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Abstract:

A characteristic of magnesium (Mg) dissolutionhattdissolution is accompanied by a concomitant
increase in the hydrogen evolution reaction (HEERphenomenon known as cathodic activation.
When magnesium undergoes free corrosion or forcabldition in response to anodic polarisation,
cathodic activation is manifest, which allows magjam dissolution to readily proceed. However,
recent work revealed that alloying magnesium witieran additions of arsenic, As (a group 15
element) was capable of retarding cathodic actimatresulting in a significant reduction in the
corrosion rate of Mg-As alloys. As such, in the quir of elements with similar chemical and
electrochemical properties to arsenic, but witls keicity, a number of group 14 and 15 elements
were alloyed with magnesium and reported hereigeBan the binary alloying additions studied
herein, it was revealed that Bi, Ge, Pb, Sb andd®monstrated suppression of cathodic activation
of Mg following anodic polarisation (about one ard# magnitude lower based on the cyclic
galvanostatic-potentiostatic testing), in addittonlower free corrosion rates (about one order of
magnitude based on the mass loss and hydrogen tievoltesting). Employing a number of
corrosion rate assessments, including online atemission spectroelectrochemistry, it was shown
that reduction in Mg corrosion rates — historicalbnsidered difficult to achieve — can be robustly
demonstrated. The present work has implicationgHerdevelopment of more corrosion resistant
Mg alloys, Mg anodes for cathodic protection, artfte use of Mg as a primary battery electrode.

Keywords:. Magnesium, Corrosion, Cathodic activation, Magmasalloys, ICP.
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its high energy density [6, 7]. As well recognisdide inherently high rate of Mg corrosion in
aqueous environments restricts the wider engingeapplication of Mg [1, 3, 8]. The high
dissolution rate of Mg anodes at open-circuit caugarasitic discharge” issues in primary Mg
battery systems [9-11]. Thus, using appropriate@gghes for controlling the corrosion of Mg is of

vital importance.

Compared to common engineering metals, Mg is higaactive in agueous environments [1, 12].
Water reduction (2D + 2é =» H, + 20H) is the primary cathodic reaction which has fewekic
limitations, such as no requirement for the presemg/gen [13]. Magnesium itself is incapable of
forming a passive surface oxide/hydroxide layeagueous or moist environments of pH < 11 [1,
12, 13], and consequently, corrosion of Mg occeeslily over a wide pH range (from about pH -2
to ~10.5) [12]. Furthermore, under anodic polarsatthe rate of partial cathodic reaction upon Mg,
which is the hydrogen evolution reaction (HER)palscreases substantially with increasing anodic
potential. This phenomenon is termed the “negatiifierence effect (NDE)”, which has been
documented for several decades [14-19]. The regerks of Williams and co-workers described a
so-called anodically induced “cathodic activatigofienomenon, which was clarified using the
scanning vibrating electrode technique (SVET) 21, The notion that cathodic (catalytic) activity
is enhanced by prior anodic polarisation has aleenbconfirmed in a variety of tests using
conventional electrochemical methods [19]. In additcathodic activation of Mg has been found
to occur in chloride containing electrolyte withoaihy external polarisation [22]. The anodic
reaction kinetics of Mg dissolution as assesses fpotentiodynamic polarisation testing curve
reveals a very low Tafel-slope, concomitant with thherently non-polarisable nature of Mg [13].
As such, small changes in cathodic kinetics haswgificant effect on the overall corrosion rate of
Mg, and corrosion of Mg may be considered a “caithoshction controlled” process.

With respect to the control of Mg corrosion, eithdilisation of surface protective coatings or
appropriate alloying is required [23-26]. Corrosiamotection of Mg by surface treatment incurs a
significant cost in many cases, in addition to cws on Mg being inherently restricted to barrier
coatings that are unable to protect at defect.si@snsequently, corrosion resistant Mg alloys via
alloying remain an attractive route. Unlike the noyement of mechanical properties by alloying,
which is widely reported in the literature [2, 2ZR8]; alloying additions generally increase the rate

of cathodic reaction and anodically induced catbaitivation upon Mg, leading to more severe
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[33]. The limited solid solubility of a wide rangg elements in Mg [24, 27] restricts the use of
appropriate alloying (to a critical concentratior@quired to modify the surface oxide layer
properties. The exceptional case has been reportib@ recent work of Xu et al. [34], wherein an
Mg-10.9Li (wt.%) alloy with a body centred cubiccfh) structure was developed. The Mg-Li alloy
possessed a dynamically formed Li-rich carbonatdase film, which provided remarkable
corrosion resistance [35]. However, imparting ttainless-like character to other Mg alloys with
hexagonal close packed (hcp) structure via fornaingnherently formed passive surface films as
similar to Mg-Li alloy, is challenging [36]. Thu#je development of corrosion resistant Mg alloys

via metallurgical alloying is indeed an aspectroportant work.

A recent breakthrough in the development of aninisitally corrosion resistant Mg alloy was
achieved via the use of microalloying additionsusenic (As) [37], to reduce cathodic kinetics and
suppress cathodic activation, imparting remarkableosion resistance to Mg. However, the use of
As is considered problematic in industrial manufaag (or even laboratory testing) owing to the
toxicity of As. Therefore, the pursuit of less tox@lements to control the corrosion of Mg in a
manner similar to that demonstrated by Mg-As, wauiovide a practical corrosion control route.
The corrosion protection imparted by the small emtiation of metallic As relies on the ability of
As species to serve as a poison for cathodic maethd to hinder cathodic reaction and overall
corrosion reaction of Mg [38, 39]. In addition, lvatlic poisons are capable of effectively retarding
the rate of cathodic reaction at low concentratipt® 41]. In pursuit of elements that possess
similar inherent catalytic traits with As, but willess toxicity, a number of group 14 and 15
elements including bismuth (Bi), germanium (GegdigPb), antimony (Sb), and tin (Sn) were
studied herein [42, 43].

