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Abstract

The paper outlines the course of corrosion processes in maanesium and Ma-Li alloys. The methodoloay of corrosion studies of alloys
for plastic forming and their chemical composition as well as micrographs of alloys intended for research are presented.
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1. Introduction

Amona the light metal alloys, maanesium alloys with lithium
have the lowest specific weidht. The densitv of these very
liohtweicht (ultralight) allovs varies between 1.3 and 1.5 o/cm®,
which in the case of their use contributes to the reduction of the
mass of components by about 25% compared with conventional
maonesium alloys. A characteristic feature of these alloys is high
riciditv and oood deformabilitv. which also occurs at low
temperatures. So far, however, maanesium alloys with lithium
have not been very popular in common use, althouadh scarce cases
of their practical application could be indicated. What accounts
for this situation are rather poor mechanical properties in as-cast
state and strona tendencv to corrosion of these allovs 101.

Of areat technical importance are maanesium alloys with
aluminium, zinc and mancganese, where Al and Zn increase the
alloy strenath, and Mn improves the corrosion behaviour. The
allovina additives that increase their resistance to hioh
temoeratures and improve their plastic prooerties as well as
oxidation resistance are: beryllium, calcium, cerium, cadmium,
titanium. Iron, silicon and nickel lower the mechanical properties
of allovs and their corrosion resistance. Maanesium alloys are
characterised by a preferred ratio of strength and / or modulus to
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densitv. which makes them canable of carrvina both static and
dynamic loads similar to iron and aluminium alloys, and also have
good damping properties. They are resistant to corrosion
(nrovided pollutants like iron, nickel and copper are kept within a
reasonable limit), and are resistant to chanaina mechanical loads,
even under the conditions of elevated temperature. In addition to
the well-known standard alloys based on Ma-Al-Zn and Ma-Al-
Mn systems, used mainly in die casting technoloay, other alloys
of fine-arained structure with an addition of zirconium are also
available; they are characterised by increased creep resistance and
are mainlv desianed for castina in ceramic moulds and aravitv
poured dies, and for processing by other methods. Maanesium
alloys are used in construction of endine blocks, heads. aearbox
housinas, suspension components, steering parts, seats, body parts
and other car accessories. These alloys are also used in the
construction of motorcvcles. in bicvcles. sports facilities.
recreational facilities, in the production of household appliances,
etc. Maanesium alloys are successfully used in the aerospace
industry (construction and helicopter airframe components) and
for parts of electronic equipment (laptop cases, mobile phone
parts. mainlv due to. amona others. their abilitv to absorb and
scatter the electromaanetic radiation), in devices such as nuclear
reactors for quards to absorb neutrons. Maanesium alloy castinas
are by 20-30% lighter than cast aluminium alloys and by 50-75%
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lighter than cast iron alloys. Cast elements are made mainly by
pressure die casting technoloay (approximately 90%)

Studies on Ma allovs are carried out to explore, e.0. possible
use of alternative elements forminag intermetallic phases, such as
calcium. scandium. or aadolinium. which enhance the strenath of
the alloy at hioh temperatures. Particular attention deserve alloys
with the addition of rare earth metals, and with the addition of
vttrium and silver. For special applications in aerospace and
sports cars, during short periods of time, they can withstand
temperatures up to 300°C [12.131 offerine. besides eood
resistance to high temperature, also adequate stiffness and wear
resistance.

The newly developed composite materials based on Ma alloys
reinforced with fibres and particles open the way for other uses
for parts ooeratina under the conditions of hich and variable
loads. Amorphous materials based on maanesium, still at the
initial phase of basic research, are also worth mentionina.
Widening the scope of research on their properties is in close
relation with the development of innovative technological
processes. In addition to imorovements introduced to the
processes already existing and used (e.0. pressure die casting,
aravity die castino, etc.), new castina technoloaies are developed,
such as semi-solid metal casting, squeeze casting, etc. Current
development trends in the rapid crystallisation methods, spray
castina method. and atomised disoersion of inert particles with a
reactive introduction of alloying elements in situ offer further
opportunities for the production of special magnesium alloys. In
addition, metallic foams are a new-ceneration solution for the
manufacture of ultra-lioht structural components.

Another use of maanesium are metalluraical processes. e.a.
spheroidising treatment of cast iron and deoxidising of metal melt.

