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Zusammenfassung

Bei der Entwicklung einer biologisch abbaubaren Mg-Legierung ist eine gute
Korrosionsbestandigkeit, mechanischer Integritat, Biokompatibilitdt und Funktionalitét
erwiinscht. Zn, ein essentielles Spurenelement im Korper, ist als Legierungselement in Mg
weit verbreitet. Um das Korrosionsverhalten und die Biofunktionalitit des Mg-Zn-
Bindrsystems weiter zu verbessern, werden in der Regel Zusédtze von weiteren
Legierungselementen und Verarbeitungen vorgenommen. Es ist von entscheidender
Bedeutung zu verstehen, wie die Mikrostrukturen und das Korrosionsverhalten beim
Legieren und Verarbeiten reagieren. In dieser Arbeit wurden Elemente ausgewahlt, die in der
Lage sind, die Knochenregeneration (Ca und Sr) und antibakterielle Wirkungen (Ag und Cu)
zu fordern. Dariber hinaus wurde auch In (Indium) hinzugeflgt, da es in Dentalmaterialien
weit verbreitet ist. Der Gehalt an Zn wurde auf 0,5 Gew.-% und die von X auf 0,2 Gew.-%
festgelegt, um die Bildung von intermetallischen Verbindungen zu reduzieren und die
galvanische Korrosion zu verringern. Die Korrosionseigenschaften wurden hauptséchlich
durch  elektrochemische Methoden, H2-Entwicklungstest und Ermittlung der
Korrosionsmorphologie bewertet. Bei den Proben im Gusszustand unterschieden sich die
Kornfeinungseffizienz und die Fahigkeit zur Bildung intermetallischer Phasen zwischen den
Legierungselementen stark. Si-Verunreinigungen spielten ebenfalls eine wichtige Rolle bei
der Bildung von Ausscheidungen in allen Mg-Zn(-X) Systemen. Im Allgemeinen besal} Mg-
Zn-Ca aufgrund der geringeren Korngrélie und begrenzter Mengen an intermetallischer
Ausscheidungen eine  gleichméaRigere  Korrosion und dadurch die hdchste
Korrosionsbestandigkeit, wahrend Mg-Zn-Cu aufgrund der hohen KorngréfRe und der
hoheren elektrochemischen Aktivitdt der intermetallischen Ausscheidungen starke
Lochfral’korrosiones und damit hochste Korrosionsrate aufwiesen. Mit Ausnahme von Mg-
Zn-Cu waren die Korrosionseigenschaften von Mg-0,5Zn(-0,2X) mit denen hoéher legierter
Systeme in der Literatur vergleichbar, was auf die Anwendbarkeit dieser
Mikrolegierungssysteme fiir biomedizinische Anwendungen hinweist.

Da Mg-Zn-Ca das beste Korrosionsverhalten aufwies, wurden weitere Studien durchgefiihrt,
um zu untersuchen, wie die Korrosion startet und sich entwickelt. Die Mg2Ca-Phase erwies
sich als anodisch und korrodierte bevorzugt nach dem Eintauchen innerhalb der ersten
Stunde. Ca2MgsZns- und MgCaSi-Phasen wirken dagegen kontinuierlich Gber der 24 h als
Kathoden. Nach dem Losungsgluhen fiihrten die homogenere Mikrostruktur und die
verringerten galvanischen Zellen zu einer héheren Korrosionsbestandigkeit von Mg-Zn-Ca.

Im Gegensatz dazu begannen die intrinsischen Verunreinigungen (Fe und Si) das
I



Korrosionsverhalten von Mg-0,5Zn nach dem Ld&sungsglihen zu dominieren. Die
Korrosionsbestandigkeit von Mg-0,5Zn mit der Dauer des Losungsgliihen, da die Fe-
Konzentrationen in den Fe-Si-Partikeln ausbildeten. Um die Auswirkungen eines
Umformschrittes auf die gebildeten Phasen und damit Eigenschaften der Legierungen zu
ermitteln, wurden die Mg-0,5Zn-(0,2X)-Legierungen im stranggepressten Zustand
charakterisiert. Die Legierungen hatten vergleichbare KorngréRen (~30 pm), sodass der
Einfluss der KorngroBe auf das Korrosionsverhalten vernachldssigt werden konnte. Im
Gegensatz zu der in der Literatur weithin anerkannten Beobachtung, dass das Strangpressen
die Korrosionsleistung verbessert, die Korrosionsraten von Mg-Zn, Mg-Zn-Ag und Mg-Zn-
In im stranggepressten Zustand waren im Vergleich zu denen der Gegenstliicke im
Gusszustand deutlich hoher. Dagegen wurde die Korrosionsraten von Mg-Zn-Ca nach dem
Gluhen und Strangpressen aufgrund der feineren Korngrof3e, der geschwéchten Fasertextur
und der begrenzten Menge an intermetallischen Phasen weiter reduziert. Dartiber hinaus war
die Korrosionsbestandigkeit von Mg-0,5Zn im stranggepressten Zustand genauso schlecht
wie die des losungsgeglihten Materials. Stattdessen konnte eine bessere
Korrosionsbestandigkeit von Mg-0,5Zn im stranggepressten Zustand beobachtet werden,
wenn vor dem Strangpressen keine Warmebehandlung durchgefiihrt wurde. Daher wird
vorgeschlagen, dass eine kiirzere Behandlungsdauer oder eine reine Kaltverformung im Falle

von mikrolegierten Mg-Systemen in Betracht gezogen werden sollte.



Abstract

Designing a biodegradable Mg alloy with good corrosion resistance, mechanical integrity,
biocompatibility and functionality is desired. Zn, an essential trace element in the body, is
widely used as an alloying element in Mg. To further improve the corrosion performance and
biofunctionality of Mg-Zn binary system, additions of extra alloying elements and
processings are usually performed. It is of vital importance to understand how the
microstructures and the corrosion performances respond with alloying and processing. In this
work, elements capable of promoting bone regenerations (Ca and Sr) and antibacterial effects
(Ag and Cu) were selected. Moreover, In (Indium) was also added as it is widely used in
dental materials. The addition amount of Zn was selected as 0.5 wt.% and that of X was 0.2
wt.% to reduce the formation of intermetallics and to downscale galvanic corrosion. The
corrosion performances were evaluated mainly by electrochemical methods, H2 evolution
test and corrosion morphology observations. For the as-cast samples, the grain refinement
efficiency and intermetallics forming ability differed greatly among the alloying elements. Si
impurity also played a vital role in the precipitates formation in all Mg-Zn(-X) systems.
Generally Mg-Zn-Ca possessed the highest corrosion resistance due to the refined grain size,
limited intermetallics and uniform corrosion, whereas Mg-Zn-Cu showed the highest
corrosion rate due to the coarse grains, intermetallics activity and severe pitting corrosion.
Except Mg-Zn-Cu, the corrosion performances of Mg-0.5Zn(-0.2X) were comparable with
those of the higher concentrated systems in literature, indicating the feasibility of these micro-
alloying systems for biomedical applications.

As Mg-Zn-Ca had the best corrosion performance, further studies were carried out to
investigate how the corrosion initiated and developed. Mg2Ca phase was found to be anodic
and was preferentially corroded within the first hour of immersion. Whereas, Ca2MgsZns and
MgCasSi phases continuously act as cathodes until 24 h immersion. After solution annealing,
the more homogeneous microstructure and reduced galvanic couples resulted in a higher
corrosion resistance in Mg-Zn-Ca. In contrast, the intrinsic impurities (Fe and Si) started to
dominate the corrosion behaviour of Mg-0.5Zn after solution annealing. The corrosion
resistance of Mg-0.5Zn deteriorated with the extension of solution treatment duration as the
Fe concentrations in the Fe-Si particles were promoted. To investigate the impacts of further
hot extrusion, the as-extruded Mg-0.5Zn-(0.2X) alloys were also characterised. The as-
extruded alloys had comparable grain sizes (~30 um) so that the effect of grain size on
corrosion performance could be neglected. In contrast to the widely-recognised observation

from literature that extrusion enhances the corrosion performance, the corrosion rates of as-
i



extruded Mg-Zn, Mg-Zn-Ag and Mg-Zn-In were significantly accelerated compared to those
of the as-cast counterparts. Whereas the corrosion rate of Mg-Zn-Ca was further decelerated
after annealing and extrusion, due to the finer grain size, weakened fibre texture and limited
intermetallics. Moreover, the corrosion resistance of as-extruded Mg-0.5Zn was as poor as
the solution annealed material. Instead, superior corrosion performance of as-extruded Mg-
0.5Zn could be determined if no heat treatment was conducted prior to extrusion. It is
suggested that shorter treatment duration or cold working should be considered in the case of

micro-alloying Mg systems.
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1. Introduction

Mg and many Mg alloys are promising candidates for biomedical applications such as
temporary implants, making the secondary surgeries redundant [1-6]. These lightweight
biodegradable metals are endowed with low density, high specific strength and specific
stiffness [7]. The density and Young’s modulus of Mg are closer to those of natural bones
compared to other permanent metallic implants such as steel and Ti, making Mg helpful
in avoiding stress shielding [2, 3]. The mechanical strength of Mg is also higher than
those of the bioresorbable polymers such as polylactic acid (PLA) and poly(lactic-co-
glycolic acid) (PLGA) [8]. In addition, Mg is a trace element of the human body and

excessive Mg ions can be excreted naturally through the kidneys [9].

However, one of the major hindrances for the wider market promotion still is the concern
about the corrosion susceptibility of Mg alloys [10]. The corrosion behaviour of Mg
alloys is affected by factors such as the compositions and microstructures of materials [1],
corrosive media and atmosphere [11]. Although surface modifications such as coatings
are also used to enhance the corrosion properties [12, 13], further developments are still

needed for coatings with controlled corrosion and adequate adhesions [10].

The most widely studied Mg alloys are those of the Mg-Al-Zn system, which however,
is not appropriate for biomedical applications due to the biosafety concern of Al (risk for
Alzheimer's disease) [14]. Instead, to facilitate osteoblast maturation and bone
regeneration, Ca [15] and Sr [16] are appropriate candidates for alloying elements. To
promote antibacterial and anti-inflammatory effects after surgery, Ag [17] and Cu [18]
can be good options. Although In (Indium) is not widely alloyed with Mg, it is commonly
used in dental materials [19]. All these alloying elements provide specific functionalities
in the body as long as the doses are within the safety range. In this work, the effects of
alloying elements on the microstructures and corrosion performances of Mg-Zn reference
material are evaluated. The corrosion performances are evaluated by electrochemistry
methods, Hz evolution and corrosion morphologies. The effects of microstructures (grain
size, intermetallics) on the corrosion behaviour of these alloys are systematically studied.
The microstructures are affected by compositions (alloying elements, impurities) and
processings (heat treatment, extrusion). The ultimate aim of this study is to design a bare
alloy with not only desired biocompatibility but also good corrosion resistance,

mechanical integrity and functionalities.
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2. State of the art

2.1 Mg and Mg alloys for biomedical applications

2.1.1. Current status of Mg and Mg alloys as implants

Currently, the two main aspects for Mg and Mg alloys in biomedical applications are vascular
intervention such as cardiovascular stents [20] (Fig. 2-1a) and osteosynthesis such as screws
and plates [21] (Fig. 2-1b). The stent should be able to maintain its optimal mechanical
integrity without accelerating the corrosion rate during the initial stage to assist the arterial
vessel remodelling process (Fig. 2-1c). It was reported by Hermawan et al. [22] that 6-12
months were needed to complete the remodelling process and 12-24 months were deemed as
an appropriate period for the fully degradation of the stents. Similarly, when the Mg screws
and plates are fixed into the bones, the materials should provide high mechanical integrity and

high corrosion resistance during the bone fracture remodelling stage until the damaged bone

tissues regain sufficient strengths (Fig. 2-1d) [23].
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use [23]; (c) Ilustration of an ideal compromise between mechanical integrity and degradation of a
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healing [23] (reproduced with permission from Elsevier)
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Among multiple clinical trials, three Mg-based systems have been granted for orthopaedic
applications by the agencies in their respective countries [25]: the MAGNEZIX® WE43-based
compression screw developed by Syntellix AG was the world’s first Conformité Européenne
(CE)-approved biodegradable osteosynthesis implant [26]; the Resomet™ Mg-Ca-Zn screws
from U&I Corporation were approved by the Korean FDA for clinical use in 2015 [27]; and
screws designed by Dongguan Eontec Co., Ltd with high purity (99.99%) Mg were approved
by the Chinese FDA as medical device in 2019 [28]. As for biodegradable stents, Mg alloy
based Magmaris RMS scaffold from BIOTRONIK AG received the CE mark in 2016; Mg
alloy based Dreams 3G scaffold from BIOTRONIK AG and Mg/PLLA based UNITY stent
from QualiMed are still in clinical or preclinical trials [29]. However, some problems still exist.
For example, pure Mg is insufficient in mechanical properties and has limited slip systems.
The rare earth elements in WE43 might accumulate in some organs thus their biosafeties still
need further investigations [30]. The degradation rate of Mg-5Ca-1Zn alloy designed by U&I
Corporation is 0.69 mm/year after implanted in vivo for 6 weeks [31], which still needs further

improvement [32]. Thus, developments and designs of new Mg alloys/systems still await.

The mechanical properties, corrosion performance, the corresponding “functioning duration”
and “fully-dissolution time” of the implant depend largely on the material itself. The yield
strength of as-cast pure Mg is lower than that of bones (e.g. femur ~110 MPa) which needs to
be improved to satisfy the biomedical application demands [33]. Alloying proves to be an
effective way to strengthen Mg. So far, a series of commercial alloys, e.g. AZ31 [34], WE43,
LAE442 [35] and a number of independently developed alloys, e.g. Mg-Nd-Zn-Zr [36], Mg-
Zn-Y-Nd [37] have already been studied as potential candidates for biodegradable implant
applications. In order to balance the mechanical properties and the corrosion performances of
Mg alloys and to reduce potentially harmful effects of excessive alloying elements [30], micro
alloying could be used as an optional method. For example, Hofstetter et al. [38] demonstrated
that Mg-1Zn-0.3Ca could be a promising candidate for biodegradable implants with very slow

and homogeneous degradation in a rat femur.

It is an encouraging fact that biodegradable Mg stent has already been successfully implanted
in clinical trials [39]. As the inherently high corrosion susceptibility limits the further
development of Mg and Mg alloys [10], it is important to know and understand the principles

of corrosion.



2.1.2. Corrosion behaviour of Mg and Mg alloys

Uniformly corroding Mg alloy is desired due to the controllable corrosion rate while
simultaneously maintaining proper mechanical integrity. Zhang et al. [40] found the material
with long period stacking ordered (LPSO) structure exhibited slower corrosion rate and more
uniform corrosion morphology. However, Mg alloys seldom corrode in a uniform manner due
to their heterogeneities, i.e. intermetallics, impurities. The non-uniform corrosion process will
incur local loss of the mechanical integrity of devices (e.g. breakage of single struts in stents)
and lead to difficulties in predicting the corresponding lifetime [10]. Thus it is important to

know the main types of non-uniform corrosion in Mg and Mg alloys.