There exist several reports regarding the influesfcaforementioned group 14 and 15 elements on
the corrosion of Mg and Mg alloys. It was reportedTak et al. [44] that addition of Bi (0.5-15
wt.%) deteriorated the corrosion resistance of MZA alloy. The work of Zhou et al. [45]
indicated that combined addition of 1.0 wt.% Bi dhd wt.% Sb to AZ91 alloy resulted in more
rapid corrosion. In the case of Ge, an early stugliMcDonald in 1942 [46] investigated a number
of Mg binary alloys with Ge alloying additions (8110 wt.%). It was suggested that 0.5~5 wt.% of
Ge was the optimum range to improve the yield angdite strength of the alloys [46]. Recent work
by Kim et al. [47] suggested that the corrosioe i@tMg-Ge binary alloys (0.5~2 wt.%) was lower
3



Mg alloys with heavy alloying loading and Ge allogican affect the surface film stability [24, 26,
36]. Hanawalt et al. in 1942 [48], suggested thataBditions did not deteriorate the corrosion of
Mg-Pb alloys up to 5 wt.%. The use of Pb alloyingptoduce Mg anode material has been studied
by the works of Wang et al. [49-52] with Mg-6Al-5Rvt.%) and Mg-6Al-5Pb-1In (wt.%) alloys;
reporting that the Pb containing alloys displayedrensignificant anodic reaction activity and
subsequently demonstrated higher discharging dudemsity output in the context of Mg battery.
In another study by Cicek et al., [53] the corrosiesistance of Mg-10Al-12Si alloy (wt.%) was
improved with Pb addition (0.2~1 wt.%). Whilst, aling AZ91 alloy with Pb addition was
reported to have a negative effect on the corros#eistance of the alloy [54]. As similar to Ple th
addition of Sb was also found to be detrimentaltha corrosion of AZ91 alloy, which increased
cathodic kinetics and led to a more rapid corro$t}. As for the case of Sn, Wang et al. [55, 56]
indicated that addition of Sn (1~3 wt.%) to Mg-62&n and Mg-6Al-5Pb-0.5Mn-0.5RE increased
the anodic kinetics of the alloy. Song [57] repdrthat 2 wt.% of Sn to Mg-7Al-0.2Mn (wt.%)
alloy accelerated the anodic kinetics of the alloythe binary context, Gu et al. [58] indicatedtth
the corrosion rate of Mg-1Sn (wt.%) was more rap@ah pure Mg. Contradictorily, Ha et al. [59]
described an extruded Mg-Sn alloy with a heavydding of 5 wt.%, which displayed improved
corrosion resistance in comparison to pure Mg.
The above-mentioned studies generally investigétedcorrosion behaviour of Mg alloys with
comparatively large alloy loadings of group 14 d/dalloying elements —with such alloying either
utilised as ternary or quaternary alloying addisiom such cases, the impact of the alloying may
have been overwhelmed by the complex metallurgeattions between the alloying additions and
other elements (such as Mn and rare earth elemamsg¢nt. Thus, the primitive influence of group
14 and 15 elements on the corrosion and more $pabif the cathodic reaction kinetics upon Mg,
have not been unambiguously elucidated yet. Orwateff this aspect has been demonstrated by a
recent study by Liu et al., [60] where micro-allogi additions of Ge (0.1 wt.% and 0.3 wt. %)
suppressed cathodic kinetics and cathodic activatib Mg, imparting a significant corrosion
resistance to Mg.
The work herein was uniquely designed on the bsisthe micro additions of group 14 and 15
elements<£ 0.5 wt.%) were used as a binary alloying additmmg, which rules out any possible
complex (metallurgical) interactions with otherraknts in the alloy. The aim of this work is to
comprehensively explore the possibility of micrteging the elements: Bi, Ge, Pb, Sb and Sn to
4






nominal purity of 99.9o0 7o, 1OmM AMmMac, AuUstralia.iéying eiements inciuding ol, e, Fo, S0 ana
Sn, were from Alfa-Aesar, USA, acquired with pw#iof at least 99.9 %. Alloy melting was
carried out within a Leybold-Heraeus ISO1/Ill intioa furnace. Prior to melting, induction

furnace chamber was evacuated and backfilled vi¢ghprotective gas consisting of Argon and
HFC-134a in a ratio of 10:1; to a positive presdfeslightly above 1 atm). The alloy melt was
heated to 750 °C in a boron nitride coated staetible and held for about ~30 mins with at least 4
stirring procedures (using a boron nitride coatexklsrod) during this period, to ensure a good
mixing. The melt was cast in the protective atmesphinto a graphite coated steel mould
preheated to 200 °C, then left to cool to room terafure.

For each elemental alloying addition studied, tWoya with two target concentrations (in no cases
greater than 0.5 wt.%) were produced in this stddhe precise chemical composition of the alloys
and pure Mg used in this study were independerghgrdhined via inductively coupled plasma
atomic emission spectroscopy (ICP-AES), by SpeattemService (Australia), and the results of

which are listed in Table 1.

For all the alloys produced herein, the concerratf impurity elements such as Fe, Cu and Ni,
were all well below the so-called impurity thresthalalue [15, 48], despite the small variation
(within 0.01 wt.%). This provides confidence thia¢ findings represent the influence of deliberate

alloying elements.

2.2 Polarisation experiments

Specimens for polarisation testing were prepareal 1@00 grit SiC paper finish under ethanol. An
electrochemical flat cell (K0235, Princeton ApplieBesearch, USA) was used for all
electrochemical tests, employing a 1%cworking electrode, a saturated calomel electr@&eH)
reference electrode and a Pt mesh counter electdidelectrochemical tests were carried using a
Bio-logic VMP 3Z potentiostat.

Unbuffered 0.1 M NaCl (pH 6) was employed as tts¢ ¢édectrolyte for all electrochemical testing.
In selected tests, to study the effects of pH @ddthodic activation of Mg-alloy specimens, two
buffered solutions, 0.1 M NaCl at pH 3 (pH adjusteing 0.1 g/L sodium acetate and 5.9 g/L
acetic acid buffer), and 0.1 M NaCl at pH 11 (pHuated using 0.9 g/L sodium hydroxide and 2.1



A pPoiarisation sCan rate ol L mv/s was used, wapasale anodiC ana catnoaiC scans carriea out.
Anodic scans were carried out from 100 mV belowdpen circuit potential (OCP) to -1000 mV vs.
SCE. Cathodic scans were performed from 20 mV abowv@©CP to a potential of -2.2 V vs. SCE.