In recent vears, a marked increase has been observed in the
interest in maanesium and lithium alloys with additions of Al, Cd,
Zn and Ag, characterised by a reduced density. It is assumed that
1 wt.% of lithium reduces the densitv of maanesium allovs bv
about 3%. Fiaure 1 shows the equilibrium phase diaoram of Ma-
Li alloys and the expected change in alloy density with change in
the lithium content.

The solubility of lithium in maanesium characterised by a
hexagonal structure is low and amounts to about 5 wt%, while
maanesium forms a wide rance of the solid solutions B by
dissolvina in lithium of a reaqular bcc structure in an amount of up
to 90 wt.%. Lithium is beneficial for the formability of
maanesium alloys, replacing the hardly deformable hexaconal
lattice of a-Ma (hcp) with a reqular B-Li (bee) lattice, resulting in
a simultaneous drop of mechanical properties caused by the
appearance of the B phase. An optimum combination of the alloy
mechanical oprooerties occurs in the two-phase a+B allovs
containing 6-11 wt.% of lithium. Figure 1 shows the expected
chance in the density of Ma-Li alloy, depending on the chemical
composition (mainly lithium content). The chart shows that it is
even possible to obtain an alloy with a density of less than 1
a/cm®. Allovs included in this familv are canable of obtainina in
as-cast state the elongation reaching even several dozen percent.
An addition of aluminium to Mao-Li alloys [16] leads to the
appearance in structure of a hexagonal 8 phase representing the
solid solution of Al in Ma with reduced deformability, a ductile A
phase. which is a solid solution of Al in Li of the bcc lattice. a
hard - allowing the precipitation hardening — intermetallic Al-Li

compound, and the n phase of B2 structure. The ductility of these
alloys increases with the increasing content of &§+A eutectic.
Sometimes, a metastable Li,MgAl phase may occur in these
alloys, too [11].
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Fig. 1. Phase equilibrium diagram of Mg-Li alloys and change in
alloy density with the changing Li content in a binary Mg-Li
system acc. to [1]

Basicallv. the strenath of Ma-Li allovs in as-cast state does
not exceed 200 MPa, but certain additives such as Zn and Y,
forming complex phases, may increase the strenath of Ma-Li
alloys up to about 450 MPa [18]. Magnesium, like most of its
alloys of a hexaagonal structure, has the cold deformability lower
than aluminium allovs. In production practice. Ma-Al. Mo-Al-Zn
and Mao-Mn are mainly used. At elevated temperature, the
deformability of these alloys is higher. Ingot homocenisation
reduces the vield point of the material. but formability remains
low, which makes these alloys practically unsuitable for plastic
formina. Even in the extrusion process. in which there is a
positive state of stress, cracks appear in products, making low-
speed extrusion necessary.

On the other hand, Ma-Li allovs subiected to plastic forming
(mostly extrusion) show superplasticity. Some information on
behaviour of these allovs is provided bv ECAE orocess (Eaual
Channel Anaular Extrusion) [9.14]. The ECAE process causes
arain refinement in Ma-Li-Al alloys, an increase of mechanical
properties and, for selected temperature and strain rate conditions,
the elonaation in tensile test can reach 300%.

Another reason for the limited technical use of these allovs is
often their low resistance to corrosion, which results from the
high reactivity of lithium. Yet, a systematic arrangement of the
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corrosion behaviour of Ma-Li alloys requires, first of all,
discussing the fundamentals of corrosion of pure maagnesium in
aqueous solutions. As redards the corrosion of maanesium, the
main problems is oxidation (redox reactions) durina which the
metal is oxidised bv donation of electrons (partial anodic
reaction), while in solution the reaction of reduction (partial
cathodic reaction) takes place by uptake of electrons. Durina these
reactions, dependina on chemical composition of the solution,
some specific types of corrosion occur, distinguishing in the
corrosion mechanism between the hydrogen- and oxygen-induced
corrosion [7. 8. 101.

In maanesium, the prevailina type is hydroden corrosion and
cathodic reaction (half-cell reaction). In this case, hydrogen ions
act as an oxidising acent. As sindle processes of reaction, the
following ones can be distinguished:

- partial anodic reaction (oxidising)
Mg—-Mgt + 2e
- partial cathodic reaction
2H,0 + 2¢—20H" + H,1
Hence, the equation for the overall reaction assumes the form of:
Mg+ 2H,0 -Mg(OH), + H,1

This type of reaction usually takes place in agueous media,
neutral or slichtly alkaline, where the film of hydrated magnesium
oxide is formed.

On this basis, the corrosion behaviour of magnesium-lithium
alloys can be assessed in a more accurate way, conductina
immersion tests under short-term loading and measuring the
current densitv potential.