Galvanic corrosion

Galvanic corrosion (Fig. 2-2a) occurs when two metals are in direct electrical contact and the
active one serves as the anode and the noble one serves as the cathode. Unfortunately, Mg is
considered as one of the most active metals in the galvanic series [41] and acts as an anode if
it is in contact with other metals such as Al alloys, steels and Zn [42]. Coy et al. [43] also found
corrosion occurred between the micro-constituent phases and the Mg matrix and addressed it
as micro-galvanic corrosion (Fig. 2-2b), which was largely dependent on the relative Volta
potential difference of each micro-constituent relative to the Mg matrix. These micro-
constituents are mainly in the form of secondary phases and impurities. An example of the
internal galvanic corrosion between the Fe impurity particles and a-Mg matrix is shown in Fig.
2-2c, d. The different electrochemical behaviour of these micro-constituents compared to the
surrounding matrix gives rise to localised corrosion. A review of the Volta potentials of
secondary phases measured via Scanning Kelvin Probe Force Microscopy (SKPFM) was
conducted by Hurley et al. [44]. However, disagreements were seen among the acquired
measurements possibly due to different preparations, testing conditions and calibrations of
SKPFM. Generally the galvanic corrosion rate is increased with higher medium conductivity,
larger potential difference between anode and cathode, lower polarisability of anode and
cathode, larger area ratio of cathode to anode and smaller distance from anode to cathode [45].



STATE OF THE ART

Fig. 2-2. (a) External and (b) internal galvanic corrosion [45]. a is the Mg matrix and B is the
intermetallic particle or impurity (reproduced with permission from John Wiley & Sons); Quasi-in situ
observation of internal galvanic corrosion (c) before and (d) after immersion [46] (reproduced with

permission from Elsevier)

Localised corrosion

Pitting is one of the most common corrosion types in Mg alloy (Fig. 2-3a, b). The generation
of pits is related to the chemical composition and microstructural features of the exposed
surface and is promoted by noble metal contamination [47]. Lunder et al. [48] found pitting
initiated around the AIMnFe containing intermetallics in AZ91 alloy. Zeng et al. [49] claimed
that Mg2Ca particles coexisting with Fe and Si resulted in pitting corrosion of Mg-Ca alloy. It
is reported that pitting corrosion in Mg-Li alloy could be supressed with the addition of Zn and
Y due to the refinement of grains and formation of MgsZnsY phase [50]. The MgsZneY phase
could act as effective barriers to suppress the growth of pits and the occurrence of filiform
corrosion from the pits.

Filiform corrosion is commonly found on steel surfaces with coatings in humid atmosphere.
Distinctly, filiform corrosion could also be found on bare Mg alloy surfaces exposed to air and
NaCl solution due to an active corrosion cell moving across the alloy surface [47]. It seems
that the inherently formed oxide film on the metal surface may also function as a coating to
some extent. Song et al. [51] observed filiform corrosion on Mg-8Li alloy (Fig. 2-3c, d). As
corrosion develops, OH" reacts with Mg?* and Li* to form Mg(OH)2 and LiOH which makes

the back end of filament tip alkalised and passivated as the filament tail. The hydrolysis
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reaction acidifies the corrosion pits and drives the filament tip to propagate forward continually.
Lunder et al. [52] reported the active corrosion filaments could propagate with a velocity of 6
pum/s.

a [ Corrosion Body Fluid Environment
Products

OH

Pit Formation

Film HO0 1 H.0

Corrosion direction
——

H g
Mg-8Li L
Filament tail
Filament tip
/
Front of filament tip (low pH): Back end of filament tip (high pH):
Mg = Mg +2¢: Li = Li* +¢ 2H,0 +2¢ — 20H +H,
Mg® + 2H,0 = MgiOH), + 2H* Mg™ + 20H — Mg(OH);
Li" + HyO = LiOH + H* Li" + OH = LiOH

Fig. 2-3. (a) Sketch [53] (reproduced with permission from John Wiley & Sons) and (b) SEM image
[54] of pitting corrosion in Mg alloy (reproduced with permission from Elsevier); (c) Sketch and (d)

SEM image of filiform corrosion in Mg-8L.i alloy [51] (reproduced with permission from Elsevier)

Intergranular corrosion

Song et al. [45] reported intergranular corrosion was only slightly susceptible in Mg and Mg
alloys. The grain boundaries are mostly cathodic to the grain interiors thus corrosion is
concentrated in the area near the grain boundaries until the grains are undercut. However, Zeng
etal. [55] found intergranular corrosion in extruded ZK60 alloy in 3.5 wt.% NaCl solution (Fig.
2-4) which resulted from the microgalvanic corrosion between the MgZn precipitates at the
grain boundaries and the adjoining grain interiors. These fine precipitates are local cathodes
and will stimulate grain boundary attack.
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Fig. 2-4. Intergranular corrosion observed in ZK60 [55] (reproduced with permission from Elsevier)

Stress corrosion cracking

Stress corrosion cracking (SCC) is intergranular or transgranular, which occurs when stressed
Mg subjects to wet conditions (Fig. 2-5). The SCC mechanisms basically include anodic
dissolution and hydrogen embrittlement [47]. SCC in Mg is mainly transgranular whereas
intergranular SCC could also occur in Mg-Al-Zn alloys when Mgi7Al12 phases precipitate
along the grain boundaries [45]. SCC is rare in as-cast Mg alloys however is more marked in
wrought alloys following the twinning planes [45]. Alloying also affects SCC significantly.
Mg-Al alloys have high SCC sensitivities which increase with the Al contents. Addition of Zn
also promotes SCC whereas addition of Zr suppresses the susceptibility of SCC [47]. Mg alloys
are resistant to SCC in alkaline media with pH above 10.2 or in fluoride-containing solution,

whereas SCC might occur in neutral solution containing chlorides or even in distilled water

[45].

P
P L oy

Fig. 2-5. Predominant intergranular and isolated transgranular (arrows) cracking in ZE41 [56]

(reproduced with permission from Elsevier)



Corrosion fatigue

Corrosion fatigue is important to consider if the material undergoes cyclic mechanical loads.
The fatigue life and fatigue crack propagation depend largely on the alloy microstructure,
loading frequency, pH and compositions of the media, relative humidity and temperature [47].

2.2. Effects of impurities and alloying
2.2.1. Impurities

The amounts of impurities depend on the compositions of the raw materials as well as the
production routes. The sites enriched with noble metals (e.g. Cu, Al, Ni, Zn, Fe, Mn) have
higher exchange current density for hydrogen reduction and are favoured for the cathodic
reaction [57]. The most characteristic impurities in Mg are Fe, Cu, Ni and Be, and the amount
of which should be limited to less than 35-50, 100-300, 20-50 and 4 ppm, respectively [58].
The corrosion rate of Mg alloy increases by a factor of 10 to 100 if Fe, Cu, Ni exceed the
corresponding tolerance limit [45, 59]. Although the detrimental effect of impurities to the
corrosion resistance is Ni > Fe > Cu, Fe is the most commonly-found impurity in the system
due to the possibly pickup from steel crucibles [60]. The tolerance limits of impurities differ
for different alloys. Liu et al. [61] showed low corrosion rate of AZ91 in NaCl solution (below
5 mg/cm?/day) if Fe/Mn ratio was below 0.032 (tolerance limit of Fe in Al-containing Mg
alloys). Gandel et al. [62] found Mn might also be beneficial in promoting the corrosion
resistance of Al-free Mg alloy. Mn will capture Fe and reduce the activeness of cathodic Fe
particles. However, normally only ~200 ppm Mn is present in commercial Mg ingot and this
is still too low to prevent the damage caused by Fe [61]. Blawert et al. [63] proposed high
corrosion resistance could still be achieved if the impurities were incorporated in intermetallic
phases. The Cu tolerance limit for AZ53 alloy increased up to 0.7-0.8 wt.% with corrosion rate
comparable to that of AMS50. The t-phase (Mg-Al-Zn) was able to incorporate much more Cu
(9-18 wt.%) compared with B-phase (Mg-Al), preventing the formation of additional Cu

enriched phases.

Fe is the most common impurity in Mg and is very difficult to remove from processing [46].
Lamaka et al. [46] set up comprehensive database for Fe-complexing agents to inhibit the
corrosion of Mg. These inhibitors could form stable soluble complexes with Fe?*/Fe®*,
prevented Fe re-plating and thus inhibited corrosion. The salts of pyridine dicarboxylic and
salicylic acids were found to be the most efficient and universal Mg corrosion inhibitors with
inhibiting efficiency (reduced Hz volumes) in the range of 80-90%. Based on the Mg-Fe phase



diagram, Liu et al. [61] proposed the Fe tolerance limit of as-cast pure Mg being 180 ppm.
However, Qiao et al. [64] showed that the common high purity Mg ingot possessed a high
corrosion rate even though the Fe concentration was within 26-48 ppm (depending on the
specimen location in the ingot). The expected high purity ingot turned out to be only low purity
possibly due to the presence of Fe containing particle during solidification. In addition, it is
indicated from the phase diagram that the Fe tolerance limit of heat treated pure Mg was
distinctly reduced to 5-10 ppm [61]. The precipitation of Fe-rich particles during heat treatment
led to a significant increase in the corrosion rate [61, 65]. To address the impurity-induced
corrosion resistance deficiency, many efforts have been made on the purification of Mg alloys
preparation such as adding Zr in Mg melts [66] and low temperature melt treatment [67]. The
ultrahigh-purity Mg (Fe < 2.5 ppm) proposed by Hofstetter et al. [68] degraded very slow (10
um/year) in CO2 buffered SBF. Likewise, the corrosion development of a commercial-purity
Mg-5Zn-0.3Ca alloy (42 ppm Fe) was much severer than its ultrahigh-purity counterpart (0.5
ppm Fe) in vitro and in vivo [69]. Surface contamination after thermo-mechanical processing
like rolling might be another source of impurities. Nwaogu et al. [70] found the corrosion
resistance of AZ31 sheet was greatly enhanced after inorganic acid pickling (e.g. nitric acid,
phosphoric acid). By tuning the concentration and pickling duration of the acid, at least 5 um
material is removed and the Fe concentration can be reduced from 250 ppm to less than 100
ppm. The undermined noble particles during acid cleaning and precipitation of insoluble film
like Mgs(PO4)2 might be the reasons for the increased corrosion resistance. Likewise, the Fe
contaminations in as-rolled AZ31 sheet [71] and as-extruded Mg-xGd bars [72] could be
significantly removed after cleaning by organic acid (e.g. acetic acid) with 2-9 um material
being etched. However, to date, the majority of the research centre on the influence of Fe/Fe-
containing particle on the corrosion behaviour of pure Mg [68, 73, 74] and Mg-Al based alloys
[75, 76].

2.2.2. Intermetallics

Due to the limited solubilities of many elements in Mg, different intermetallics precipitate in
Mg alloys [77]. Although alloying could strengthen the mechanical properties of Mg alloys, it
is also noteworthy that more galvanic corrosion would be promoted with the presence of more
intermetallics. The electrochemical property (anodic or cathodic) and compositions of the
intermetallics influence corrosion remarkably. For the most investigated Mg-Al alloys, the
intermetallic particle MgizAli2 usually acts as cathode and the surrounding a-matrix dissolves

as anode (Fig. 2-6a, b) [78]. The Mgi7Al12 phase is less active than Mg due to its more positive



Volta potential [44]. If the Mgi7Al12 phases are nearly continuous and are distributed along the
grain boundary, the Mg matrix could be protected from corrosion due to the presence of the
corrosion products and B-phases on top (Fig. 2-6¢, d) [79]. Stdholz et al. [80] performed
potentiodynamic polarisation tests on the intermetallic phases in Mg alloys with the additions
of Al, Zn, rare earths, Y, Ca and Si, respectively. The derived corrosion potentials of these
phases indicated that all of them were cathodic to Mg, with the exception of MgzCa. In this
sense, the Mg2Ca phase would be corroded in preference to the Mg matrix. Unlike the Al-
containing alloys, the continuous MgzCa phase would promote pitting and undercutting of the
Mg matrix (Fig. 2-6e) [15, 81]. Similarly, Cai et al. [82] stated that if Zn content was over 5
wt.% (i.e. Mg-7Zn), the hydrogen evolution rate would be accelerated due to the continuous

network structure of MgZn intermetallic phase.

Another major factor that influences corrosion is the size and distribution of the intermetallics.
To study the effect of intermetallics on corrosion individually, Bland et al. [83] designed Mg-
Al model with pure Al (99.999 wt.%) wires embedded into the holes on the Mg surface (hole
sizes approximately equal to that of the Al wires). By changing the diameters and the in-
between spaces of the Al wires, Mg-Al models with different size, area fraction and distribution
of the intermetallics (Al electrodes) were obtained. It is found that the corrosion rate increased
with the increasing area fractions of Al electrodes due to the enhanced galvanic corrosion. For
a fixed area fraction of Al electrodes, the corrosion rate became lower in the case of larger and
more distanced electrodes, possibly attributed to the less overlapping of galvanic potential and

less anode-cathode sites for corrosion activation.
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Fig. 2-6. Schematics of the galvanic corrosion in Mg-Al alloys between the -Mgi7Al12 phases and the
a-matrix when the B-phases are (a, b) not continuous [78] and are (c, d) continuous [79], respectively;
(e) schematics of the galvanic corrosion in Mg-Ca alloys between the Mg.Ca phases and the a-matrix

when the Mg.Ca phases are continuous [15] (reproduced with permission from Elsevier)

2.2.3. Some alloy systems for biomedical applications

Ma-Al based alloys

Increasing Al content normally contributes to a lower corrosion rate due to the formation of a
continuous network of Mgi7Al12 phases [79] and/or the formation of insoluable Al20s layer
which can enhance the protective character of the surface films [84]. However, high
concentration of Al is not desired due to its biosafety concerns in human body (risk for
Alzheimer's disease) [14, 85]. On the other hand, good biocompatibility is observed in anodised
AZ31 and AZ91 alloys in vitro [86] and Mg-1Al alloy in vivo [87]. More in vivo studies are
still needed to confirm the biocompatibility (especially in the long term) of Mg-Al based alloys
and the addition limit of Al.

Mgq-Ca based alloys

Cais an important element in human bones since it is beneficial for the bone regeneration [15].
99.5% of the total Ca in the body are distributed in the bones [88]. The addition of Ca can
effectively strengthen the mechanical properties of Mg [89]. Li et al. [90] demonstrated good
biocompatibility of Mg-1Ca alloy in rabbit femoral shafts for up to 3 months. However, one
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concern of the Mg-Ca based alloys for biomedical applications is the fast degradation rates.
For example, Mg-5Ca screws implanted in femoral condyle were completely dissolved within
2 weeks and the degradation volume of Mg-0.5Ca screws also reached 50% after 4 weeks [91].
The fast degradation of the implants may lead to the premature reduction in mechanical
strengths. It is well known that the galvanic corrosion caused by potential difference between
the intermetallic phases and the matrix is non-negligible in Mg alloys [45]. The optimal
addition of Ca to Mg should be kept within 1 wt.% considering both the mechanical and
corrosion properties [90, 92]. Kim et al. [93] and Zeng et al. [94] claimed that galvanic
corrosion of Mg-Ca alloys occurred with the MgzCa phase as the cathode and the Mg matrix
as the anode. Mohedano et al. [95] pointed out that the Mg2Ca phase presented a very small
Volta potential difference compared to the Mg matrix (less than 10 mV), indicating inactive
coupling on the Mg2Ca/a-Mg interface. However, in recent years, a consensus in the literature
has been reached that Mg2Ca functions as the anode in the galvanic couple, which would be
preferentially dissolved from the matrix [15, 80, 96-99]. Nonetheless, the conclusions were
mostly drawn with the assistance of chromic acid to remove the corrosion products [15, 97-
99]. Potentially, it is possible that chromic acid could remove Ca-rich precipitates. In order to
rule out this possibility, further investigations are needed without only using this potentially

interfering reagent.