A cyclic galvanostatic-potentiostatic technique wasplied for further quantitative analysis of

anodically induced cathodic activation of Mg, agdisn previous reports focused on testing the
cathodic activation of Mg [19, 61, 62]. The techregnvolved a cyclic anodic galvanostatic current
applied in a stepwise increasing manner from 010255 mA/cnf with a 2 min duration for each

step. A potentiostatic signal at a fixed potental2 Vsce was applied in between each anodic
polarisation step, in order to evaluate the comadmg cathodic current in response to prior anodic
polarisation. The galvanostatic-potentiostaticitgstvas repeated with a testing regime of higher
anodic polarisation current, ranging from 2~24 nm{/¢o comprehensively reveal the variation of
cathodic current sustained upon Mg surface in nrespdo higher anodic polarisation. The cyclic
testing was executed independently in three diffieetectrolytes, using unbuffered 0.1 M NaCl at
pH 6 (unbuffered), 0.1 M NaCl at pH 3 (bufferedf@nl M NaCl at pH 11 (buffered) to assess the
effects of pH on the enhanced cathodic catalytiivisg on each anodic polarised Mg alloy

specimen surface.

2.3 Microstructural analysis

The microstructure of samples herein was invesdjatsing a JEOL 7001F scanning electron
microscope (SEM) in back scattered electron mod&E()B Specimens for SEM observation were
metallographically prepared to 0.05 um surfacesfinising colloidal silica suspension. The surface
corrosion morphology of specimens after 24 h imimersn 0.1 M NaCl was analysed using an

Olympus upright optical microscope.

2.4 Massloss and hydrogen collection
Mass loss and hydrogen collection testing wereiezhrout to reveal the cumulative corrosion
damage on the alloys tested. The preparation agahiclg procedures of immersion test samples
were in accordance with the ASTM-G1-03 standard. [BBecimens for immersion testing were cut
from the as-cast ingots and metallographically areg into cuboids with an exposed surface area
of approximately 5 cf All specimen surfaces were ground to a 1200 $ji@ paper finish and
cleaned by sonication in ethanol, followed by aateirmeasurement and weighing. Immersion
testing was performed in quiescent and naturalhated 0.1 M NaCl at 25 °C for 24 h, during
7



2.5 Atomic emission spectroelectrochemistry (AESEC) measur ements

The AESEC measurement as developed by Ogle haspbeeiously described in details [64-67].
This technique involved the use of a scanning ft@W coupled with an inductively coupled plasma
optical emission spectrometer (ICP-OES). A flow | cethich permits a three-electrode
configuration (012799, ALS Co., Ltd, Tokyo, Japam@s used in the studies herein. Unbuffered 0.1
M NaCl was used as the electrolyte, which was ocootisly pumped through the working electrode
surface and onto the ICP-OES instrument using @ flate of 1.5 mL/s, allowing real time
elemental analysis. This method has been shownat@ tigh sensitivity of the detection of

dissolved ion concentration, during the processoofosion or polarisation of Mg [62].

In this study, the concentration of the releasedMaon was measured as a function of time and

related to the instantaneous dissolution rate ofsktgples by equation (1):
VM = C|v|f /A (1)

Where G is the volume adjusted ion concentration, f iselextrolyte flow rate (1.5 mL/s) and A
is the exposed working electrode surface area ¢6®. The conversion of the instantaneous
dissolution rate to the partial elemental currestigity (ng”) was determined via Faraday’s law, as

shown in equation (2):
jm = zZ.Fvum (2)
Where z is the valence, equal to 2 for Mg, andthesFaraday’s constant.

A Bio-logic SP-50 potentiostat was used for thetetehemical control during AESEC. The ICP-
OES instrument used in this study was a Perkin EfDpima 8000 ICP-OES Spectrometer, which
was controlled by Syngistix software. The emissicavelength utilized for Mg was 279.077 nm

with a detection limit of ~ 1 ppb.



pacCkscattered eieCtron (bok) mode using ocivl. 1 nerge microstructures opservea in tnis work

are shown in Fig. 1.

What is evident from Fig. 1 is that the microstures of pure Mg, Mg-0.5Sn and Mg-0.5Pb alloys
were comprised of a singleMg phase; whereas intermetallic phases were obdarvtheo-Mg
matrix of Mg-0.3Sb, Mg-0.5Bi and Mg-0.3Ge alloyss avident by particles revealing bright
contrast (Fig. 1). The bright contrast revealeBISE imaging is due to the higher atomic number
of the alloying elements (Sb, Bi and Ge) relativeMg. Such differences in microstructure were
expected, owing to the fact that the solid soltpihf Sb and Ge, in Mg, is low. It has been repibrte
that the solid solubility of Ge in Mg is about 0308t.% at 602 °C and maximum of 0.04 at.% Sb
can be dissolved in Mg at 550 °C [68]. ConversBly,Sn and Pb are comparatively more soluble
in Mg. The maximum solid solubility of these elertem Mg has been reported to be 1.12 at.%,
3.35 at.% and 7.75 at.% for Bi, Sn and Pb respelgti$8]. Mg-0.3Sb alloy had a “rod shape like”
and discrete intermetallic phase presented aloagthain boundary, which was ascribed to;Sly
(which is also the phase predicted by the Mg-Skseldiagram). Conversely, extensive eutectic
mixtures of “rod shape like” intermetallic phaserezgeeen at the grain boundary of Mg-0.3Ge alloy,
which was determined to be Mge (also predicted by the Mg-Ge phase diagram)ON&i alloy
appeared to have discrete and spherical shapenigtiatic particleslispersed near the “brighter”
grain boundary areas, because of the cored sohtiifin microstructure. The intermetallic phase of
Mg-0.5Bi was determined to be MBj, (consistent with the Mg-Bi phase diagram). Givae t
relative simplicity of the binary Mg alloys, theeahical stoichiometry of intermetallic phases was
consistent with the possible phases listed in #tevant equilibrium phase diagrams [68] — and
empirically validated by energy dispersive x-rayedposcopy (EDXS) analysis (which is not
shown herein). No alloying segregation from impumements, such as Fe, Cu and Ni were

observed for all the alloyed specimens and purestddied herein.