Additions of alloying elements such as lithium, aluminium
and calcium have an impact on various corrosion mechanisms
and phenomena takina place in maanesium alloys. Some
ultralioht alloys from the Ma-Li aroup are characterised by higher
corrosion resistance than magnesium allovs used so far. For
example, an Ma-12at.% Li alloy has a resistance to atmospheric
corrosion hidgher than maanesium alone. An addition of calcium
improves the corrosion resistance in the medium of synthetic
seawater. Lithium as an alloying addition does not react with OH
arouns irresonective of the nH value. Owinato this. an outer laver
of Ma (OH); stabilised by increased pH value of lithium, is
formed [101.

Additions of Al and Ca increase the mechanical and chemical
stability of Mg (OH).. Ma-Al alloys are generally perceived as a
material stable in corrosive media and resistant to corrosion under
natural conditions. Aluminium forms with maanesium a solid
solution, which acts as a protective film in the form of a MoALOs
compound. Overvoltage also provides some protection. Another
explanation for this phenomenon mayv be sionificant reduction of
the difference in corrosion potentials. due to the presence of
oxide-forming elements. However, a large addition of aluminium,
e.0. in the order of 8 at.%. promotes selective corrosion in a
multiphase structure. In inert environments, aluminium can be
protected by the movement of Al,O3 on magnesium surface.

Calcium is used for the same reason as Li, i.e. owing to the
formation with magnesium of a solid solution containing Ca and
lack of reactivity with OH [7, 81. Both these additives can form
protective lavers with Ma (OH)2, which confer to the ternary
maanesium allovs of Ma-Li-Al and Ma-Li-Ca tvpe. the reauired
corrosion resistance while maintaining high plastic properties and
resistance to creep.

Analysis of literature [2-61 and own research conducted at the
Foundry Research Institute and at the AGH Department of Non-
Ferrous Metals indicate that the as-cast mechanical nroperties of
Mo-Li allovs are relatively low, which limits their practical use.
However, subiected to plastic formina, these alloys show a huce
potential as recards the opportunities of obtaining a arowth in
both mechanical and plastic properties. Therefore, undertaking a
research on Ma-Li allovs for nlastic formina is exnected to helo in
determining the possibility of their use in the manufacture of
components, which are required to offer the smallest possible
weight and hioh mechanical and plastic properties, e.a. in around
and air transport. There is also a need for basic research of the
corrasion behaviour of these alloys in both as-cast state and after
plastic forming.

2. Alloys for plastic forming
and corrosiontests

Allovs were obtained usina an exoerimental stand for meltina
and castina under controlled protective atmosphere [5.61 and pure
inaredients such as maanesium and lithium, where lithium was in
the form of pellets and ribbons. Three base alloys were selected
for studies (accordina to the phase eauilibrium svstem - see Fia.
1), i.e. alloy no.1 containing lithium at a level of 3-4 wt.% with
the expected structure of a hcp, alloy no. 2 containing lithium at a
level of 7-9 wt.% with the expected structure of a+ (3, and alloy
no. 3 containing lithium at a level above 11% with the expected
structure of B bcc.

Tables 1, 2 and 3 show the results of chemical analysis (GDS
850A ontical spectrometer made bv Leco) obtained on ultralioht
Moa-Li alloy. The chemical composition of the obtained alloys is
consistent with the assumptions, and allovs will be subiected to
corrosion tests and further plastic workina under laboratory
conditions of the AGH Department of Non-Ferrous Metals.

Table 1.
Chemical analysis of alloy no. 1 (monophase a. hcp alloy; spectral
analysis)

Designation

Li Mn Gd Ni Zn Mg

Alloy 1
Sample 1
(1.1)
Alloy 1
Sample 2
1.2)
Alloy 1
Sample 3
(1.3)

3,54 0,008 0,027 0,0131 0,002 Rest

3,79 - 0,02 0,0142 0,03 Rest

3,52 - 0,02 10,0143 0,02 Rest
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Table 2.
Chemical analysis of alloy no. 2 (two-phase a.+ B alloy, spectral
analysis)

Chemical composition [wt.%]

Li Mn Gd Ni Zn Mg

Designation

Alloy 2
Sample 1
(2.1)

Alloy 2
Sample 2
(2.2)

8,15 10,0213 0,024 0,021 0,026 Rest

8,07 10,0260 0,098 0,059 0,072 Rest

The determination by spectrographic method of lithium
content in a monophase A alloy with relatively high lithium
content (over 11%) was non-conclusive. The repeated
measurements cave results differing by several percent.
Therefore, for this alloy, a more precise method was a wet

analvsis. The results of the ,wet” measurements are given in
Table 3.

