resistance coefficient will
increase. All these reasons will lead to the reduction of
specific capacity at high current density. To further
demonstrate the cycling stability of MVO for Mg?* storage,
long-term cycling performance was conduced at 3 A g™, as
shown in Fig. 3d. After 10,000 cycles, an impressive 81%
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Fig. 2 SEM images of MVO (a—
b), elemental mapping images of
Mg (¢), V (d), and O (e), energy
dispersive X-ray (EDX) spectrum
of the MVO (f)

retention of the initial capacity (68 mAh g~') indicates
excellent structural stability, which may be attributed to the
large three-dimensional ion channels in MVO. Concurrently,
the high average Coulombic efficiency about 100% repre-
sents high reversibility of electrochemical Mg?* storage and
quantitative utilization of electrical charge. To study the
ionic transportation kinetics, electrochemical impedance
spectroscopy (EIS) experiments were employed. The inter-
cept was corresponding to ohmic resistance (R;) and the
compressed semicircle in the high to medium frequency
region was corresponding to charge transfer resistance (R).
An inclined line in the low-frequency range stands for the
Warburg impedance (Z,), which was related to the Mg**
diffusion resistance in the active material. Among them, R
is the key factor that determines the charge and discharge
rate performance. Zview software is used to establish the
equivalent circuit model. As shown in Fig. 4a, the MVO
electrode showed an ohmic resistance R, of 4.38 Q and
charge transfer resistance R of 3.72 Q. The Mg2+ diffusion
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coefficient (Dy,) could be calculated by Egs. (1) and (2) to
analyze the diffusion performance of Mg?* in the electrode
materials.

Dyg = 0.5(RT /n*F?ACyy0)’ (1)

7' = R+ Ry + oo '/? (2)

where R is the gas constant, T is the absolute temperature,
n is the number of the electrons per molecule attending the
electronic transfer reaction, F is the Faraday constant, A is
the surface area of the electrode, Cyg is the concentration of
magnesium ions, ¢ is the slope of the Z' versus ", which
can be obtained from the line of Z' ~ w'? (shown in
Fig. 4b). The diffusion coefficients of Mg** was calculated
by EIS method is about 9.15 x 107"* cm s™. The small
charge transfer impedance and the fast magnesium ion dif-
fusion devoted to the preferable electrochemical rate
performance.
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Conclusions

IN summary, the excellent electrochemical performance of
MVO for magnesium-based battery are reported. The MVO
as a cathode material exhibits initial specific capacity of
143 mAh g~ ' at 0.05 A g~' with a high average discharge
voltage about 2.34 V (vs. Mg?*/Mg) and shows remarkable
long-term cyclic stability (81% capacity retention after
10,000 cycles at the current density of 3 A g™ 1). It is worth
noted that the MVO electrode delivers an impressive rate
capacity, and the discharge capacities of MVO are 143, 108,

87, 82,78, 76, 70, 65, and 61 mAh g~ " at 0.05, 0.1, 0.3, 0.5,
08, 1,2, 3, and 4 A g_l, respectively. When the current
density returns to 0.05 A g~, the specific capacity is around
136 mAh g, indicating outstanding structural stability of
MVO electrode. This study demonstrates that MVO is a
promising cathode material for magnesium ions storage, the
excellent electrochemical performance can be attributed to
its structure of stable three-dimensional framework and large
ion channels.
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