3.2 Potentiodynamic polarisation response of Mg-alloys

The typical potentiodynamic polarisation tests weraried out in quintuplicate and the
representative polarisation curves of the Mg binaltgys produced herein are given in Fig. 2.
Additionally, the curves shown herein include pi#g (99.95%), representing the benchmark of

zero alloying for comparison purposes.



alloying. Most of the alloys tested herein had tamanodic kinetics to that of pure Mg, based on
polarisation testing. This is suggestive that tredk®/ing elements have relatively minor effects on
the anodic kinetics of Mg. Interestingly, the M@Ge and Mg-0.5Pb alloys, however, presented an
apparent “passive-type window” on the anodic braofcpolarisation curve, ranging fromdgto ~

280 mV above K. This revelation of a so-called passive-type wimdwas attributed to the
negative value of &, which results from the lower cathodic kinetics1(:88 Vscefor Mg-0.3Ge

and ~-1.82 ¥cefor Mg-0.5Pb) — as previously described for thgecaf alloying with arsenic [37].

To fully evaluate the effects of alloying on cathokinetics, cathodic potentiodynamic polarisation
testing with a downward scanning direction from,Et0 a negative potential (-2.2s¥p), are
provided in Fig. 3.

The unique cathodic polarisation curves providesaal presentation of the impact of the selected
alloying elements, indicating a notable shift ofhcalic kinetics towards lower rates over a wide
range of potentials (Fig. 3). The Mg-0.3Ge and MgFb alloys exhibited the most remarkable
decrease in cathodic kinetics. The relative cath&dietics among all tested specimens herein, at
the potential range between.kEand -2 \scg generally presented in the following order of: -Mg
0.5Pb<Mg-0.3Ge<Mg-0.1Sn<Mg-0.3Sb<Mg-0.2Sb<Mg-0.8g<0.1Pb<Mg-0.1Ge<Mg-
0.5Bi<Mg-0.5Sn<Mg.

3.3 Massloss and hydrogen collection of Mg-alloys.

Potentiodynamic polarisation provides an instardaseand quantitative analysis of the relative
anodic and cathodic kinetics for the alloys; wheréas not the most effective measurement for the
determination of long term corrosion performancke Tong-term testing at open circuit potential
(OCP) is indeed an important method to rationale longer term corrosion behaviour. King et
al.[69] reported a combined corrosion measuremehtch includes electrochemical impedance
spectroscopy (EIS), mass loss and hydrogen caledior the accurate determination of Mg
corrosion. This technique was also validated irepthdependent studies of corrosion of Mg and its
alloys [70, 71]. The study herein adopted the siamdous measurement of mass loss and hydrogen
collection (in the absence of EIS, which remaindmaportant aspect of future work) over a 24 h
duration in 0.1 M NaCl (unbuffered, pH 6). The piHtbe solution increased to ~10 after the
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Signicant decrease In tne corrosion rate ofr g avioys containing group 14 ana Lo eiements in
comparison to that of pure Mg. The extent of reruncof corrosion rate by alloying was about one
order magnitude, on the basis of measured masgfass4a) and hydrogen gas evolved (Fig. 4b).
Of all the tested Mg binary alloys herein, Mg-0.3&® Mg-Pb (with 0.1 and 0.5 wt.% alloying
additions) alloys exhibited the largest improvemientorrosion resistance. It was also noted that
other Mg alloys tested herein also revealed distioecrosion performance, the merits of which,
however, were not clearly indicated by prior paation testing. The primary reason for this is
likely due to the fact that the cathodic activatand corrosion of Mg are time-dependent processes
[21, 39] and the suppression of cathodic kinetigsalboying might become more predominant
during the dissolution process of Mg. In additidiwas determined that corrosion rate of Mg alloys
tested herein did not change linearly with the egponding alloy loading (alloying element
concentration). For instance, the rate of mass &osshydrogen evolution for Mg-0.5Sn was ~5
times higher than that of Mg-0.1Sn; whilst, theroeron rate of Mg-0.3Ge was approximately ~3
times lower in comparison to that of Mg-0.1Ge.

3.4 Corrosion mor phology following 24h of exposurein 0.1 M NacCl
Optical micrographs of the surface morphology fa specimens tested herein, before and after the
immersion / exposure testing (0.1 M NacCl for 24tg shown in Fig. 5.

It was observed that a wide spread dark “filifoiike! corrosion morphology was present on the
surface of pure Mg. This filiform-like corrosion mpihology has been previously noted as typical
for pure Mg and many Mg alloys [3, 19, 62, 72, 7@&)d is of relevance to the evolution of local
cathodes and anodes, during the corrosion prod¢édg {20-22].

In contrast, the corrosion morphology of the bindyg-alloys revealed a comparatively minor
extent of corrosion attack, concomitant with digereorrosion sites. Such a distinct change in the
corrosion morphology reveals the ability of groupahnd 15 alloying elements to inhibit the typical
“filiform like” corrosion. The formation of this fye of dark “filiform like” film is suggestive of
enhanced cathodic activity upon corroded Mg surfafe 39, 62]. As such, the differing corrosion
morphology of the Mg binary alloys is posited tore¢éated to the ability of the group 14 and 15
element additions to hinder the propagation of daifiorm-like corrosion films and to suppress

cathodic activation.
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anodically polarised via stepwise galvanostatides,cwhilst a cathodic potentiostatic signal at the
fixed potential of -2 ¥ce was applied between each anodic polarisationtstegsess the cathodic
kinetics in response to prior anodic polarisatidime abridged results of the galvanostatic-
potentiostatic experiments for the binary Mg-all@gstaining group 14 and 15 elements and pure
Mg are seen in Fig. 6.