Mq-RE (rare earth) based alloys

Temporarily the only Mg alloy with CE mark in the market is WE43 (Mg-4Y-3RE) due to its
good corrosion resistance and mechanical properties [85]. Out of the 17 rare earth elements,
Gd is one of the most widely-used alloying elemets in Mg alloys. The solubility of Gd in Mg
is high (23.5 wt.% at the eutectic temperature), making it effective in strengthening Mg alloys
[100]. With comparatively low additions of Gd (up to 10 wt.%), the corrosion rates of Mg-Gd
alloys can be low due to the limited MgsGd precipitates [100]. The corrosion rate of as-cast
Mg-10Gd is about 5 mm/year in 0.5% NaCl solution [101] and that of as-extruded Mg-10Gd
is around 0.15 mm/year in DMEM [102]. Arrabal et al. [103] reported the addition of Gd in
AMS50 would form Gd-containing intermetallics which could replace Al-Mn inclusions and
Mgi7Ali2 phase. The Volta potentials of Gd-containing precipitates are lower than that of Al-
Mn inclusion and higher than that of Mgi7Al12 phase. If appropriate amount of Gd is added,
the corrosion resistance is promoted due to the reduction of Al-Mn inclusions. Whereas higher
corrosion rate would occur if more Gd is added and Mgi7Ali2 phase is reduced. Another

common RE alloying element is Y, which has identical electrochemical potential (-2.37 V) and
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similar crystal structure lattice parameters compared to those of Mg [30]. Liu et al. [104] found
the precipitation of Mga4Y's intermetallics could accelerate the corrosion rates of Mg-Y alloys.
However, the oxidised Y (e.g. Y(OH)s and Y203) could also be incorporated in the corrosion
layers and increase the protectiveness of the films [104]. Both of these two factors influence
the corrosion behaviour of Mg-Y alloys and the domination of which is dependent on the
addition amount of Y. Another possible mechanism that affect corrosion is the formation of
continuous Mgz4Y's phases in Mg-15Y which form a barrier to prevent the corrosion [105], just
like the case of Mgi7Ali2. However, the biosafety of the rare earth elements still need further
investigations. Drynda et al. [106] reported rare earth elements in Mg alloys did not interfere
with proliferation of smooth muscle cells but did induce the upregulation of inflammatory
genes. Out of the most-widely added rare earth elements, Gd might accumulate in tissue leading
to nephrogenic systemic fibrosis and kidney failure; Y gets distributed into plasma and leads
to acute hepatic injury at a dose of 1 mg/kg for 144 days in rats [30].

Due to the biosafety concerns of Al [85] and RE [107] and the fast degradation of Mg-Ca alloys
stated above, these systems will not be the focus of this work. Instead, Zn is one of the essential
elements in the human body with more than 85% distributes in the muscles and bones. The
daily requirement of Zn in the human body is around 15 mg [88]. Zn is also reported to
strengthen Mg [108-110] and elevate the corrosion potential of Mg [111, 112]. Thus, Zn can
be an interesting alloying element and a brief introduction to the Mg-Zn based alloys are shown

in the next section.

2.2.4. Mg-Zn based alloys
Mg-Zn binary system

Research on Mg-Zn binary system is rather limited with disagreements still exist in the binary
Mg-Zn phase diagram due to the complex intermetallics [113-115]. Song et al. [116, 117]
named these phases as MgxZny for convenient description. Among the limited research on Mg-
Zn binary system, the as-extruded Mg-6 wt.%Zn alloy attracted much attention. The
cytotoxicity test and animal implant experiments indicated that the alloy had good
biocompatibility in vitro and in vivo [111, 112, 118]. However, disagreements also exist on the
role of Zn concentration on the corrosion performances of Mg-Zn alloys. Some researchers
concluded a higher Zn addition promoted a better corrosion resistance [82, 114, 119], whereas
others claimed that Zn content was inversely proportional to the corrosion performance [113,
120-122]. Liu et al. [123] reported that MgZn phase was a strong cathodic phase with 0.46 V

13



potential difference relative to the matrix and served as effective sites for localised corrosion.
In the light of reducing galvanic corrosion to elevate the corrosion resistance, micro-alloying

strategy and/or appropriate heat treatment should be considered.

Reviewing on the Mg-Zn binary system, the effects of Zn addition, heat treatment and the
mechanical processing on the corrosion behaviour are summarised in Table 2-1. As can be
seen, the systems with relatively high amount of Zn (more than 1 wt.%) attracted more attention.
Although the solution treatment conditions varied, with annealing temperature ranging from
300-530 °C and time from 2-48 h, coincidently, almost all results pointed out that the corrosion
resistance increased after solution treatment. Liu et al. [123] attributed this to the decreased
amount of MgZn precipitates and Zn-rich segregation. Zhang et al. [124] explained that the
grain boundaries which functioned as active areas for corrosion activation were reduced due to
the grain growth during heat treatment. The only case that solution annealing weakened the
corrosion property of Mg-Zn system was reported by Yan et al. [125]. The material was
fabricated by powder metallurgy (sintered at 545 °C) and then extruded at 350 °C. Following
that, the as-extruded bar was solution treated at 450 °C for 12 h. Heat treatment did reduce the
intermetallic amounts whereas also caused micropores on the surface due to Kirkendall effect,
which promoted localised corrosion. This does not apply to the traditional pore-free as-cast and

as-wrought materials.
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Table 2-1 Literature review on the corrosion behaviour of Mg-Zn binary systems. WL: weight 10ss; icorr: corrosion current density; Hz: Hz gas evolution

Lo Mechanical _
Alloy (wt.%) in initial state Heat treatment Corrosion rate Ref.
treatment

WL (mm/year) in 0.9% NaCl solution
As-cast Mg-(1, 3)Zn - - 113]
Mg-1Zn (1.3) < Mg-3Zn (2.5) < pure Mg (3.4)

WL (mm/year) and icorr (1A/cm?) in Kokubo
solution

As-cast Mg-(1.25, 2.5, 4)Zn - - [114]

Mg-4Zn (2.1; 212) < Mg-2.5Zn (2.4; 242) <

Mg-1.25Zn (3.1; 283) < pure Mg (4.8; 370)

WL (mg/cm?/h) and icorr (1A/cm?) in SBF with
TRIS
As-cast Mg-(1, 5, 7)Zn - - [82]
Mg-5Zn (0.025; 12) < Mg-1Zn (0.04; 23) <

Mg-7Zn (0.063; 52) < pure Mg (0.69; 680)

icorr (LA/CM?) in 3.5% NaCl solution

As-extruded Mg-(2, 3, 4, 5)Zn - - Mg-2Zn (10) < Mg-3Zn (14) < Mg-4Zn (18) < | [121]
Mg-5Zn (20)
icorr (LA/cm?) in SBF with TRIS
As-cast Mg-(0.5, 1, 2, 3)Zn - - Mg-3Zn (102) < Mg-2Zn (115) < Mg-1Zn [119]

(124) < Mg-0.5Zn (134) < pure Mg (190)

_ WL (mm/year) and icorr (A/cm?) in 3.5%
As-cast Mg-5Zn T4:300 °C 6 h + 500 °C 42 h, quenching - ] ] [126]
NaCl solution saturated with Mg(OH)-
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T4 (6.5; 117) < as-cast (15.2; 340)

T4:340 °C 6, 12, 18 h, hot water

WL (mm/year) and icor (1A/cm?) in Kokubo

solution

As-cast Mg-(3, 6)Zn i As-cast: Mg-3Zn < Mg-6Zn [120]
quenching
Mg-3Zn T4 (1.9; 210-224) =~ as-cast (2.0; 228)
Mg-6Zn T4 (1.4; 191-205) < as-cast (3.5; 270)
_ H, (mL/cm?) and icorr (A/cm?) in 0.1 mol/L
T4:320 °C 10 h, hot water quenching; )
As-cast Mg-3Zn ) ) NaCl solution 123]
T6: (T4 + 200 °C 16 h, air cooling)
T4 (2.4; 16) < T6 (2.8; 18) < as-cast (3.0; 24)
WL (mm/a) and icorr (1LA/cm?) in SBF with
TRIS

As-cast Mg-6Zn T4:350 °C 6, 12, 18, 24, 48 h, quenching 48 h (14; 180) < 24 h (15; 230) < 18 h (18; 115]

360) <12 h (21; 390) < 6 h (23; 630) < as-cast

(36; 810)
T4:350°C 2 h; icorr (LA/cm?) in SBF
As-extruded Mg-6Zn 124]
T6: (350°C2h+210°C 12 h) T4 (4) < T6 (6) < as-extruded (8)
icorr (LA/cm?) in Ringer's solution
] T4: 450 °C 12 h, quenching; Mg-6Zn (16) < Mg-14.5Zn (54) < Mg-25.3Zn
PM sintered then extruded

T5: 150 °C 24 h; (80) < Mg-40.3Zn (132); 125]

Mg-(6, 14.5, 25.3, 40.3)Zn

T6: T4+ TS

Mg-6Zn T5 (9) < as-extruded (16) < T6 (17) <
T4 (20)
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icorr (LA/cm?) in SBF with TRIS
As-cast: Mg-0.5Zn (53) < Mg-1Zn (178) <
Preheated 420 °C
] Mg-1.5Zn (374) < Mg-2Zn (423);
As-cast Mg-(0.5, 1, 1.5, 2)Zn T4: 530 °C10 h, hot water quenching 1h 122]

As-extruded: Mg-0.5Zn (20) < Mg-1Zn (47) <

Extruded 420 °C
Mg-1.5Zn (57) < Mg-2Zn (59);

Mg-XZn: as-extruded < as-cast

] H, (mL/cm?) in 0.9% NaCl solution
As-extruded Mg-6Zn T4: 320 °C 8, 16, 24 h, quenching - [127]
T4 (5) < as-extruded (17)

) WL (mm/year) in 0.9% NaCl solution
As-cast Mg-6Zn T4: 350 °C 2 h, quenching Extruded 250 °C [112]
Mg-6Zn (0.2) < pure Mg (0.4)

WL (mm/year) and icorr (A/cm?) in SBF
As-extruded Mg-6Zn - - [111]
Mg-6Zn (0.2; 45) < pure Mg (0.4; 60)

WL (g/m*/h) and icorr (1A/cm?) in 3.5% NaCl

T4: 450 °C 2 h, quenching; solution
As-extruded Mg-5Zn ) ] - 116]
T6: (T4 + 230 °C 4, 6, 10 h, air cooling) T4 (2.6; 23) < as-extruded (3.2; 26) < T6 (4.6;
51)

icorr (LA/cm?) in 3.5% NaCl solution
As-cast: Mg-0.5Zn (18) < Mg-1Zn (33) < Mg-
T6: (T4: 400 °C 24 h, hot water 2Zn (40) < Mg-3Zn (45);
As-cast Mg-(0.5, 1, 2, 3)Zn ) ) ) - [128]
guenching + 200 °C 8, 16 h, air cooling) T6: Mg-3Zn (29) < Mg-2Zn (32) < Mg-1Zn
(38) < Mg-0.5Zn (45);

Mg-0.5Zn: Cast < T6
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Besides the Mg-Zn binary system, some additional alloying elements are further added to see
their modifications in microstructures and corrosion behaviour. In this work, some elements
which were previously shown to possess positive effects on human health are selected to see

their effects on the Mg-Zn binary alloy.

Mg-Zn-Ca

Mg-Ca and Mg-Zn systems are already shown above. It is reasonable to expect that with
tailored additions of Zn and Ca, a Mg-Zn-Ca ternary system with good corrosion and
mechanical performance could be obtained. Du et al. [81] found the addition of 2 wt.% Zn
improved the mechanical strength, ductility and corrosion resistance of Mg-3Ca alloy.
However, most of the literature focused on Mg-Zn-Ca alloys with a high addition of Ca (e.g.
Mg-5Ca-(0.5~5)Zn [129]) and/or Zn (e.g. Mg-3Zn-2Ca [130], Mg-4Zn-0.2Ca [131], Mg-
(1~5)Zn-0.3Ca [132]), which led to a high amount of intermetallic phases in the system. In
recent years, there is a trend towards the development of micro-alloyed Mg-Zn-Ca systems.
Bakhsheshi-Rad et al. [133] reported increased corrosion rate of Mg-0.5Ca-xZn alloys if the
Zn content exceeded 1 wt.%. Zander et al. [134] pointed out that Mg-0.6Ca-0.8Zn alloy
possessed the lowest corrosion rate compared to other systems with higher Ca or Zn content.
Although Mg-Zn-Ca alloys are emerging materials for biomedical applications, most of the
publications focused only on the general corrosion performance using electrochemical methods
and mass loss and H:z evolution during immersion [135-137]. As Mg2Ca phase in Mg-Zn-Ca
alloy is one of the few reported anodic precipitates, it would be interesting to see how the

corrosion initiates and develops.

Mg-Zn-Sr

Sr shares the same group with Ca in the periodic table and is expected to promote bone
regeneration and suppress bone resorption [16]. The human body contains approximately 320-
400 mg Sr in bone and connective tissue [88]. Cheng et al. [138] reported that 0.2 wt.% Sr
addition to the as-cast Mg-5Zn alloy was beneficial to the corrosion resistance in 0.9% NaCl
and in Hank's solution due to the resulting finer grain size. Similar trend was also observed in
Mg-4Zn-(0.15~1.5)Sr samples and the Mg, Zn and Sr ion concentration in the media after 48
h culture were within the therapeutic daily dosage ranges (Mg 24-40 mM, Zn 0.9 mM, Sr 5.9

mM) [139].
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Mg-Zn-Ag

Tieetal. [17] reported the released Ag™ ions from Mg-(2~6)Ag alloy in tryptic soy yeast extract
medium reduced the viability of Staphylococcus aureus and Staphylococcus epidermidis, and
the killing rates against the tested bacteria exceeded 90%. Ben-Hamu et al. [140] found that
the addition of 1-3 wt.%Ag increased the corrosion rate of Mg-6Zn alloy in both as-cast and
as-extruded states due to the precipitation of MgsaAgiz phase. However, with a proper solution
treatment and extrusion process, Mg-3Zn-0.2Ag alloy possessed higher corrosion resistance
compared to Mg-3Zn probably due to the single phase microstructure and refined grains [141].

Mg-Zn-In

Indium (In) was commonly used in dental materials. However, scarce results can be found on
Mg-In based system. Gu et al. [19] found similar evolved H2 volumes from as-cast Mg-1Zn
and Mg-1In alloys in SBF (10-14 ml/cm?) and in Hank’s solution (3-3.5 ml/cm?) in 37 °C water
bath after 10 days immersion. Likewise, the corresponding evolved H2 volumes from as-rolled
Mg-1In and Mg-1Zn alloys were also comparable in SBF (9-10 ml/cm?) and in Hank’s solution
(3-3.5 ml/cm?). Yu et al. [142] reported that Mg-Zn-In-Sn alloy (0.13 mg/cm?/h) corroded
slower than commercial AZ91 alloy (0.27 mg/cm?/h) in 3.5% NaCl solution after 30 hours.