Table 3.
Chemical analysis of alloy no. 3 (monophase 8 bcc alloy, wet
analysis)

Chemical composition [wt.%]
Li Mg

Designation

Alloy 3

Sample 1 13,9 Rest
(3.1)

Alloy 3

Sample 2 14,1 Rest
(3.2)

Applying the atmosphere of protective gas, the obtained alloys
were cast in metal moulds (dies) into $50x50 mm and ¢ 12x100
mm  ingots for further plastic formina. From these inaots
specimens were cut out for metalloaraphic examinations. Because
of strona reactivity of alloys of this type, preparation of
metallooranhic snecimens reauired the develooment of special
methodoloav. Maanesium alloys are very plastic, which naturally
must create serious technical problems with proper preparation of
polished sections. Microscopic observations and photoaraphs
were taken using a Neophot 32 metallographic microscope and
metallooranhic polished sections were prepared in accordance
with the instruction no. TBM/001. Samples were etched in MilAl
reacent (acc. to PN-75/H-04512) and viewed in polarised light.
The following figures show microstructures obtained in Ma-Li
alloys cast in metal moulds. Specimens of these alloys were
subiected to microstructural examinations in a laboratory of the
Foundry Research Institute in Krakow.

Figures 2-7 show examples of microstructures of ultralight
Mg-Li alloys, i.e. alloy 1 containing 3,54% Li (monophase o
hep alloy), alloy 2 containing 8.15% Li (two-phase alloy with o
phase and o+B eutectic), and alloy 3, containingabout 13.9% Li

(monophase B bee alloy).

| VA& S0
Fig. 2. Microstructure of alloy 1, etched in MilFe, phase contrast,
100x; visible is ao—Mg-Li phase

3 b pr Y
structure of aloy 1, etched in MilFe, phase contrast,
200x; visible is a—Mg-Li phase

|\

Fig. 3. Micro

Fig. 4. Microstructure of alloy 2, etched in MilFe, phase contrast,
100x; visible is B phase and o+Beutectic
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Fig. 5. Microstructure of alloy 2, etched iM ilFe phase contrast,
500x; visible is Bphase and o+f eutectic

Fig. 6. Microstructure of alloy 3, etched in M ilFe, polarised light,
12,5x; visible isp-Mg-Li phase

Fig. 7. Microstructure of alloy 3, etched inMilFe, polarised light,
50x; visible is B-Mg-Li phase

3. Method to test the corrosion
behaviour of Mg-L.i alloys
Laboratory tests of corrosion behaviour of Ma-Li allovs were

carried out by immersion at ambient temperature, based on
standards: PN-76/H-04601, PN-78/H04610, BS EN 1SO 16151.

The principle of the method consisted in subijecting the samples of
Ma-Li alloys to the effect of solutions prepared in the laboratory.
The duration of individual measurement cycles was 6 h, 24 h, 48
h, 72 h and 144 h. Two series of tests were made at ambient
temperature.

In series I, the immersion test was conducted in 5% aqueous
solution of NaCl, while in series Il the corrosive environment was
5% aqueous solution of HCI. To prepare the above solutions,
analytically pure chemical reagents and redistilled water were
used.

The obiect of corrosion studies were samples of Ma-Li alloys
in as-cast condition of 30 x 20 x 10 mm dimensions (Fig. 8)
designated as:

— alloy no. 1 containing 3,54% Li (monophase o hcp alloy),

— alloy no. 2 containing 8,15% Li (two-phase alloy; B phase
and a+p eutectic),alloy no. 3 containing about 13,9% Li
(monophase B bee alloy).

The provided alloy samples were deareased by immersion in
gasoline for 60 seconds, then they were washed with ethanol,
dried and weiched. The prepared samples were tested for
corrosion resistance by immersina them in a 5% aqueous solution
of NaCl and 5% aaueous solution of HCI for 6. 24. 48. 72 and 144
hours. The distance between the upper specimen edoe and the
mirror of the liauid was 35 mm. The volume ratio of solutions
(NaCl and HCI) to the surface of the examined samples was 11:1.
The samples were suspended in a solution using an insulatina
material neutral in respect of the examined allov and the aoplied
solution. Beakers with the immersed samples were placed in an
empty desiccator. After the prescribed lapse of time, samples
were each time washed with distilled water, immersed in ethanol
for 30 seconds, dried and weidhed. In studies, the density of the
solutions used and their volume were monitored.