Fig. 6a reveals the data collected for the all@getd under the anodic polarisation cycles from
0.025 to 2.5 mA/cth What can be readily observed is that measuredodit current density
increased after each anodic polarisation step twe pMg. This indicates that enhanced cathodic
kinetics of Mg arose from the prior anodic polatisa, which is also consistent with the previously
reported works regarding the electrochemical ewideof anodically induced cathodic activation
[19, 61].

In the case of the Mg binary alloys studied, a redridecrease in the cathodic current density is
observed (Fig. 6a); for example Mg-0.3Ge and Md=0.3lloys revealed a sustained lower cathodic
current density by about a one order magnitudeomtrast to (pure) Mg. Another salient feature

seen from Fig. 6a is that the recorded cathodirzatidensity of the Mg alloys remained essentially
constant, irrespective of prior anodic polarisati®uch a stabilised cathodic current density
following prior cyclic anodic polarisation suggese ability of alloying additions of Bi, Ge, Pbh S

and Sn to halt the cathodic activation of Mg.

The cyclic galvanostatic-potentiostatic experimesats further carried out with a higher anodic
dissolution range from 2 to 24 mA/émas seen in Fig. 6b. A similar trend was obsefeegure
Mg, which displayed evidence of cathodic activatiafter polarisation. The binary Mg-alloys
presented a lower cathodic current density in corspa to that of pure Mg, however a slight
enhancement of cathodic kinetics was observed tier inary Mg-alloys when the applied
dissolution current density was larger than 10 m#/dt is noted however, that 10 mA/éris an
exceptionally high current density that is concamitwith extensive dissolution — and hence an
extreme test [39, 74].

The pH of the test electrolyte (which was origigglH 6) increased to ~9 after the 0.025 to 2.5
mA/cn? cyclic galvanostatic-potentiostatic experiment, ilsththe pH of the test electrolyte
increased to ~10 following the experiment with 224 mA/cnf dissolution range. It merits

12



in oraer 1o comprenensively assess tne varialocaaiodiC Kinetics In response 10 a prior anodic
polarisation cycle of varying pH, cyclic testingtviwo exposure regimes (both 0.025~2.5 mA/cm
and 2~24 mA/crf) was repeated in isolated experiments using bedférl M NaCl at two different

pH values of 3 and 11.

The abridged results of the cyclic testing with theosure regimes in 0.1 M NaCl at pH 3 for
alloyed specimens and pure Mg are shown in Figeh&re it was seen that cathodic current density
measured upon pure Mg increased slightly, followamgincrease in the prior anodic dissolution
current density. What is noted from the responsé¢hefbinary Mg alloys is that the measured
cathodic current density remained relatively comstan spite of the aggressive nature of the test
(which is also concomitant with surface area altenainduced by the high rates of dissolution in
acidic solution). The empirical testing revealsttiiaere was no appreciable enhancement of
cathodic kinetics upon anodically polarised Mg aaeis in 0.1 M NaCl buffered at pH 3. However,
it is noteworthy that a lower cathodic current dgngelative to pure Mg) was also realised in Mg-
binary alloys with addition of 0.1 wt.% Pb, 0.5%tPb and 0.2 wt.% Sb.

Figure 8 reveals the superimposed results of cygdilwanostatic-potentiostatic testing in 0.1 M
NaCl at pH 11. A well-pronounced enhancement ohadit kinetic for pure Mg was observed,
indicative of significant cathodic activation irkaline solution. The cathodic kinetics of the binar
Mg alloys remained relatively steady in responsarodic polarisation in the range of 0.025~2.5
mA/cn? (Fig. 8a), whilst only a slight enhancement wasewbed when tested after exposure to the
greater anodic range of 2~24 mA/cffig. 8b). It may also be seen from Fig. 8 thatrtregnitude

of cathodic current density sustained upon the Mgy with 0.3 wt.% Ge and 0.5 wt.% Pb was
about one order magnitude lower than pure Mg olier range of all prior anodic polarisation

conditions.

Overall, the results from galvanostatic-potentitbstaxperiments in 0.1 M NacCl of varying pH (Fig.
6-8), reveal the relative extent of cathodic adtora for the alloys investigated herein. It was
determined that the cathodic (HER) kinetics susthiby the specimens studied were lower in
acidic conditions and higher in alkaline conditiolie incremental increase of cathodic activation
was proportional to the increasing pH of the etdgte. For example, the value of the cathodic
current density sustained upon Mg following thelicyanodic polarisation regime (0.025 to 2.5
mA/cn?) was about ~1.67 times of the pre-anodic polddesatalue at unbuffered pH 6; whilst the
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cathodic activation of Mg in an aqueous environnoer a wide pH range.

3.6 AESEC analysis of Mg-alloys

The at open circuit potential (OCP) Mg dissolutmnrent density ng*) of the binary Mg alloys
with group 14 and 15 additions was determined ftbenconcentration of Mg measured by ICP-
OES of downstream electrolyte (Fig. 9). Additiogalthe data collected for pure Mg is also

included in the plots for comparison purpose.

What is observed from inspection of Fig. 9 is tliat,most Mg alloys, a peak Qﬁd2+ commenced
immediately upon the initial few seconds’ expostoed.1 M NaCl. Following this peak of early
dissolution, [j,|92+gradually decreased to a plateau current densitg. aitainment of the relatively
steady dissolution current density at OCP is asdrito the formation of the surface film, which
developed rapidly upon exposure to an electrotailst, the exceptional case is the Mg-0.3Ge
alloy, where a relatively constant and lower vadntﬁej:,wg2+ at OCP is observed, indicating a steady

dissolution rate of the alloy.

From Fig. 9, it can be seen that pure Mg sustaihechighest dissolution current density at OCP,
being in the range of ~150 to ~120 pAfcriihis suggests that Mg corroded readily in theeabs

of any external polarisation. In contrast, the alisBon rate of the Mg alloys was much lower than
that of Mg at OCP, whilst the minimum dissolutiaie measured was ~70 pAfcmith Mg-0.3Ge
alloy. The relatively constant and lower value p@ﬁ sustainedipon Mg-0.3Ge alloy reveals that
alloying affects the partial anodic reactions a tondition of free corrosion (recalling that ICP-
OES can only determine the rate of the anodic i@@ct Polarisation testing in 0.1 M NaCl was
carried out after 10 min OCP exposure to 0.1 M Na&ing an electrochemical flow cell coupled
to ICP-OES. The representation of polarisation datahe Mg alloys produced herein, along with

the comparison of pure Mg is shown in Fig. 10.