Mg-Zn-Cu

Cu is usually added in Mg to produce high strength alloys. Li et al. [18] found the corrosion
rates of Mg-Cu alloys were proportional to the Cu contents (0.05-0.25 wt.%). Whereas Mg-
0.25Cu exhibited the best antibacterial performance by inhibiting adhesions and biofilm
formations from Escherichia coli, Staphylococcus epidermidis and methicillin-resistant
Staphylococcus aureus. Lotfpour et al. [143] investigated the effect of Cu addition on the
corrosion properties of as-cast Mg-2Zn alloy and found better performance with only 0.1 wt.%
Cu addition. It turned out that the positive effect of grain refinement induced by Cu (from 1000
pm to 400 um) overwhelmed the negative effect of the formation of few MgZnCu
intermetallics. However, when the Cu addition increased to 1 wt.%, the corrosion rate of Mg-
1Zn-1Cu derived from gravimetric test was almost 20 times higher than that of the Mg-1Zn

alloy [144].
2.3. Effect of processing routes

A sketch of the processing routes of Mg alloys for biomedical applications is displayed in Fig.
2-7 [88]. The properties of Mg alloys depend vastly on the processing techniques. Powder
metallurgy is an approach to obtain material with desired composition and porosity by blending

19



STATE OF THE ART

the powders followed by sintering procedures, which however, is expensive [88] and might be
corrosion susceptible due to its higher porosity level [125]. On the other hand, casting is more
economical by melting the metals and then pouring the melts into the mould to solidify. After
primary processing, the as-sintered and as-cast materials are subjected to hot/cold working
processes such as rolling and extrusion to get the desired form such as rods, sheets, wires and
tubes. However, due to the insufficient number of active deformation mechanisms, the
workability of Mg at ambient temperature is low. Koh et al. [145] found the ductility and
bendability of cold-rolled AZ31 sheets being rather limited compared to hot rolled ones. Thus

processing at elevated temperature is often selected [146, 147].

( B Hot/cold working Secondary
Primary processing | Process processing
/\ Extrusion

Rolling . To
Solid state Liquid state Machining g ’
l l K \_/ ~—— 4 /,/
Powder Casting \—’—,
Metallurgy 4
J / Sterilization
Stir l =
casting , Disintegrated Melt deposition ‘ Packaging |

Squeeze casting

Fig. 2-7. Flow chart of processing sequences of biodegradable Mg alloys [88] under a creative commons
license Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

2.3.1. Heat treatment

To overcome the inherent corrosion problems of an as-received material, proper heat treatment
might be an option. Generally the corrosion performance is improved after solution annealing
due to the dissolution of the intermetallic phases [148]. Less amount of intermetallics
contribute to less pronounced galvanic corrosion. Ageing is also a widely-used technique that
enables the precipitation of the secondary phases in a homogeneously-distributed way, which
is good for corrosion and mechanical properties [148]. The weight loss rate of an as-cast Mg-
7Gd-3Y-0.4Zr alloy was almost 10 times higher than those of the solution-annealed and peak-
aged samples [149]. However, the effect of grain growth brought by heat treatment can not be
ignored too. Aung et al. [150] found that the corrosion performance of AZ31B alloy improved
after heat treatment at 200-300 °C for 3 h (grain size 50-65 um), whereas the corrosion

resistance dropped after heat treated at 500 °C for 3 h (grain size 250 um). The authors
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attributed the loss in corrosion to the grain growth during treatment at elevated temperature.
Cao et al. [126] performed systematic work on the corrosion characterisation of binary as-cast
and solution-annealed Mg-X alloys, and they found the heat treatment decreased the corrosion
rates of Mg-1Mn, Mg-5Sn, Mg-5Zn and Mg-0.1Zr whereas it accelerated the corrosion rates
of Mg-0.3Ca, Mg-0.3Si, Mg-6Al and Mg-5Sr. The phenomena observed in the former 4 alloys
were understandable due to the reduced galvanic corrosion. The corrosion loss in the latter 4
alloys were from some harmful particles precipitated during the solution heat treatment which

was also proposed in [61].

2.3.2. Thermomechanical processing

Thermomechanical processings such as extrusion, equal channel angular pressing (ECAP) and
rolling endow Mg alloys with finer grain sizes and better mechanical properties via dynamic
and static recrystallization. Due to the inadequate mechanical properties of as-cast Mg alloy
for biomedical applications, thermomechanical processing seems to be an approach to
strengthen both the mechanical and the corrosion properties of the alloys. Ralston et al. [151]
reported that grain refinement decreased the corrosion rate of Mg and Mg alloy (e.g. AZ system)
and a Hall-Petch type-like relationship was observed between the grain size and the corrosion
current density (icorr) determined from potentiodynamic polarisation curves (Equation 2-1)
[152]. A and B are material constants which differ according to the alloy compositions,
impurities and corrosion environment, d is the average grain size. Alvarez-Lopez et al. [146]
also observed that the corrosion resistance of as-rolled AZ31 alloy was higher after ECAP with

the grain size reduced from 26 pum to 4 pm.
ieor=A +Bd? (Equation 2-1)

Cao et al. [147], however, found the corrosion rates of all Mg-X alloys (X = Gd, Ca, Al, Mn,
Sn, Sr, Nd, La, Ce) decreased after hot rolling with the exception of Mg-0.1Zr and Mg-0.3Si.
The authors claimed that there might be a higher sensitivity to Fe-containing particles
precipitation during hot rolling, which caused the increase of corrosion rates. However, there
was no direct evidence to prove this since the Fe-containing particles were too small. Another
interesting study conducted by Ben-Haroush et al. [153] showed that the as-extruded AZ80
alloy had lower corrosion resistance compared to the as-cast counterpart by a factor of 60-80.
The changes from continuous B-phase in the as-cast condition to non-continuous B-phase

stringer in the as-extruded condition are the main reason for the different corrosion
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performance (Fig. 2-8). In addition, higher dislocation density and twinning after extrusion

might also cause higher susceptibility to corrosion [154, 155].

[ As-Cast AZ80 [ | Extruded AZ80 |

[
Cathode
p-phase

f\\_\\

Al-Mn continuously 8 continuously Anode
particle phase in the B phase in the a-Mg
grain grain
boundaries boundaries Cathode
AlgMng

Fig. 2-8. Schematic of the B-phase distribution in as-cast and as-extruded AZ80 alloys [153]

(reproduced with permission from Elsevier)

It is reported that the most corrosion resistant grains in as-cast Mg are near the (0001)
orientation [156]. Likewise, Song et al. [157] and Xin et al. [158] found that the rolling surface
(RS) of AZ31 Mg sheet which was dominated by the (0001) basal planes, exhibited a higher
corrosion resistance than the transverse cross sectional surface (TS) which was dominated by
the prismatic planes. The discrepancy in the corrosion performance between the TS and the RS
might be ascribed to the higher atomic density and lower surface energy of (0001) than those
of the (1120) and (1010) planes. However, Wang et al. [159] proposed the corrosion rate of the
longitudinal cross-section (LS) was higher than that of the transverse cross-section (TS) in an
as-extruded AZ31 bar. The main reason is that TS contains only (1010) and (1120) prism
planes whereas LS contains (0001) basal planes and (1010) and (1120) prism planes. Galvanic
corrosion also exist between different oriented planes due to their different electrochemical

activities.

2.4. Effects of corrosive media

The corrosion performances of the same material differ greatly in vivo and in vitro [160, 161].
In vitro characterisations should be conducted for screening prior to the in vivo animal
experiment. The corrosion resistances of Mg and Mg alloys are greatly affected by the
corrosive media (e.g. solute concentration, pH, flow and temperature of the liquid). CI" has the
tendency to activate the surface film and the corrosion rate of Mg increases with the increasing
of CI" [162]. Jiang et al. [163] found Mg(OH)2 was predominately formed in the corrosion
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layers of Mg alloy after immersion in 0.9% NacCl solution prepared with deionised water.
However, Mg(OH)2 and CaCOs were formed after immersion in NaCl solution prepared with
tap water (59 mg/L Ca?*), which significantly improved the corrosion resistance. As can be
seen in Fig. 2-9, the formations of corrosion products depend largely on the compositions of
the corrosive media, which further influence the corrosion performances. Another important
factor that dominates the corrosion products and corrosion behaviour is the pH value (Fig. 2-9).
WE43 suffered pitting corrosion in artificial plasma (pH = 7.4) [164] whereas no localised nor
filiform corrosion features were observed after immersion in 3.5 wt.% NaCl solution saturated
with Mg(OH)2 (pH = 10.5) [165]. The corrosion rate of AZ91 in highly acidic 3.5% NaCl
solution (pH = 2, 0.15 mm/year) is much higher than that in neutral and alkaline NaCl solution
(pH = 7.2-12.0, 0.001 mm/year) [166]. Lévesque et al. [167] reported the flow rate of the
corrosive media had a significant effect on the corrosion rate of Mg. For dynamic immersion
condition, low corrosion rate is seen under slow flow rate due to the formation of passive film.
Whereas faster degradation is observed if the flow rate increases due to the disruption of
corrosion products and inhibition of local pH increase. The corrosion rate also increases with
the temperature as the impurities become more active [1]. Baril et al. [168] investigated the
corrosion performance of pure Mg in aerated and deaerated (degassed under Ar gas) Na2SOa4
solution and concluded Oz did not influence Mg corrosion. The different corrosion
performances of Mg in these media could be attributed to the CO:2 dissolution in the aerated

electrolyte which transformed into HCOs".

To simulate the corrosive medium in biological body, various artificial physiological fluids are
used which have ion concentrations nearly equal to that of the human blood plasma. 0.9% NaCl
solution [104, 169, 170] is the simplest simulated body fluids (SBF) and its osmotic pressure
is substantially equal to that of the human plasma. To imitate the inorganic components of the
human plasma, Kokubo’s SBF (c-SBF) [171], revised SBF (r-SBF) [172] and phosphate buffer
solution (PBS) [173] were developed. Subsequently, organic components were also considered
and Hank’s balanced salt solution (HBSS) [174] and cell culture medium such as DMEM [175]
under the cell culture conditions were also proposed as alternatives to the conventional SBFs.

The chemical compositions of the commonly used SBFs are summarised in Table 2-2.
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Fig. 2-9. Fraction of Ca*" or Mg?* species as a function of pH based on thermodynamicstability
constants in different corrosive media (25 °C, simulated by Hydra-Medusa software) [176] (reproduced

with permission from Elsevier)

Table 2-2 Chemical compositions of the commonly used SBFs [175, 177, 178]

c-SBF r-SBF HBSS PBS NaCl DMEM
Na* 142 142 142 157 153 127.3
K* 5.0 5.0 5.9 41 5.3
ca** 25 25 1.3 1.8
Mg?* 15 15 0.8 0.8
mmol/L
HCOgs 4.2 27 4.2 44.1
Ccr 147 103 145 140 153 90.8
HPO,* 1 1 0.8 11.5 0.9
SO4* 0.5 0.5 0.8 0.8
Glucose 1 45
g/L Amino
) 1.6
acids
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The corrosion performance of Mg alloys differ greatly in these media. Severe pitting corrosion
was observed in AZ91 alloy after immersion in 0.9% NaCl solution for 4 days whereas no
pitting corrosion appeared after immersion in PBS, HBSS and DMEM [175]. It was suggested
that the synergistic effect of Ca?*, Mg?*, HPO4+* and HCOs" in solution promoted the formation
of a protective layer on a Mg alloy surface [176]. The corrosion progress might be suppressed
due to the co-precipitation of inorganic products (Ca-P and Ca-C) on the intermetallic and
impurity particles [176], or even more complex interactions (e.g. adsorption/binding/chelating)
relevant with organic molecules such as proteins (Fig. 2-10). For example, Hou et al. [179]
found that proteins interacted with Ca?*/PO4>" accelerating the formation of Ca-P salts in
DMEM and impeding the degradation of Mg. In contrast, NaCl solution is much simpler. The
corrosion products normally have an inner relatively dense MgO layer (thickness in nm), which
transitioned to branched and filamentous Mg(OH): in the outer layer (thickness in um). Due to
the thin MgO layer and porous nature of Mg(OH)2, CI- will disrupt the protectiveness of
MgO/Mg(OH)2 [180]. With immersion in non-protective NaCl solution, more information
from the material side (e.g. corrosion response to intermetallics and impurities) could be

obtained, especially during the early stage of immersion [181].
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Fig. 2-10. Schematic of some possible interactions between Mg alloy and biological environment [10]
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2.5. Summary

As introduced above, the corrosion performances of Mg alloys are influenced by many factors

which are summarised in Fig. 2-11. The main target of this work is to design a bare alloy with
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superior corrosion performance, thus surface coating technology will not be focused. By
selecting alloying elements with certain biofunctionality, the microstructures and corrosion
performances of Mg-Zn(-X) alloys will be characterised and corelated. After material
screening, the effects of further processing such as heat treatment and extrusion will be studied.
As this study focuses more on the material part, influencing factors from the complex
ingredients in SBFs will not be considered. Instead, a simple 0.9% NaCl solution is chosen as
the corrosive medium so that this work can be related to studies with backgrounds of corrosion,
biodegradation and metallurgy [182].

* Inorganic * Intermetallics

in vivo

» Organic * Impurity

. cell * Grainsize

Electrolyte Alloying

Surface Casting
HISCHe Processing

deposition treatment
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) /PEO
coating Dip-

» Protective * Microstructure

evolution
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coating * Texture

Fig. 2-11. Factors that influence the corrosion performances of Mg alloys. PM: powder metallurgy; HT:

heat treatment; MAO: microarc oxidation; PEQO: plasma electrolyte oxidation.
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3. Motivation and objectives

As the most widely studied Mg-Al-Zn alloys are not appropriate for biomedical
applications due to biosafety concerns of Al [14], in this work, alloying elements Ca, Sr,
Ag, Inand Cu are added to Mg-Zn to study their effects on microstructures and corrosion
performances. These alloying elements are selected based on their potential functionality
considerations in the body [15-19, 88] (see also in section 2.2.4). 0.5 wt.%Zn and 0.2
wt.%X are selected because low amounts of intermetallics would lead to reduced galvanic
corrosion. The ultimate goal of this work is to develop a biodegradable Mg-Zn based
alloy with low corrosion rate and additional biofunctionalities (e.g. bone regeneration,

antibacterial). The objectives of this research aim at solving the following questions:

» What are the effects of micro additions of alloying elements X on the microstructure
evolution of Mg-0.5Zn alloy i.e. grain size, intermetallics?

» Are there interactions between the alloying elements and impurities?

» How do the corrosion performances of Mg-0.5Zn(-0.2X) alloys respond to the
modifications of the microstructural features?

» What are the effects of processing such as heat treatment or extrusion on the
microstructures and corrosion performances of Mg-0.5Zn(-0.2X) alloys?