Fig. 8. Samples of the examined Mg-Li alloys in base state
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The measured loss of the sample weight was basis for the
determination of the specific corrosion-induced loss of weight K,
[mg/cm?] calculated from the following equation:

Ky = Am/A €y

where:
Am = My — My
mo— sample weight before the test [mg],
m; _sample weight after the test conducted for time t [mg].
A — sample surface area in cm?.

The rate of the corrosion-induced loss of weight V,, [mglcm? / 24
hours] was calculated from the equation:

Vo = Kt )

where: t — the time of corrosion test.

4. Summary

The information presented and the discussed method of
corrosion testina of Ma-Li allovs will be used for further study of
ultralight Mg-Li alloys, both as-cast and after plastic forming.

Acknowledgements

This article was prepared under Proiject No. POIG.01.03.01-
00-015/09 "Advanced materials and technologies for their
production,” and, conducted at the Foundry Research Institute,
Task IIl. 5.1 Ultraliaht profiles extruded from the new
magnesium-lithium alloys.

References

[1] ASM Binary Alloy Phase Diagrams 1996 ASM International

[2] A. Bialobrzeski, K. Saja, K. Hubner: Ultralight M agnesium-
Lithium Alloys, VII International Scientific Conference PAN
“Optimization of Production System in Foundries” Lodz, 11-
13 czerwiec 2007 r.; Archives of Foundry Engineering
Volume 7, Issue 3/2007, ss. 11-16, ISSN (1897-3310) ,

[3] A. Bialobrzeski, A. Fajkiel, K. Saja. P. Dudek:
Eksperymentalne stanowisko do uzyskiwania stopow
ultralekkich; Innowacje w Odlewnictwie Cz.l. Instytut
Odlewnictwa Krakow, 2007 ISBN 978 88770-26-5 str. 35-39

[4] A. Bialobrzeski, A. Fajkiel, M. Warmuzek, P. Dudek, K.
Hubner, K. Saja: Nowa generacja materialdw na bazie
aluminium i magnezu. Cz.l. Stopy ultralekkie na bazie
magnezu i litu. ; Innowacje w Odlewnictwie Cz.1l. Instytut
Odlewnictwa Krakow, 2008 ISBN 978 88770-26-5 str. 31-
37,

[5] A. Bialobrzeski, K. Saja Experimental stand for melting and
casting of ultralight Mg-li alloys; Archives of Foundry
Engineering Volume 11, ISSUE 3/2011; Gliwice, ISSN
(1897-3310) str. 17-20.

[6] A.Biatobrzeski, K. Saja Ultralight magnesium-lithium alloys
for plastic working; Archives of Foundry Engineering;
Volume 11, ISSUE 3/2011; Gliwice, ISSN (1897-3310) str.
20-24.

[7] Chunhong Zhang etc, Electrochemical characterization of the
corrosion of a Mg-Li Alloy, Materials Letters 62 (2008) pp
2177-2180,

[8] K. W. Guo; A review of Magnesium/Magnesium Alloys
Corosion and its Protection, Recent Patents on Corrosion
Science, 2010, 2 ss.13-21

[9] Mitsuaki Furui etc; Improving the Superplastic Properties of
Two-phase Mg-8%Li Alloy trouth Processing by ESCAP;
Materials Science and Engineering A 410-411 (2005) pp
439-442,

[10] K. Schemme, Untersuchungen zum Korriosionsverhalten von
Mg-Li Liegerungen, Metall 47. Jahgang Heft 10 Oktober
1993, ss. 929-934,

[11] Sobczak J.: Podstawy syntezy stopow. Wydawnictwa
Specjalne Instytutu Odlewnictwa w Krakowie. Krakow
1997.

[12] Song G.S. Kral M.V.; Characterization of cast Mg-Li-Ca
alloys — Materials Characterization 54 (2005) 279-286,

[13] Tien-chan chang etc, Mechanical properties and
mikrosructures of various Mg-Li alloys, Materials Letters 60
(2006) pp 3272-3276,

[14] Zhong H., Feng L., Liu P., Zhou T., Design of a
Mg-Li-Al-Zn alloy by means of

[15] CALPHAD approach, J. Computer- Aided Materials Design,
10, 2003, 191 — 199.

20 ARCHIVES of FOUNDRY ENGINEERING Volume 11, Special Issue 3/2011, 15-20


http://www.esm-software.com/asm-binary-pd/