Figure 10a presents the AESEC determined dissalgtiorent density as a function of polarisation
time (the term AESEC used to describe the onlife-@ES analysis in the presence of an external
polarisation). The polarisation test was commencech 100 mV below OCP to -1 §ewith a
potential scan rate of 1 mV/s. Thus, in the inifi@Ds, the specimens were cathodically polarised.
The dissolution current density of all the Mg allomcluding pure Mg was slightly decreased
within ~5 pA/cnt range during cathodic polarisation until,Ewas reached. This indicates a
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66, 77, 78]. Upon the transition to anodic polarsg the dissolution current density of the Mg
alloys increased with increasing applied anodiepudl. It can be seen that at the maximum anodic
potential (-1 \4cg), dissolution current density sustained upon puig was ~140 pA/ch In
contrast, the dissolution current density of theyald specimens with the maximum anodic
polarisation was in the range of ~80 to ~100 pAamvealing a lower corrosion rate of the alloys
associated that is also related to a reductiohefihodic partial current density independent gf an
other effects such as those on the cathodic padiaent density. Again, it is emphasised for the

purposes of interpretation, that AESEC analysiy pnbbes the anodic partial reaction.

To further supplement the data in Fig. 10a, paddias data presented in the format of applied
potential versus log dissolution current densitjedained from AESEC analysis, as seen in Fig.
10b. It may be observed from Fig. 10b that thedligeon rate of pure Mg was comparatively
higher than that of the custom prepared binary NMays throughout the whole range of potentials
applied. For potentials < ~-1.6s¥s the alloys displayed the trend of an initial ktiglecrease in
ng2+ under cathodic polarisation and subsequeﬁfjfluctuation upon polarisation to.&. In the
case of anodic polarisation (> ~-1.629, ngz+increased log-linearly with the applied potential,
which represents “Tafel-type behaviour”. The Tadlpe of the binary alloys produced herein is
higher than that of pure Mg. This further revedls functionality of the group 14 and 15 alloying
elements to suppress the dissolution of Mg whileepiiodymanically polarised, independent of
cathodic processes; a notion not previously redoriéhe polarisation curves obtained during
AESEC analysis (Fig. 10b) exhibit a substantialrelase in anodic partial current density both at
OCP and under polarisation for all the binary Migyd in contrast to pure Mg. Such a feature was
not readily revealed by polarisation experimentealy measured from the potentiostat with a
conventional electrochemical cell (Fig. 2), wherdhg alloyed specimens exhibited similar anodic
kinetics. In conventional electrochemical testitigg measured currents are a summation of anodic

and cathodic reaction rates, however, AESEC istabtkecouple the anodic reaction rate uniquely.

The primary reactions involved under anodic poddits of Mg can be described by reactions (3) -

(6) [3].
Mg PMg>* + 26 3

2H,O + 2é oH, + 20H 4)
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dissolution process of Mg. The reaction (5) ocalus to the localised alkalisation, as previously
mentioned; whilst the reaction (6) is the overahgation of reaction (3)-(5). The anodic and
cathodic current densities are definedaanp | respectively. The net current density measured by
the potentiostat,é; under anodic polarisation can be defined by theggn (7):

Jnet=Ja- Jc (7)

According to the Butler-Volmer equation, the caticockaction rate,cjshould decrease with the
increasing potential [13]. Whereas cathodic aciwvabf Mg occurred under anodic polarisation,
the | continued to increase with the increase of appbeténtial. In many cases, some electrons
generated by localised cathodic reactions or thectdformation of Mg(OH) by reaction (6) were
not fully tallied by the potentiostat. Thus, thdueof net current densitye underestimates the
dissolution rate of Mg samples, owing to the anggpatarisation induced cathodic activation.
However, the alloying applied herein suppressedcttbodic kinetics and cathodic activation of
Mg, which (in some cases significantly) reduced\akie of |} and suppressed cathodic activation;
resulting in a similar ¢ value for all the alloys. In contrast, the valuej@g2+ determined by
AESEC analysis was independent of the alteratiorcaihodic current density during anodic
polarisation. Furthermore, the lower magnitude ©P Idetermined dissolution current density (in
comparison to that measured by potentiostat) stigdleat a large fraction of ionised Mg species
were involved in the formation of an insoluble filppon the surface of Mg (shown by reaction (6))
as a result of dissolution [35, 62].

3.7 General discussion

Micro-alloying additions of group 14 and 15 elensetd Mg notably decreased cathodic kinetics
and were associated with a significant improvene¢cbrrosion resistance for the binary Mg alloys
produced herein. This was further interpreted leylthwer value of mass loss and hydrogen evolved,
following 24 h immersion in 0.1 M NaCl. The funatimlity of the alloying also includes a
drastically-changed corrosion morphology from tgbievide-spread “filiform-like” corrosion to

superficial “discrete corrosion sites”.

The potentiodynamic polarisation results converailynmeasured with a potentiostat and static
electrochemical cell indicated similar anodic kiogffor the binary Mg-alloys and pure Mg, which
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produced herein was lower than that of pure Mg@P@nd during polarised conditions.

The alloying additions of group 14 and 15 elemeBis:Ge, Pb, Sb and Sn were determined to
achieve similar cathodic poisoning effects on tberasion of Mg, as previously reported in the
Mg-As alloy [37]. Of all the alloys tested, Mg-0.8Glloy was demonstrated to possess the lowest
cathodic reaction kinetics and the highest corrosasistance.