» What are the mechanisms for the beneficial or detrimental effects derived from

processing? How to avoid the negative effect, if any, in the future research?
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4. Materials and methods

4.1. Alloy preparations and compositions

4.1.1. Casting

The as-cast Mg-0.5Zn(-0.2X) alloys were prepared by direct-chill casting with pure Mg (99.95
wt.%, Magnesium Elektron Ltd., UK), Zn (99.99 wt.%, Wilhelm Grillo Handelsgesellschaft
mbH, Germany) with or without the addition of Ca (99.51 wt.%, Alfa Aesar GmbH & Co. KG,
Germany), Sr (99.9 wt.%, Alfa Aesar GmbH & Co. KG, Germany), Ag (99.99 wt.%, ESG
Edelmetall-Handel GmbH & Co. KG, Germany), In (99.995 wt.%, Grirem Advanced Materials
Co., Ltd., China) and Cu (99.99 wt.%, Alfa Aesar GmbH & Co. KG, Germany). The alloy melt
was heated at 720 °C under Ar-3 VVol.% SFs protective atmosphere and stirred for 30 min with
a speed of 200 rpm. Following that, the melt was cast into steel moulds which were coated with
boron nitride and pre-heated up to 680 °C in a furnace (N 120/65SHA Nabertherm GmbH,
Germany). The melt solidified in the moulds by water quenching and the final cylindrical

casting ingots were 180 mm in length and 65 mm in diameter.

4.1.2. Solution annealing

The as-cast ingots were machined into 150 mm x 50 mm (length x diameter) billets for further
use. To obtain a more homogeneous microstructure and to reduce the amount of intermetallic
phases which might induce galvanic corrosion, solution annealing in a small resistance furnace
(Vulcan™ A-550, DENTSPLY CERAMCO, USA) was performed. The heat treatment
parameters for Mg-Zn(-X) systems (X=Ca, Sr, Ag, Cu) were derived from the phase diagrams
calculated by Pandat software (CompuTherm LLC, USA) and that for Mg-Zn-In was from Mg-
In binary phase diagram [183] (Fig. 4-1). The Mg-Zn binary system, Mg-Zn-Ag, Mg-Zn-In
and Mg-Zn-Cu ternary systems were solution annealed at 400 °C for 16 h. According to the
phase diagrams, the precipitates in Mg-Zn and Mg-Zn-Ag systems can be fully dissolved into
the matrix at 400 °C, whereas the intermetallics in Mg-Zn-Cu system could not be fully
dissolved. Nevertheless, the heat treatment parameters for Mg-Zn-Cu is the best practice to
avoid the formation of liquid phase. Although In is not included in the PanMagnesium 2017
database in Pandat, 400 °C seems to be an appropriate temperature based on the information
from the Mg-In binary phase diagram [183]. The Mg-Zn-Ca system was solution annealed at
450 °C for 16 h and the Mg-Zn-Sr system was solution annealed at 530 °C for 8 h under Ar
protective gas due to safety considerations. All the solution-annealed ingots were water

quenched to room temperature.
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Fig. 4-1. Thermodynamic calculated phase diagrams of (a) Mg-0.5Zn, (b) Mg-0.5Zn-Ca, (c) Mg-0.5Zn-
Sr, (d) Mg-0.5Zn-Ag and (e) Mg-0.5Zn-Cu system by PandatTM 2017 with PanMagnesium 2017
database; (f) Mg-In binary phase diagram referred from [183]. The blue dash line represents the exact
composition of each system. CaMg2_C14 in (b) and Cu2Mg_C15 in (e) represents Mg.Ca and MgCuz

phase, respectively.

4.1.3. Extrusion

The solution-annealed billets were pre-heated in a furnace (N 120/65SHA Nabertherm GmbH,
Germany) at 350 °C for 1 h, then hot extruded (Muller Engineering GmbH & Co. KG, Germany)
immediately at 350 °C with an extrusion speed of 0.6 mm/s, 2.2 mm/s and 4.4 mm/s,
respectively. The dies and press blocks were also pre-heated at 350 °C to avoid temperature
gradient. The extrusion ratio (¢) of this indirect extrusion process was 25:1 which can be

calculated as: ¢ = Ao/Ar (Equation 4-1), where Ao and Ar are the transverse area of the
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container and the profile, respectively. The as-extruded Mg-0.5Zn(-0.2X) bar with diameter of
10 mm and length of around 320 cm was cooled at room atmosphere. The first and last 70 cm
of the extrusion bar were discarded and the in-between part was used for characterisation.
During the extrusion process, only the middle part of the extrusion bar has a homogeneous
microstructure whereas steady state is not guaranteed in the beginning and ending parts.
Comparing to the direct extrusion process, indirect extrusion facilitates extrusion implemented
at lower temperatures and higher speeds as friction between the billet and the container is
avoided [184]. The microstructures of Mg alloys change significantly during extrusion because
of dynamic recrystallization, static recrystallization (after exiting extrusion die), refinement of

second phases and dynamic precipitation [185].

4.1.4. Composition analysis

To verify the compositions of the ingots (10 ingots for each alloy), Spark-Optical Emission
Spectroscopy (Spark-OES, Spectrolab M9 Kleve, Germany) was conducted on the top part and
bottom part of ingot No. 1, No. 5 and No. 10. Sample material is vaporized with the testing
probe by an arc spark discharge. The atoms and ions contained in the atomic vapor are excited
into emission of radiation. From the range of wavelengths emitted by each element, the most
suitable line is measured. The radiation intensity (proportional to the element concentration) is
calibrated and recalculated as percent concentration (Fig. 4-2a) [186]. Prior to the test, the top
and bottom parts of the ingots were cut and ground with 200 grit SiC abrasive paper (WS flex
18 C SK, Hermes Schleifmittel GmbH, Germany). A photograph of an as-cast Mg-0.5Zn
sample after Spark-OES measurements is shown in Fig. 4-2b. Calibration of the device was
conducted using the supplied standards [187]. Chips from as-cast and as-extruded samples
were also machined and carefully collected (Fig. 4-2d). Inductively Coupled Plasma-Optical
Emission Spectroscopy measurements (ICP-OES, Thermo Fisher Scientific iCAP duo 6500,
USA) were conducted at the Technische Universitat Bergakademie Freiberg. The sample for
ICP-OES measurement is typically liquid, which is introduced into the plasma (excitation
source). The spectrometer is used to separate element-specific wavelengths of light and to focus
the resolved light onto the detector as efficiently as possible. Then the derived signals are
processed and shown as percent concentration (Fig. 4-2c¢) [188]. Prior to the analysis, the chips
were digested with pure nitric acid (HNOs3) in order to receive a liquid solution that can be
measured with ICP-OES. The contents of the examined elements were quantified using
external calibration. The emission lines that were used for the evaluation of the elements were:
Al 167.078 nm, 394.401 nm; Ag 328.068 nm; Be 234.861 nm; Ca 422.673 nm, 396.847 nm;
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Cu 324.754 nm; Fe 238.204 nm, 239.562 nm; In 303.936 nm; Mn 257.611 nm; Ni 221.648 nm;
Si212.412 nm, 251.612 nm; Sr 421.552 nm; Zn 213.856 nm. All measurements were repeated

3-5 times to ensure the repeatability.
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Fig. 4-2. (a) Principles of spark-OES analysis [186] and (b) images of as-cast sample after measurement;

(c) Principles of ICP-OES analysis [188] and (d) images of as-extruded sample chips for measurement

4.2. Microstructure analysis

4.2.1. Metallography

The specimens were embedded in cold-curing epoxy composed of 2 parts powder and 1 part

liquid (Demotec 30, Demotec Metallografie, Germany). After solidification, the samples were

wet ground with SiC abrasive paper up to 2500 grit consecutively and polished with a mixture

of water-free silica colloid (OPS™, Cloeren Technology GmbH), 1 um diamond slurry and

lubricant (1 part ethylene glycol and 10 part ethanol) using an automatic polishing machine

(Kurth, Industrieservice Siegmund Bigott, Germany). To reveal the grain structure, the samples

were treated by an etchant composed of 150 mL ethanol, 30 mL deionised water, 7 mL acetic

acid and 8 g picric acid [189], followed by ethanol cleaning and air drying.
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4.2.2. Microscopy

Optical microscopy (OM, Leica DM2500 M, Germany) was used to characterise the
microstructure. The grain size was calculated using a line intercept method [190] embedded in
the software analySIS pro 5.0 (Olympus Soft Imaging Solutions GmbH, Germany) with
multiple measurements. The epoxy mounting surface was coated with carbon paste (N 650
Planocarbon, Plano GmbH, Germany) or the whole sample surface (including the alloy) was
sputtered with gold to make it conductive for scanning electron microscopy (SEM, Tescan
Vega3, Czech Republic) inspection. The compositions of intermetallic particles were
determined by energy dispersive spectroscopy (EDS, IXRF Systems 550i, USA). Some high-
magnification images of the precipitates were also obtained by field-emission SEM (Tescan
Lyra 3, Czech Republic) with EDS (Oxford Instruments, UK). The overall area fraction of
intermetallics was calculated by using software ImageJ (National Institutes of Health NIH,
USA) [191]. In addition, some intermetallic analyses were also performed by transmission
electron microscopy (TEM, Philips CM200, Netherlands) with accelerating voltage of 200 KV
and EDS (Oxford Instruments, UK). The TEM samples were mechanically ground and
punched into 100 um thick 3 mm diameter foils. Further thinning was performed using twin-
jet electropolishing with 1.5% perchloric acid solution in ethanol at -45 °C and a voltage of 50
V. Considering the Mg2Ca phase was corroded during electropolishing (Fig. S1), focused ion
beam (FIB)/SEM dual beam microscope (FEI NOVA200, USA) was additionally used to
prepare some lamellae for further TEM investigations (Fig. 4-3).

Fig. 4-3. SEM images of (a) as-cast Mg-Zn-Ca alloy during FIB cutting; (b) thinned foil of as-cast Mg-
Zn-Ca alloy
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4.2.3. Thermodynamic calculation

Pandat with the PanMagnesium 2017 database [192] was used to calculate the phase diagrams
of Mg-Zn and Mg0.5Zn-X systems. In addition, considering the Si and Fe impurities in the
systems, the phase diagrams of Mg0.5Zn-Si, Mg0.5Zn-Fe, Mg0.5Zn0.2X-Si and
Mg0.5Zn0.2X-Fe systems were also calculated. The thermodynamic behaviour during the
solidification process was calculated based on a Scheil model, which assumes that no diffusion
takes place in the solid [193].

The Miedema model [194-196] is used to calculate the standard molar enthalpies of formation

(AH) in the binary systems composed of elements i and j according to Equation 4-2:

x,-(1+uixj(®i—®,'))x]- (1+ujxi(®j—®i))

Y fl] xin/s(1+uix]-((2)i—®,-))+x]-V]?/3(1+ujx,-((2)]-—®i))

(Equation 4-2)
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(Equation 4-3)

where x, V, ® and nws stands for the molar fraction, molar volume, electronegativity and
electron density of component i and j, respectively. y, p, g, r and o are the empirical parameters
[197]: r/p exists only when a transition metal is alloyed with a non-transition metal; g/p is 9.4,
but p value differs for different alloy systems; u depends on the element valence; a equals to

0.73 and 1 for liquid alloys and solid alloys, respectively.

4.2.4. Texture

A peak in a diffractogram represents the intensity of a certain (hkl) reflection in a certain
orientation. By tilting and rotating the sample which is mounted onto a diffractometer, the
intensity distribution of a reflection over the orientation sphere-a pole figure-can be recorded
[198]. Texture measurements were carried out on the polished transverse cross section of the
as-extruded samples using an X-ray diffractometer (X'Pert® MRD, Malvern Panalytical GmbH,
Germany). Six pole figures were measured with a Cu Ka radiation beam size of 1.5 mm x 1
mm and tilt angles from 0 to 70°. The inverse pole figures in extrusion direction were
recalculated with the open-source code MTEX [199].

4.3. Characterisation of corrosion performance

All the corrosion tests were conducted in 0.9 wt.% NaCl solution at room temperature. The
solution was prepared by dissolving 45.4 g NaCl (99.99 wt.%, Carl Roth GmbH Co0.KG,
Germany) in 5 L deionised water.
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4.3.1. Electrochemical tests

The general corrosion behaviour of the Mg-0.5Zn(-0.2X) alloys were studied by
potentiodynamic polarisation (PDP) and electrochemical impedance spectroscopy (EIS)
measurements using a potentiostat (Gill AC, ACM Instruments, UK). Connected to the
potentiostat was a three-electrode cell set-up with Ag/AgCl as reference electrode, platinum
mesh as counter electrode and the specimen as working electrode (Fig. 4-4a). Typically, PDP
is performed after certain exposure time where the open circuit potential (OCP) is recorded and
stablised. Then voltage is swept at a controlled rate over a potential range by regulating the
current between the working electrode and counter electrode. It is generally deemed that
oxidation of Mg takes place in the anodic branch while water reduction and oxygen reduction
take place in the cathodic branch. PDP can provide information on the kinetics of anodic and
cathodic reactions. For example, it can be inferred from Fig. 4-4b that the addition of 2 wt.%
Zr resulted in an increase in the cathodic kinetics and a retardation in the anodic kinetics over
a range of potentials [200]. In this study, the PDP tests were started at -150 mV relative to the
free corrosion potential and performed at a scanning rate of 0.2 mV/s after 30 min open circuit
potential (OCP) measurement. By selecting the linear part of the cathodic branch that
commenced about 50 mV from the corrosion potential with ACM Analysis software, the
corrosion current density (icor) Was estimated from its intercept with the vertical corrosion
potential line. As for EIS analysis, the response of an electrode to a small amplitude sinusoidal
potential perturbation at different frequencies is measured. EIS is non-destructive and can
provide information on the impedance of a sample surface which is proportional to the
corrosion resistance. For example, it is clear that pure Mg has a better corrosion resistance in
HBSS than in NaCl solution (Fig. 4-4c) [200]. The electrochemical behaviour of systems can
usually be interpreted by electrical equivalent circuits which compose of capacitors, resistors,
inductors and other elements. In this work, after stabilising OCP for 5 min, the EIS
measurements were carried out at OCP with an AC amplitude of £ 10 mV rms from 0.1 Hz to
30000 Hz after immersion for 0, 1, 2, 3, 6, 12, 24, 48 and 72 h, respectively. The EIS spectra
were fitted with Zview (Scribner Associates Inc., USA). Prior to the PDP and EIS test, all
samples were ground until 1200 grit SiC abrasive paper. The exposed sample area and the
electrolyte volume were 0.5 cm? and 330 mL, respectively. During measurement, a magnetic
stirrer at 200 rpm constantly agitated the electrolyte. All tests were repeated four times to

guarantee the reliability of the results.
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Fig. 4-4. (a) Schematic of a three-electrode electrochemical cell set-up; (b) Polarization curves of pure
Mg and Mg-2Zr in HBSS with arrows indicating cathodic shift and (c) Nyquist plots of pure Mg in 1%
NaCl solution and HBSS after 2 h immersion [200] (reproduced with permission from Elsevier)

4.3.2. Hydrogen evolution test

The corrosion performance was also evaluated by measuring the hydrogen gas (Hz) evolution
at room temperature without agitation. The as-cast specimen was cuboid with a size of 20 mm
x 20 mm x 5 mm cut by electrical discharge machine (AW3SL, AMS Technology Co., Ltd.,
Taiwan). Since the outmost surface of the wrought material is impurity-enriched [70, 71], the
10 mm diameter as-extruded bar was machined into 9 mm diameter rod. The as-extruded
specimen for the hydrogen evolution test was cylindrical with a diameter of 9 mm and length
of 20 mm. To further eliminate the deleterious effect of contamination from cutting, further
slight grinding on each surface was performed with 2500 grid SiC emery paper followed by
ethanol degreasing. Prior to the test, the dimensions of all samples were recorded so that the
exposed surface areas can be calculated. To avoid the sample surface in direct contact with the
glass beaker, the sample was hanged in the medium with a fishing wire (Fig. 4-5). Due to the
pressure of the evolved H2 gas in the burette, the electrolyte was pumped back to the beaker
and the Hz volume was recorded after certain time periods. The total volume of the electrolyte

was kept constant at 350 mL with the aid of Parafilm (Bemis Company, Inc., USA) sealing to
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avoid evaporation. Due to the higher specific heat capacity of water than air at room
temperature (25 °C) [201], the beaker was placed in a water bath at room temperature to

minimise the possible temperature deviation.
The corrosion rates of the Mg alloys can be calculated using Equation 4-4 [6]:

104
Csz (Equation 4-4)

where CR is the corrosion rate (mm/year), Ag is the weight change (g), A is the initial surface
area (cm?), t is the immersion time (h), p is the sample density (g/cm?), 8.76x10% is the factor

to convert the unit to CR in mm/year. Based on the hydrogen evolution reaction:
Mg +2H,0 — H, + Mg(OH), (Equation 4-5)

1 mol corroding Mg (24.31 g) will produce 1 mol hydrogen gas (24.5 L) at room temperature
(25 °C). The corrosion rate derived from weight loss Pw (mm/year) is determined as:
P, =2.10AW (Equation 4-6) [202] and the corrosion rate derived from H2 volume Pn
(mm/year) can be calculated as: Py =2.088Vy (Equation 4-7) [203]. At least 3 specimens

were tested for each alloy.