The detailed mechanism of cathodic activation retsty be determined. It has been hypothesised
that impurity metals such as Fe, or Fe rich sequmases, which have a low solid solubility and
high over-potential for HER, could serve as primeayhodic sites that sustain the cathodic activity
upon dissolving Mg [15, 40, 79]. A so called thra@shvalue of impurity tolerance limit has also
been defined (~170 ppm for Fe), beyond which theoston rate of Mg will significantly increase
[2, 15, 80, 81]. The enrichment of the noble métgpurities following dissolution at OCP or
anodic polarisation was expected to enhance thedat activity, because of the increase of the net
area of the cathodic sites [19, 20, 82-84]. Thegmee of the noble metal impurity enrichment has
also been validated by several independent studidsich employed a combination of
methodologies including high resolution microsc¢®¥, 85], Rutherford Backscatter Spectroscopy
(RBS) [86] as well as nuclear microprobe partieiduced X-ray emission (PIXE) analysis [83].
Therefore, it is assumed that the enrichment otdigaining phase could be associated with the
cathodic activation of Mg. It has also been knowmther fields that the kinetics of HER upon Fe
has been dramatically affected by the presence ladtre-catalytic poisons such as arsenic,
antimony, bismuth and tin [40, 41, 87-91]. The apdon of the cathodic poisons upon electrode
surface reduced the surface coverage of hydrogem antermediate and restricted the
recombination absorbed hydrogen atom intermediates, retarding the rate of HER [88, 90, 92-94].
It is, therefore, reasonably hypothesised thatatloying elements used in this work might achieve
similar poisoning effect in Mg, whereby deactivatied enriched Fe or Fe containing phase towards

HER and suppressed cathodic activation.

Nevertheless, Lysne, et al., proposed a model tima® the Fe enrichment following anodic
polarisation based on Mg samples containing aréifferange of Fe concentration (ranging from 25
ppmw to 13000 ppmw) [95]. It was revealed thateReciency of Fe enrichment following anodic

dissolution was estimated to be low (less than 1f6qxddition, the enhanced cathodic activity was
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CYyClC electrocnemicCal experiments In elecCtrolytes varying pmH were periormea as a
complementary test to further assess the cathatiation tendency of the Mg binary alloys. The
results demonstrated the ability of the alloyingstgpress cathodic activation produced by prior
anodic dissolution cycles in a wide range of pHclStesults provide a meaningful approach for
utilising Mg alloys as electrode materials for exdenin Mg primary batteries. Hydrogen evolution
and “parasitic discharge” issues that occur dutiregon-off cycles for Mg primary batteries, often
are associated to premature battery failure [9, 10]

The extent of cathodic activation upon Mg specimegas also observed to increase with increasing
electrolyte pH. As per thermodynamics (also visuadlvealed by the Pourbaix diagram [12]), Mg
has a higher tendency for the formation of magmeshydroxide (Mg(OH)) in more alkaline
solution, or in the vicinity of the Mg surface wleaHER occurs. Thus, there is significance between
the presence of hydroxide films and the manifestatif cathodic activation for Mg. Such notion is
in accordance with other contemporary studies of tigsolution including first principles
modelling [61, 72, 78, 97-99]. The role of the godld and 15 elements studied herein with respect
to the development of surface hydroxide films wasinvestigated in the present work, but remains

important future work.

It is noted that only a dilute concentration ofogihg (in all cases no larger than 0.5 wt.%) was
deliberately added into Mg in this work. The mi@ieying additions of the elements that are
relatively soluble in Mg (Pb and Sn) resulted imari microstructure alteration of Mg and most of
the alloying were present in the solid solutionM§. Conversely, elements with lower solid
solubility (Bi, Ge and Sb) influenced the microsture by stimulating second phase particles in
addition to alloying the solid solution of Mg. Aaent study using density functional theory (DFT)
calculations investigated the influence of diluleyaloadings (~1 at.%) of a wide range of alloying
elements upon a Mg slab model with (0001) orieatatowards HER [100]. The DFT calculations
suggested that the elements including Ge, Sb andn&he the HER less thermodynamically
favourable on Mg surface by the means of destaiglithe water dissociation reaction and
repelling the adsorbed hydrogen atoms [100]. It rhayreasonably assumed that alloying with
group 14 and 15 elements substituted in the soligtien of Mg (akin to the dilute alloyed Mg slab
model in the DFT calculation) may also play an im@ot role in suppressing the cathodic activity,
in addition to the possible “poisoning effects” any Fe containing phases. The partial anodic
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VIg alloys. Furthermaore, It Is alsO Of great reied&amor the adeveliopment Of Corrosion resistant ivig
electrode materials and self-discharge resistanphfigary batteries. The use of the group 14 and
15 elements as ternary or quaternary combinationsMg alloys production should also be

investigated in future, aiming to produce Mg allayth both appreciable corrosion resistance and

desirable mechanical properties.
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1. Microalloying additions of Ge, Sb, Pb, Sn and Bimdastrated a marked ability in
decreasing cathodic kinetics upon Mg, in the otdey were listed.

2. In addition to the suppression of cathodic kinetadfoying additions explored herein also
imparted appreciable corrosion resistance to Mggvadent from the mass loss experiment,
hydrogen collection and AESEC testing. Of all tlmnposition tested, 0.3 wt.% Ge was
empirically determined — from the compositions gddherein - to be the most effective
alloying addition in the context of corrosion carbtr

3. The corrosion morphology of Mg following 24 h exposin 0.1 M NaCl was significantly
altered from the typical extensive filiform-like rrosion attack to less extensive and discrete
corrosion sites; influenced by alloying. The changé corrosion morphologies are posited
to be associated with the ability of specific aligyadditions to stifle cathodic activation —
and hence the form of corrosion propagation upon Mg

4. The custom produced binary Mg-alloys remain morgstant to cathodic activation in
comparison to pure Mg, over a wide range of pHreagaled by the cyclic potentiostatic-
galvanostatic testing carried out in 0.1 M NaClwvafrying pH. This result provides an
attractive outcome in the context of applying M@&a electrodes as the more reliable
electrode materials in primary battery systems.