Evolved H, volume

Burette
Parafilm

Fishing wire

Funnel

Electrolyte Mg alloy

H, bubble o eLker

Fig. 4-5. Schematic of a hydrogen evolution test set-up

4.3.3. Immersion test

Quasi-in situ corrosion observation

The quasi-in situ corrosion observation was only conducted on the Mg-0.5Zn-0.2Ca alloy. The
samples were ground and polished following the procedures in section 4.2.1. They were
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carefully marked so that the exact same position could be tracked before and after the corrosion
process. A titanium tweezer was slightly applied on the sample surface to mark a small cross
as a reference. A titanium tweezer rather than a steel tweezer was chosen to guarantee that no
iron residuals remained on the surface during the marking process. The distance between the
targeted intermetallic particles and the cross mark was 0.92 + 0.07 mm. The intermetallics and
the surrounding matrix were observed with SEM in back scattered electron (BSE) and
secondary electron (SE) mode. Prior to the corrosion test, the sample was carefully polished
again to further reduce the effects of marking and electron exposure during SEM imaging on
the corrosion performance. After immersion for a specific time, i.e. 0.5 min, 10 min, 30 min, 1
h, 3 h, 6 h, 12 h or 24 h, respectively, the corroded samples were rinsed with deionised water
and ethanol to remove NaCl and poorly attached corrosion products. Then, the same positions
were observed again by SEM in BSE and SE mode directly after immersion as well as after the
removal of the corrosion products. Reviewing literature, chromic acid was used by most
researchers to remove the corrosion products and they claimed that only negligible effect was
caused to the alloys [200, 204]. However, fresh chromic acid cleaning (180 g/L in distilled
water, VWR International GmbH, Germany) was found to etch the Mg-0.5Zn-0.2Ca samples
heavily (Fig. S2a,b). Even the diluted one (~1.5 g/L) corroded the MgzCa phase after 5 min
cleaning (Fig. S2c,d). Inspired by Novoselov and Geim [205], repeated peeling by scotch tape
was considered. The mechanical exfoliation process together with diluted chromic acid
cleaning were applied to remove the corrosion products to better visualise the corrosion process

development.

Short immersion test

Due to the fine and scarce amount of intermetallics in system like as-cast Mg-Zn, the quasi-in
situ corrosion observation described above is not applicable. Therefore, some short immersion
test is applied to see the corrosion development in macroscale. The as-polished samples were
immersed in 60 mL 0.9% NaCl solution in a Parafilm sealed beaker for different periods (e.g.
2 min, 5min, 30 min, 1 h, 2 h, 6 h, 12 h and 24 h). After immersion, the corroded samples were
rinsed with deionised water and ethanol to remove the remaining NaCl and samples with the
corrosion products were characterised by SEM. The corrosion morphology was further
observed with SEM after the removal of the corrosion products using chromic acid. Cross
section of the specimen after immersion (with corrosion products) were characterised by SEM

and the compositions were analysed by EDS mapping and point analysis.
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5. Results
5.1. As-cast Mg-0.5Zn(-0.2X) alloys

5.1.1. Composition and microstructure

According to the results from Spark-OES, the concentrations of alloying elements and
impurities in the top part and bottom part of the casting ingots are comparable, showing a
homogeneous distribution of the elements without sedimentation. The alloying element and
impurity concentrations detected by ICP-OES are displayed here in Table 5-1 and those by
Spark-OES are shown in Table S1. The amounts of alloying elements agree with the
stoichiometric of alloys. Although small differences exist in the results from these two methods,
generally Fe is less than 30 ppm and Cu and Ni are less than 20 ppm. Particularly, it is
noteworthy that Si is present in all systems with concentration range from 70 to 160 ppm.

Table 5-1 Main alloying element and impurity concentrations of the as-cast Mg-0.5Zn(-0.2X) alloys
determined by ICP-OES (published in Materials & Design [206])

Mg-0.52n Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn-
0.2Ca 0.2Sr 0.2Ag 0.2In 0.2Cu

Zn (wt.%) | 0.49+0.02 [ 0.52+0.02 | 0.49 £0.02 | 0.50 +0.02 | 0.48 £ 0.02 | 0.49 + 0.02
X (wt.%) - 0.20+0.02 [ 0.19+0.02 | 0.19+0.02 [ 0.19+0.02 | 0.20 £ 0.01
Mn (ppm) 177 +5 193+5 188 +5 193+5 173 +5 172 +5
Si (ppm) 76 + 4 145 + 4 164 + 4 157 + 4 77+ 4 70 + 4
Al (ppm) 47 +5 43+5 162 +5 123 +5 102 +5 48 + 5
Fe (ppm) 14+6 21+6 18+6 14+6 12+6 8+6
Cu (ppm) <3 <3 <3 <3 <3 -
Ni (ppm) <3 <3 <3 <3 <3 <3
Be (ppm) <3 <3 <3 <3 <3 <3

With the additions of alloying element X, different grain structures are observed in Fig. 5-1.
The grains in Mg-Zn, Mg-Zn-In and Mg-Zn-Cu are coarse (in millimetre range) and the grain
sizes can not be revealed with statistical accuracy. With a slight addition (0.2 wt.%) of Ca, Sr
and Ag to the Mg-0.5Zn binary system, the average grain size of Mg-Zn-Ca, Mg-Zn-Sr and
Mg-Zn-Ag is refined to 147 + 8 um, 238 + 10 pum and 378 + 55 um, respectively. Ca is found
to exhibit the highest grain refinement efficiency compared to the other alloying elements in
this study. Whereas no grain refining effect is observed after the addition of In and Cu.
Dendritic microstructures are observed in all as cast Mg-Zn(-X) alloys (Fig. 5-2). The
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intermetallics of Mg-Zn-Ca, Mg-Zn-Sr and Mg-Zn-Cu are distributed both along the grain
boundary and within the grains, whereas intermetallics can be barely seen in Mg-Zn, Mg-Zn-
Ag and Mg-Zn-In. Some segregations are found in the interdendritic spacings of all these

samples.

Mg-Zn-Ca B Mg-Zn-Sr

500 pm

Mg-Zn-In i Mg-Zn-Cu

500 pm

Fig. 5-1. OM micrographs of the as-cast Mg-0.5Zn(-0.2X) systems (published in Materials & Design
2067)

Mg-Zn-Ca

200 pm
S

Fig. 5-2. BSE SEM micrographs of the as-cast Mg-0.5Zn(-0.2X) systems (published in Materials &
Design [206])

The compositions of the intermetallics (marked in orange) and matrix (marked in green) were
analysed by EDS point analysis in Fig. 5-3. According to the energy table for EDS analysis
[207], the interaction volume in Mg under accelerating voltage of 15 kV is around 4 pm.
Considering the size of the precipitates, a large volume of the Mg matrix will be detected in
the EDS point analysis. Mg-Zn (Fig. 5-3a) and Mg-Zn-In (Fig. 5-3e) shared similar
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microstructures and coexisting intermetallic particles (CE-IMP) could be seen. The darker part
(spot 3 in Fig. 5-3a and Fig. 5-3e) had higher contents of Si while the brighter part (spot 1, 2)
had higher contents of Zn. Indium (In) seemed to be totally dissolved into the Mg matrix and
was not segregated in the precipitates. The sizes of the precipitates in Mg-Zn and Mg-Zn-In
ranged from submicron to 2 pum. Three types of intermetallics were identified in Mg-Zn-Ca
(Fig. 5-3b). Two distinct phases were visible in CE-IMP with clear contrast differences, i.e.
Mg/Ca with high Zn content (spot 1) and Mg/Ca with low Zn content (spot 2), respectively.
The part with higher Zn was also brighter in the BSE SEM image. The CE-IMPs in Mg-Zn-Ca
were usually in round or stretched shape and located within the grains. In addition, a Mg/Ca/Si
containing phase was discretely distributed within the grains or along the grain boundaries
(spot 3). The precipitates in Mg-Zn-Sr were all Mg/Si/Sr/Zn-containing (Fig. 5-3c). Within
CE-IMP, one part with similar amounts of Si and Sr (spot 2, 4) and another part with high Sr
low Si concentrations (spot 1, 3) could be observed. The former one seemed to be brighter and
was encapsulated by the latter one which was comparatively darker. In the CE-IMP in Mg-Zn-
Ag (Fig. 5-3d), higher amounts of Zn and Ag existed in the brighter part (spot 2, 3) and higher
amount of Si existed in the darker part (spot 1). Similarly, the darker part of CE-IMP in Mg-
Zn-Cu is enriched in Si while the brighter part had higher contents of Zn and Cu (Fig. 5-3f). It
could be assumed that there existed element gradient within CE-IMPs in Mg-Zn(-X) alloys.
Put aside the precipitates formed by the alloying elements (Zn and X), Si also participated in
the precipitate formation in all Mg-0.5Zn(-0.2X) systems, although its concentration was only
between 70 and 160 ppm. The intermetallic area fractions of the Mg-Zn-Sr, Mg-Zn-Ca, Mg-
Zn-Cu and Mg-Zn-Ag alloys calculated by ImageJ are 0.98 + 0.12%, 0.29 + 0.05%, 0.20
0.03% and 0.04 + 0.01%, respectively. Mg-Zn-Sr, Mg-Zn-Ca and Mg-Zn-Cu are found to be
with higher amount of intermetallics among all materials, whereas the limited quantities in Mg-

Zn and Mg-Zn-In defy quantification.
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Fig. 5-3. (a-f) Intermetallics (marked in orange) and matrix (marked in green) in the Mg-0.5Zn(-0.2X)
systems indicated by BSE SEM images; (al-f1) corresponding compositions measured by EDS point
analysis (published in Materials & Design [206])

5.1.2. Corrosion performance

The corrosion performance of the as-cast alloys is evaluated by hydrogen evolution test and
the evolved hydrogen volumes are plotted against the immersion time in Fig. 5-4a. Mg-Zn-Ca
generates the least amount of Hz during the entire immersion with a value of 0.36 ml/cm? after
7 days. The evolved H2 volumes of Mg-Zn (0.16 ml/cm?), Mg-Zn-Sr (0.22 ml/cm?), Mg-Zn-
Ag (0.19 ml/cm?) and Mg-Zn-In (0.29 ml/cm?) are similar during the first 24 h immersion,
which increase steadily reaching 0.77, 1.00, 2.95, 1.77 ml/cm?, respectively after 7 days.
Astonishingly, the Hz2 volume of Mg-Zn-Cu skyrockets to 1.81 ml/cm? after 6 h immersion and
increases continuously to a high value of 49.63 ml/cm? after 7 days, which is more than 130
times higher than that in Mg-Zn-Ca. Based on Equation 4-7, the calculated corrosion rate of
Mg-Zn, Mg-Zn-Ca, Mg-Zn-Sr, Mg-Zn-Ag, Mg-Zn-In and Mg-Zn-Cu after 7 days is 0.25, 0.12,
0.33, 0.97, 0.58 and 16.67 mm/year, respectively (Fig. 5-4b).
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Fig. 5-4. (a) Evolved hydrogen volumes and (b) corresponding corrosion rate of the as-cast Mg-0.5Zn(-
0.2X) alloys during 7 days hydrogen evolution test (published in Materials & Design [206])

Compared to Mg-Zn, the additions of Ca and In lead to slight cathodic shift of the corrosion
potentials whereas pronounced anodic shifts are seen after adding Ag and Cu (Fig. 5-5a). The
corrosion potential of Mg-Zn-Sr is similar to that of Mg-Zn. The corrosion current density (icorr)
of Mg-0.5Zn(-0.2X) shows a slight variation among each other with the exception of Mg-Zn-
Cu. A fivefold increase of the icorr of Mg-Zn-Cu is seen compared to that of Mg-0.5Zn (Fig.

5-5h).
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Fig. 5-5. (a) Potentiodynamic polarisation curves and (b) corrosion potential and corrosion current
density of the as-cast Mg-0.5Zn(-0.2X) alloys (published in Materials & Design [206])

The Nyquist plots of Mg-0.5Zn(-0.2X) samples are shown in Fig. 5-6 with the fitted results as
solid lines. For better observation, the spectra after 2 h and 3 h immersion are not shown. Two
equivalent circuit models are used to fit the EIS data depending on the characteristics of the
measured spectra during immersion. The model in Fig. 5-7a is used if two capacitive
components are observed. The high frequency capacitive loop results from the oxide film (film

resistance Rr and film capacitance CPEy) present on the surface of alloy and the one at middle
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frequencies is responsible for charge transfer process (charge transfer resistance Rctand electric
double layer capacitance CPEa1). Rs represents the solution resistance between the working
electrode and the reference electrode. On the other hand, the middle frequency capacitive loop
might reduce in some cases with some scattering points in the low frequency which might be
related to non-stationarity during measurements [208], then the model in Fig. 5-7b is used.
Only the capacitive components are fitted and compared in this study. The general corrosion
performance of the Mg-0.5Zn(-0.2X) samples are indicated by the sum of resistances (Rsum =

Rt + Rct) as displayed in Fig. 5-7c.