5. The AESEC experiment herein, capable of detectiisgotved MJ* arising from Mg
corrosion or anodic dissolution, reveals the abitit alloying elements explored herein to
hinder the corrosion of Mg. It was demonstrated tha partial anodic kinetics of the alloys
was lower than that of pure Mg, at OCP and duridpnsed conditions. This is an
important finding and not been previously reveakslstudies of Mg alloys using AESEC
are to date scarce. Additionally, AESEC analysieated that the dissolution of Mg is not
suppressed at low cathodic over-potentials, up G0 Vv below OCP. The difference
between currents measured from conventional poidyriamic polarisation and thfagj2+
measured from AESEC is suggestive that a fractfodissolved Mg is involved in the
formation of subsequently insoluble films upon Mg surfaces, concomitant with other
studies.
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Table 1. Composition (in wt. %) of samplestested herein. Compositions were independently analy:

Sample Mg Al Zn Cu S Fe Ca Mn Ni Sb E
Mg Bal. | 0.005 | 0.005 | 0.002 | 0.02 | 0.006 | 0.001 | 0.01 | 0.001 -
Mg-0.2Sb Bal. | 0.005 | 0.004 | 0.001 | 0.03 | 0.002 | 0.003 | 0.01 | 0.001 | 0.23
Mg-0.3Sb Bal. 0.01 0.01 | 0001 | 002 | 0.001 001 0.03 | 0.001 | 0.32
Mg-0.1Bi Ba 001 | 001 | 0001 | 0.010 | 0001 | 001 | 0.03 | 0.001 - 0
M g-0.5Bi Bal. | 0.003 | 0.002 | 0.001 | 0.03 | 0.001 | 0.005 | 0.02 | 0.001 - 0
Mg-0.1Ge Bal. | 0.004 | 0.001 | 0.001 | 0.04 | 0.003 | 0.002 | 0.02 | 0.001 -
Mg-0.3Ge Bal. 0.01 0.01 | 0001 | 002 | 0.001 | 001 0.03 | 0.001 -
Mg-0.1Sn Bal. 0.01 0.01 | 0001 | 002 | 0.001 | 001 0.03 | 0.001 -
Mg-0.5Sn Bal. | 0.004 | 0.001 | 0.001 | 0.03 | 0.006 | 0.004 | 0.02 | 0.001 -
Mg-0.1Pb Bal. | 0.012 | 0.001 | 0.001 | 0.02 | 0.001 | 0.007 | 0.03 | 0.001 -
Mg-0.5Pb Bal. | 0.011 | 0.001 | 0.002 | 0.03 | 0.001 | 0.009 | 0.03 | 0.001 -
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Figure. 1. Representative scanning electron micrographs in backscattered electron
(BSE) mode for (a) pure Mg, (b) Mg-0.5Bi, (c) Mg-0.3Ge, (d) Mg-0.5Pb, () Mg-
0.3Sb and (f) Mg-0.5Sn (wt.%), at magnifications relevant to key microstructural
features.
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Figure. 2. Results from potentiodynamic polarisation in 0.1 M NaCl (unbuffered, pH
6) for pure Mg and the binary Mg alloys produced herein containing group 14 and 15
element additions. Legend provides nominal alloy compositions in wt. %.
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Figure. 3. Results from cathodic potentiodynamic polarisation in 0.1 M NaCl
(unbuffered, pH 6) for pure Mg and the binary Mg alloys produced herein containing
group 14 and 15 element additions. Legend provides nomina aloy compositions in
wt. %.
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Figure. 4. () Mass loss, and (b) hydrogen collection, results for pure Mg and the binary Mg aloys produc
element additions following 24 h immersion in 0.1 M NaCl (unbuffered, pH 6). The pH of the solution increa

Legend provides nominal aloy compositionsin wt. %.
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Figure. 5. Representative optical micrographs of the surface morphology for samples of pure Mg and binary M
additions of 0.3 wt.% Sh, 0.5 wt.% Pb and 0.3 wt.% Ge before and after 24 h immersion in 0.1 M NaCl (ur
solution increased to ~ 10 after the experiment.
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Figure. 6. Abridged results of measured cathodic current density at the fixed (cathodic) potential of -2.0 Vg
current signal, whereby the prior applied anodic current signals were: (a) 0.025 to 2.5 mA/cm? in a stepwise mar
stepwise manner, for pure Mg and the binary Mg alloys produced herein with group 14 and 15 element additior
6). The pH of the solution increased to ~9 after the experiment with a 0.025-2.5 mA/cm? dissolution range
experiment with 2 to 24 mA/cm? dissolution range. Legend provides nominal alloy compositionsin wt. %.
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Figure. 7. Abridged results of measured cathodic current density at the fixed (cathodic) potential of -2.0 Vg
current signal, whereby the prior applied anodic current signals were: (a) 0.025 to 2.5 mA/cm? in a stepwise mar
stepwise manner, for pure Mg and the binary Mg alloys produced herein with group 14 and 15 element additio
5.9 g/L acetic acid buffered 0.1 M NaCl (pH 3). Legend provides nominal alloy compositions in wt. %.
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Figure. 8. Abridged results of measured cathodic current density at the fixed (cathodic) potential of -2.0 Vg
current signal, whereby the prior applied anodic current signals were: (a) 0.025 to 2.5 mA/cm? in a stepwise mar
stepwise manner, for pure Mg and the binary Mg alloys produced herein with group 14 and 15 element additi
and 2.1 g/L sodium hydrogen carbonate buffered 0.1 M NaCl (pH 11). Legend provides nominal aloy compositi
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Figure. 9. Current density ng2+ determined by online ICP-OES analysis during the

open circuit exposure for pure Mg and the binary Mg aloys produced herein with

group 14 and 15 element additions in 0.1 M NaCl (unbuffered, pH 6). Legend
provides nominal alloy compositionsin wt. %.



(b)

Figure. 10. (a) Current density ng2+ determined by online ICP-OES anaysis as a
function of time, during potentiodynamic polarisation. (b) Potentiodynamic
polarisation data presented in the format of applied potential vs. current density ng2+
for pure Mg and the binary Mg aloys produced herein with group 14 and 15 element
additions in 0.1 M NaCl (unbuffered, pH 6). Legend provides nominal alloy
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