It is found that Rsum of Mg-Zn increases during the first 6 h of immersion (1665 Qcm?) and
drops to a minimum (386 Qcm?) at 12 h followed by another raise. A similar trend can also be
observed in Mg-Zn-Ca with a steady increase in the first 6 h (1504 Qcm?) and a minimum at
12 h (772 Qcm?). Mg-Zn-Sr shows an increase until 3 h (1580 Qcm?) followed by a reduction
until 12 h (656 Qcm?), indicating that its first corrosion resistance loss seems to occur earlier
than those of Mg-Zn and Mg-Zn-Ca. In a similar manner, the Rsum of Mg-Zn-In peaks within
3-6 h (1335 Qcm?) then declines gradually or becomes stable afterwards (676 Qcm?),
depending on the inhomogeneity among different samples. On the contrary, the Rsum of Mg-
Zn-Ag tops at 1 h (776 Qcm?) and then decreases subsequently (307 Qcm?) although a slight
increase within the time frame of 6-12 h (380 Qcm?) is observed in some samples. Although
there is a comparatively smaller deviation of the Rsum for Mg-Zn-Cu, the sample reaches the
minimum value at 1 h (153 Qcm?) and stays low until the end of the measurement (194 Qcm?).
Mg-Zn-Cu possesses only one obvious capacitive component throughout the whole immersion
process. Although the Rsm is changing during immersion, it is generally found that the
corrosion resistance of Mg-Zn, Mg-Zn-Ca, Mg-Zn-Sr and Mg-Zn-In are comparable within 24
h immersion, whereas higher resistance is observed in Mg-Zn-Ca in the later stage of
immersion (1771 Qcm?). Mg-Zn becomes more prone to corrosion with the addition of Ag and
Cu.
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Fig. 5-6. EIS Nyquist diagrams of the as-cast Mg-0.5Zn(-0.2X) alloys after 3 days immersion in 0.9%
NaCl solution. The original data are shown as the scatter points and the fitted data are shown as the

lines (published in Materials & Design [206])
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Fig. 5-7. (a-b) Equivalent circuits used to fit the impedance spectra of Mg-0.5Zn(-0.2X) alloys exposed
in 0.9 wt.% NaCl solution; (c) the fitted sum of the resistance of Mg-0.5Zn(-0.2X) alloys during the 3
days measurement (the X axis is in 1og10 scale for better perception); (d) selection of the models for

EIS spectra at different immersion periods (published in Materials & Design [206])

The corrosion morphologies of the Mg-0.5Zn(-0.2X) alloys after immersion for different

durations are illustrated in Fig. 5-8. Filiform-like corrosion occurs on the surface of Mg-Zn
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after 12 h immersion. However, scratches from grinding can still be seen on the rest of the
sample surface, indicating the corrosion is not that severe in this area. The filiform-like
corrosion spreads to a larger area after 24 h. The cracks in the corrosion layers are derived from
the dehydration process after immersion. Similarly, slight corrosion is observed in Mg-Zn-Ca
during the first 6 h immersion with the corrosion products align along the grinding patterns.
However, with prolonged exposure, the corrosion layers become less compact after 12 h and
24 h and the gaps in between are also larger. No filiform-like corrosion is observed in Mg-Zn-
Ca during 24 h immersion. As for Mg-Zn-Sr, localised corrosion is seen after 6 h (in white
circle) which develops into filiform-like corrosion after 24 h. However, filiform corrosion in
Mg-Zn-Sr is not as significant as that in Mg-Zn. Similarly, localised corrosion occurs after 1 h
and develops into filiform corrosion after 6 h in Mg-Zn-Ag, which is already much more severe
than that in Mg-Zn and Mg-Zn-Sr after 24 h. In addition, the corrosion products are loose and
hundred micrometre-sized corrosion pits (in white circle) can be found. In a similar but faster
way, Mg-Zn-Cu also exhibits filiform corrosion after 1 h and pitting corrosion (in white circle)
after 6 h. Comparatively uniform corrosion is observed in Mg-Zn-In during the first 6 h, just
like the case in Mg-Zn-Ca. However, the corrosion products seem to be denser in Mg-Zn-Ca
than those in Mg-Zn-In.

Cross sections of the corrosion products of the Mg-0.5Zn(-0.2X) alloys after 24 h immersion
are presented in Fig. 5-9. Mg-Zn and Mg-Zn-Sr generally exhibit uniform corrosion with some
localised corrosion sites. This is consistent with the filiform corrosion observed in some areas
in Fig. 5-8. For Mg-Zn-Ca and Mg-Zn-In, the arc-shaped corrosion products in the cross
section view are in accordance with the wide-gap corrosion products in the top view (Fig. 5-8).
The corrosion products are more compact in Mg-Zn-Ca than those in Mg-Zn-In. Localised
corrosion is observed in Mg-Zn-Ag and Mg-Zn-Cu and the pits are deeper in the case of Mg-

Zn-Cu (as deep as 40 pm).
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Fig. 5-8. Corrosion morphology (with corrosion products) of the as-cast Mg-0.5Zn(-0.2X) alloys after
immersion in 0.9% NaCl solution for 1, 6, 12 and 24 h (published in Materials & Design [206])

Fig. 5-9. Cross section of the corrosion products of the as-cast Mg-0.5Zn(-0.2X) alloys after 24 h
immersion in 0.9% NaCl solution (published in Materials & Design [206])

Although the general thickness of the corrosion products in Mg-Zn(-X) are in the range of 10-
20 pm, the corrosion layers of Mg-Zn-Ag and Mg-Zn-Cu are obviously thicker and looser than
those in the other systems (Fig. 5-10). To obtain information about the compositions of the
corrosion products, EDS point analysis were carried out on the cross sections of the corrosion
products and matrices. The main signals coming from the corrosion layers were Mg and O,
indicating the corrosion products were mainly composed of oxides and/or hydroxides which
were only partially protective. Alloying elements X were not found in the corrosion products

whereas slight contents of Zn could be detected. Particularly, higher content of Zn (~ 2 at.%)
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existed in the outer layer of the corrosion products in Mg-Zn-Sr ((Fig. 5-10c). As displayed in
the EDS mapping in Fig. 5-11a, Zn and O are enriched in the outer layer of the corrosion
products, hinting Zn/O composite is formed during degradation in 0.9% NaCl solution. On the
other hand, the corrosion products of the other systems are just composed of Mg and O (Mg-
Zn-Ca as an example in Fig. 5-11Db).
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Fig. 5-10. EDS point analysis on the cross sections of the corrosion products and the matrices in Mg-
0.5Zn(-0.2X) alloys. A, B, C regions separated by the dash lines represent epoxy resin, corrosion layer
and matrix, respectively (published in Materials & Design [206])
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Fig. 5-11. EDS element mapping of the cross section of corrosion products of (a) Mg-0.5Zn-0.2Sr and
(b) Mg-0.5Zn-0.2Ca alloys (published in Materials & Design [206])

5.1.3. Summary

(1) The micro additions of alloying elements X influence the microstructure of Mg-0.5Zn
refenrence material significantly. The grain size of Mg-0.5Zn is refined with the addition
of Ca, Sr and Ag. Considerable amounts of intermetallics are formed in Mg-Zn-Sr, Mg-
Zn-Ca and Mg-Zn-Cu. Moreover, Si impurity participates actively in the formation of
precipitates in all Mg-Zn(-X) systems.

(2) Different corrosion performances of Mg-Zn(-X) alloys are observed due to the different
microstructural features. Mg-Zn-Ca exhibits the lowest corrosion rate while Mg-Zn-Cu
exhibits the highest corrosion rate. The corrosion rate of Mg-Zn is comparable to that of
Mg-Zn-Sr. Slight deterioration in the corrosion resistance is observed after adding In and
Ag. Except for Mg-Zn-Cu, the corrosion rates of all the other as-cast alloys are less than

1 mm/year after 7 days immersion.
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5.2. Effects of solution treatment

As stated in section 3, the goal of this work is to develop a biodegradable Mg-Zn based alloy
with low corrosion rate and additional functionalities. The as-wrought alloys usually exhibit
better corrosion and mechanical properties compared to the as-cast counterpart [90, 209]. Most
of the studies in literature conduct solution treatment prior to extrusion [209] and rolling [920].
Thus, the effects of solution annealing are described in this section. Particularly, Mg-Zn-Ca is
selected as it has the highest corrosion resistance among the as-cast Mg-Zn(-X) alloys.
Moreover, the potentially formed Mg2Ca phase is reported as the anodic intermetallics in
literature [80, 97] which is different to the precipitates in other Mg-Zn(-X) systems. Thus, it
would be interesting to see how the microstructure changes during annealing and how the
corrosion performance responds. On the other hand, Mg-Zn serves as the reference and limited
intermetallics (potentially cathodic MgZn phase [123]) are present in the system. The different

responses of Mg-Zn and Mg-Zn-Ca to solution annealing, if any, would also be appealing.

5.2.1. Mg-0.5Zn alloy

The Mg-0.5Zn samples are solution treated at 400 °C for 2 h and 16 h to see the effect of heat
treatment. These samples are shortened as HT-2 h and HT-16 h, respectively. As the
precipitates in Mg-0.5Zn are too small and too scarce, the quasi-in situ corrosion observation

approach used in Mg-Zn-Ca is not appropriate in the case of Mg-Zn.

Microstructure

Microstructures of the as-cast and solution-treated Mg-0.5Zn are shown in Fig. 5-12a-c. The
as-cast sample exhibits a dendritic microstructure which is barely seen after heat treated at
400 °C. The grain sizes of all samples are in millimetre range. According to the EDS element
mapping (Fig. 5-12d), Zn is segregated between the dendritic arms in the as-cast sample. Zn
and Si signals can be simultaneously detected in some spots due to the formations of CE-IMP
(possibly MgZn and Mg:Si phases). However, after heat treated for 2-16 h, Zn-rich segregation
is reduced and a more homogeneous microstructure is obtained (the HT-16 h sample as an
example in Fig. 5-12e). The assumed MgZn phase dissolves during annealing while Mg2Si
phase still remains. In addition, it is noteworthy that some submicron-sized precipitates
containing certain amounts of Fe and Si can also be observed in these as-cast and solution-
annealed samples (Fig. 5-13a-c). The concentration of Zn in the matrix (rectangular area) of
the as-cast sample is slightly higher than those of the heat treated samples possibly due to the

presence of segregations.
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Fig. 5-12. (a-c) OM images of as-cast, HT-2 h and HT-16 h Mg-0.5Zn; BSE SEM images and EDS
element mappings of (d) as-cast and (e) HT-16 h samples

as-cast v HT 16 h

al____ Composition (at. %)
(0] Mg Si Fe Zn (6] Mg Si Fe Zn (0] Mg Si Fe Zn
1 1.65 9092 3.64 3.79 3 169 8785 338 7.08 5 218 8701 4.06 6.75
2 048 9928 0.24 4 053 99.27 0.20 6 053 9929 0.18

a2 Composition (wt. %) b2 Composition (wt. %)
(6] Mg Si Fe Zn (6] Mg Si Fe Zn (0] Mg Si Fe Zn
1 1.04 86.66 4.01 830 3 1.02 8050 3.58 1491 5 132 80.09 432 1428
2 032 99.04 0.64 4 035 99.11 0.54 6 035 99.17 0.48

Fig. 5-13. BSE SEM images of the precipitates in (a) as-cast, (b) HT-2 h and (c) HT-16 h Mg-0.5Zn
samples; (al-cl) (a2-c2) corresponding compositions of the precipitates and the matrices indicated by
EDS

To understand the changes of Fe-Si particles during heat treatment, EDS point analyses are
carried out on about 50 randomly selected particles in each Mg-0.5Zn sample (Fig. 5-14). The

majority of the Fe-Si particles in the as-cast state contain less than 0.5 at.% Fe as indicated in
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the bottom-left of Fig. 5-14a. However, after solution treatment for 2 h, the fractions of Fe-Si
particles with Fe in the range of 0.5-2 at.% increase significantly (Fig. 5-14b). With a
prolongation of the solution treatment to 16 h, the number of particles with Fe higher than 2
at.% is further promoted (Fig. 5-14c¢). Although it is difficult to statistically calculate the overall
number of Fe-Si particles in each sample, the amount of Fe-Si particles containing higher
concentration of Fe is seemingly increasing with the heat treatment duration. It is important to
mention here that the changes of Fe concentrations during annealing rather than the exact Fe
contents in the Fe-Si precipitates are the focus of this section. The EDS measurements of Fe
concentrations depend vastly on the microscopy, image magnification, etc. All the data points
in Fig. 5-14 are measured at identical conditions (same microscopy, same 5000%

magnification), so that these results can be statistically compared.
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Fig. 5-14. Fe and Si concentrations in Fe-Si particles in the (a) as-cast, (b) HT-2 h and (c) HT-16 h Mg-
0.5Zn samples

Corrosion performance

After immersion in 0.9% NaCl solution for 5 min, uniform corrosion is initiated in the as-cast
sample with some black spots on the surface (Fig. 5-15a). As the immersion prolongs, more
black spots occur in a uniform manner (Fig. 5-15b-d). Similar to the as-cast sample, corrosion
is not obvious in the first 30 min for the HT-2 h sample (Fig. 5-15e-f). Whereas more corrosion
spots appear after 2 h and the filiform corrosion filaments develop almost all over the surface
after 6 h (Fig. 5-15g-h). Distinctively, localised corrosion can already be recognised on the
HT-16 h sample after 5 min exposure (Fig. 5-15i). Corrosion develops as the filament
propagates. Corrosion (the black areas) almost covers the whole specimen surface after 2 h and

o1



RESULTS

a big pit with a diameter of almost 1 mm can be identified after 6 h (Fig. 5-15j-1). Generally,
localised corrosion seems to develop at earlier exposure times and become more significant

after heat treatment.

500 pm
500 pm
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Fig. 5-15. Corrosion morphologies of (a-f) as-cast, (e-h) HT-2 hand (i-1) HT-16 h Mg-0.5Zn samples after immersion

for 5 min, 0.5 h, 2 hand 6 h, respectively

The deteriorated corrosion performance after solution treatment is contradictory to most of the
studies in literature claiming solution treatments enhance the corrosion resistances of binary
Mg-Zn systems (Table 2-1). To understand the mechanism, corrosion initiations of the samples
are studied. Slight corrosion initiates around the Fe-Si particles in the as-cast sample (Fig.

5-16a) after 2 min immersion. Additionally, the corrosion products near Fe-Si particles (spot
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2, 3) are thicker (O at. % is higher) than those near Mg2Si particle (spot 1). As the Fe-Si
particles may alter during the heat treatment (Fig. 5-14), 2 min short immersion is also
conducted on the HT-16 h sample as an example (Fig. 5-16b). Thicker corrosion products are
detected near the particles with higher Fe concentrations (spot 1, 2) than those around the
particles with higher Si and lower Fe contents (spot 3). Moreover, severe localised corrosion
is also found in the same HT-16 h sample (Fig. 5-16c). It is worth noting that the Fe
concentration is as high as 32 at. % in spot 1 while Si is almost negligible. Furthermore, the
sizes of the Fe particles in these areas seem to be larger than those near the slightly-corroded

areas.
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Fig. 5-16. Corrosion morphologies of the (a) as-cast and (b-c) HT-16 h Mg-0.5Zn samples after

immersion for 2 min; (al-cl) the corresponding particle compositions indicated by EDS

After 5 min immersion, corrosion develops slowly in the as-cast sample (Fig. 5-17a). The area
around the Fe-Si particle (spot 1) corrodes faster than that near the CE-IMP containing Mg2Si
and MgZn (spot 2). However, pitting corrosion (Fig. 5-16¢) in HT-16 h sample develops into
filiform corrosion after 5 min (Fig. 5-17b). It appears that corrosion tends to initiate around the
Fe rich particles rather than the Fe-Si particles. For some reasons, the HT-16 h sample has more
Fe rich particles than the as-cast counterpart. An example of the corroded sample surface
without corrosion products is shown in Fig. 5-18. The corroded area has vertically aligned
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parallel thin layers and the material between the adjacent layers are corroded away. As
indicated by the arrows, the directions of the uncorroded thin layers are dependent on the grains.
The Fe-Si and Fe particles play a decisive role in the initiation and development of localised

corrosion in Mg-0.5Zn alloy.
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Fig. 5-17. Corrosion morphologies and EDS element mapping of (a) as-cast and (b) HT-16 h Mg-0.5Zn

samples after immersion for 5 min

Fig. 5-18. Example of the corroded HT-16 h sample surface after the removal of corrosion products

with chromic acid

PDP curves of the as-cast and solution-treated samples are collectively shown in Fig. 5-19a.

The corrosion potential of Mg-0.5Zn shifts continuously towards the positive direction with
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increasing the solution treatment time. A 170 mV potential difference is seen after 16 h heat
treatment. The positively shifted OCP is most possibly due to the increased impurity-rich
particles with high Fe content, which results in accelerated kinetics of cathodic reaction. The
icorr Of the as-cast sample increases from 12 pA/cm? to 70 pA/cm? after heat treated for 16 h

(Fig. 5-19b).
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Fig. 5-19. (a) PDP curves of as-cast, HT-2 h and HT-16 h Mg-0.5Zn samples; (b) the corresponding

corrosion potential and corrosion current density

The EIS Nyquist plots of the Mg-0.5Zn samples are displayed in Fig. 5-20a-c. Due to the strong
overlapping of the spectra, the results measured after 2, 3 and 48 h immersion are not shown
here. The EIS data is fitted with the equivalent circuit models in Fig. 5-7 and the corresponding

Rsum values are shown in Fig. 5-20d.

Two time constants can be observed in the Nyquist plots of as-cast sample during the entire
immersion period. Though Rsum values slightly fluctuate, the increasing and then stable trend
indicates that corrosion is developed uniformly and the corrosion products are formed steadily.
Similar increasing tendency of Rsum is seen in the first 3 h immersion of HT-2 h sample,
followed by a distinct decrease at 6 h, which is consistent with the corrosion morphologies in
Fig. 5-15h. In contrast, only one capacitive loop is recognised for the HT-16 h sample. It
undergoes severe localised corrosion after being held at OCP for 5 min as indicated by the low
Rsum Value, which is stable in the initial 6 h and then increases gradually with longer immersion.
Although Rsum values of the samples vary during immersion due to the dynamic process of
alloy dissolution and corrosion products formation, it is evident that Rsum of Mg-0.5Zn becomes
much lower after 16 h solution treatment. In addition, it seems that the occurrence of localised
corrosion shifts to an earlier time spot with the prolongation of the solution treatment duration

(e.g. 6 h for HT-2 h, 5 min for HT-16 h).
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Fig. 5-20. EIS Nyquist plots of the (a) as-cast, (b) HT-2 h and (¢) HT-16 h Mg-0.5Zn samples during 3
days measurement; (d) the fitted corresponding sum of resistances Rqm (the X axis is in log10 scale for

better perception); (e) selection of the models for EIS spectra at different immersion periods

After 3 days EIS measurement, the corrosion products of the samples are characterised by SEM.
The oxide film on the as-cast sample is compact especially in area A, indicating its higher
corrosion resistance (Fig. 5-21a). However, as the solution treatment progresses, the oxide
layers become looser with the presence of some pits in area A (Fig. 5-21b-c). The existence of
Fe-Si particles with higher Fe concentrations after heat treatment lead to the corrosion initiation
in Fig. 5-16¢ and Fig. 5-17b and might ultimately lead to the reduced protectiveness of the
film.
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as-cast

solution-treated

16 h

Fig. 5-21. BSE-SEM images of the characteristic corrosion morphologies of (a) as-cast, (b) HT-2 h and
(c) HT-16 h samples after 3 days immersion. Images al and a2 are the selected areas of image a at

higher magnifications.

5.2.2. Mg-0.5Zn-0.2Ca alloy

Microstructure

The as-cast Mg-0.5Zn-0.2Ca alloy reveals a dendritic microstructure with intermetallics
present along the grain boundary and within the grains (Fig. 5-2b). Zn is enriched in the
interdendritic arms and grain boundaries (Fig. 5-22). The average grain size is 147 + 8 um. By
analysing the morphologies and compositions of numerous precipitates via SEM and EDS,
three types of secondary phases are identified in the alloys (Fig. 5-23a, b). The Mg/Ca/Si-
containing phases have either spherical or elongated shape, which are distributed within grains
and along grain boundaries. CE-IMPs are composed of Mg/Ca with high Zn (brighter part) and
Mg/Ca with low Zn (darker part), which are located within grains. In addition, a limited amount
of isolated Mg/Zn/Ca-containing particles can also be observed. Although the shape and
brightness of the isolated Mg/Zn/Ca- and Mg/Ca/Si-containing particles are similar in BSE
image, clear discrepancy can be seen in SE image.
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Fig. 5-23. (a) Intermetallic phases in as-cast Mg-0.5Zn-0.2Ca alloy indicated by SEM images in BSE

and SE mode; (b) corresponding EDS spectra conducted on point 1-4 (published in Corrosion Science

[181])

The average compositions of the intermetallics in the as-cast sample are listed in Table 5-2.
The values are based on multiple measurements from 10-20 particles of the same phase via
EDS measurements. The relative atomic ratio of Ca/Si in the Mg/Ca/Si-containing phase is 0.8
+ 0.1 indicating it is potentially a MgCaSi phase [210]. The Zn/Ca (atomic ratio) in the brighter
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part of CE-IMP is 1.6 + 0.4, revealing it is possibly a Ca2MgsZns phase [130]. Compared to
the brighter part, higher Ca contents and lower Zn contents are seen in the darker part of CE-
IMP, meaning it is perhaps a Mg2Ca phase. The average Zn concentration in MgzCa is
approximately 3 at.%, which is probably detected from the neighboured CazMgsZns. The
overall area fraction of the intermetallics in the as-cast state is calculated to be 0.29 £+ 0.05%
by ImagelJ. However, it is difficult to measure the fraction of every single phase since the sizes
of the intermetallics are just several microns. For the main precipitates in the system, the
quantity fraction of CE-IMP and MgCaSi phases is 45.6 + 4.8% and 54.5 + 4.8%, respectively.

Table 5-2 Average compositions of the intermetallics in as-cast Mg-0.5Zn-0.2Ca alloy via EDS

measurements (published in Corrosion Science [181])

as-cast
Intermetallic Mg/Ca/Si- brighter part of darker part of

particles containing CE-IMP CE-IMP
Oat.% 19+1.0 1.8+05 3.2+46
Mg at.% 86.2 6.6 81.2+54 829+54
Si at.% 6.4+35 02+01 01+01
Caat.% 51+26 6.6+2.2 109+49
Zn at.% 04+0.2 10.2+34 29+1.0
Zn/Ca - 16+04 -

Ca/Si 0.8+0.1 - -

To confirm the crystal structures of the intermetallics, selected area electron diffraction (SAED)
analysis of MgCaSi and CE-IMP are also conducted in TEM. Both phases in CE-IMP possess
an hcp crystal structure with two distinct lattice spacing. The hcp phase with a larger lattice
spacing in reciprocal space (Fig. 5-24a) corresponds to Mg2Ca phase and the hcp phase with a
smaller lattice spacing in reciprocal space (Fig. 5-24b) corresponds to CazMgesZns phase.
MgCaSi phase possesses a primitive orthorhombic crystal structure (Fig. 5-24c). TEM EDS
spot analyses (Fig. 5-24d) on Mg2Ca part (x1) and Ca2MgeZns part (x2) in CE-IMP, and
MgCasSi (x3) are consistent with the SEM EDS results (Fig. 5-23b). Cu signal is detected from
the TEM sample holder.
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Fig. 5-24. TEM SAED patterns of (a) Mg.Ca, (b) Ca2MgsZns in CE-IMP and (c) MgCaSi phase in the
as-cast Mg-0.5Zn-0.2Ca alloy; (d) TEM EDS spectra of spot x1 (Mg.Ca), x2 (CaxMgsZns), x3
(MgCasSi) in (a-c) (published in Corrosion Science [181])

After solution annealing at 450 °C for 16 h, the microstructure becomes more homogeneous.
The average grain size slightly increases to 164 + 3 um and no segregation of Zn can be
detected (Fig. 5-25a, b). According to the EDS results which are based on multiple
measurements (Table 5-3), the Ca2MgsZns phase and the Mg2Ca phase from CE-IMP cannot
be recognised and only Mg/Ca/Si-containing particles can be detected after solution annealing
(Fig. 5-25c, d). The atomic ratio of Ca/Si in these precipitates (0.8 £ 0.1) are identical as that
in the as-cast counterpart. Therefore, MgCaSi prevails as the dominant secondary phase in the
solution-annealed Mg-0.5Zn-0.2Ca alloy with an area fraction of 0.15 + 0.02%.
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Fig. 5-25. Microstructure of the solution-annealed Mg-0.5Zn-0.2Ca alloy indicated by (a) OM image
and (b) BSE SEM image; (c) MgCasSi precipitates indicated by SEM images in BSE and SE mode; (d)
corresponding EDS spectrum conducted on point 1 (published in Corrosion Science [181])

Table 5-3 Average compositions of the intermetallics in the solution-annealed Mg-0.5Zn-0.2Ca alloy

via EDS measurements (published in Corrosion Science [181])

Particles O at.% Mg at.% Si at.% Caat.% Zn at.% Ca/Si
MgCaSi 13+£11 87347 6.1+2.0 48+17 05+0.2 08+0.1

General corrosion performance

PDP and EIS are employed to characterise and compare the general corrosion performances of

the as-cast and solution-annealed Mg-Zn-Ca samples.

According to the PDP curves, the corrosion potential moves towards the positive direction after
solution annealing (Fig. 5-26). The pitting potential shows the likelihood of localised corrosion,
and a more positive value implies a less likely localised corrosion [81, 211]. It is visible from
the polarisation curves that the pitting potential of the solution annealed sample is more positive
than that of the as-cast sample, revealing a more compact or protective layer on the surface

after solution annealing.
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Fig. 5-26. PDP of the as-cast and solution-annealed Mg-0.5Zn-0.2Ca alloy (published in Corrosion

Science [181])

In order to see the EIS curves more clearly, only the results after 0, 1, 6, 12, 24 and 72 h
immersion are presented here. For as-cast Mg-0.5Zn-0.2Ca alloy, two time constants are
observed during the first 6 h immersion, as indicated by the Nyquist plot (Fig. 5-27a). After 12
h and 24 h, only one capacitive loop is observed with some scattered points in the low frequency
range, indicating active mass transport that happens on the sample surface. With further
immersion, two time constants can be seen again. In contrast, two time constants are present
during the entire immersion period for the solution annealed state (Fig. 5-27b). Rsum is the sum
of hydroxide layer resistance Rrand charge transfer resistance Rt (Fig. 5-27¢). For as-cast Mg-
0.5Zn-0.2Ca, the Rsum Value increases steadily from 670 Qcm? to 1320 Qcm? upon immersion
until 6 h, demonstrating the densification and thickening of the semi-protective corrosion
product layer. After that, Rsum drops sharply at 12 h implying the alloy suffers from localised
corrosion attack. With prolonged exposure until 72 h, an increase in Rsum can be observed again,
which is possibly due to the precipitation of corrosion products dominates over the dissolution
of the alloy. During this comparatively longer time interval (1 measurement per day), the
samples are covered with thicker and more protective corrosion product layers. For solution-
annealed sample, Rsum increases steadily until 12-24 h and suffers a little loss afterwards. The
distinct loss of Rsum value in the as-cast sample is not observed in the solution annealed
counterpart. Although there is a slight decline after 24 h possibly due to localised corrosion or

dissolution of the hydroxide film, the respective time of occurrence is also delayed. By
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comparing the Rsum values of the two states, the solution-annealed sample exhibits a better

corrosion resistance during the entire immersion process.
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Fig. 5-27. Nyquist plots of the (a) as-cast and (b) solution annealed Mg-0.5Zn-0.2Ca alloy; (c)

corresponding fitted sum of resistance Raum = Rt + Ret With the X axis in log10 scale for better perception;

(d) selection of the models for EIS spectra at different immersion periods (adapted from Corrosion

Science [181])

After removing the corrosion layers, the corrosion morphologies of the two samples after 24 h

immersion are compared. It seems that corrosion near the grain boundary in the as-cast sample

(Fig. 5-28a) is more pronounced than that in the solution-annealed sample (Fig. 5-28b). Due
to the segregation of Zn, the Volta potential at the grain boundary area is more positive than

that of the inner grain area, thus causing galvanic corrosion at the grain boundary interface. In

contrast, Zn is uniformly distributed in the solution-annealed sample and corrosion develops

homogeneously.
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Fig. 5-28. SEM images in BSE mode of (a) as-cast and (b) solution-annealed Mg-0.5Zn-0.2Ca alloy
after immersion for 24 h (adapted from Corrosion Science [181])

Quasi-in situ corrosion observation

The quasi-in situ corrosion observation (described in section 4.3.3) is a useful method to
investigate the initiation of corrosion on a microscopic scale [176, 212]. To explain the general
corrosion performance described above and to elucidate the corrosion mechanism of Mg-
0.5Zn-0.2Ca alloy, this approach is adopted.

After only 30 s exposure to 0.9% NaCl solution, there are already discernible thin corrosion
products forming on both the matrix and the IMPs (Fig. 5-29a, d, g). With prolonged exposure
for 10 min and 30 min, the corrosion products become thicker but the inherent contrast in CE-
IMP can still be observed (Fig. 5-29b, e, h), which demonstrates that the intermetallics are at
least not fully corroded. CE-IMPs are entirely covered with the corrosion products that blur the
phase contrast subsequent to 1 h immersion (Fig. 5-29c, f). After being peeled off by scotch
tape, itis discovered that the greyish part which used to be the Mg2Ca phase is no longer present,
whereas the brighter part which used to be CazMgsZns phase still remains (Fig. 5-29i).
According to the EDS point analysis (Fig. 5-29j), trace amount of Ca can be detected in Point
1, which hints that the MgzCa phase is dissolved. The slight Zn and Ca signals are possibly
from the Ca2MgsZns in the vicinity or from the MgzCa phase residuals underneath. In contrast,
evident Zn and Ca signals are captured in Point 2. This result can be a direct evidence that
corrosion is inclined to take place initially in the CE-IMP area, and out of which, the Mg2Ca

phase is preferentially dissolved within 1 h immersion leaving Ca2MgsZns phase uncorroded.

As revealed in Fig. 5-29i, the corrosion products cannot be thoroughly removed by the tape-
peeling process. More complete removal of the corrosion layer is needed to understand the
corrosion mechanism of Mg-Zn-Ca. Although Mg2Ca can be corroded by diluted chromic acid

(Fig. S2c-d), Mg2Ca precipitates are already fully dissolved after 1 h immersion. Considering
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the facts that Ca2MgesZns and MgCaSi phases are not affected by diluted chromic acid cleaning,
the corrosion products are removed with diluted chromic acid after immersion longer than 1 h.
According to Fig. 5-30, similar corrosion morphologies are observed after the removal of

corrosion layers by diluted chromic acid cleaning and tape-peeling.
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Fig. 5-29. SEM images in BSE mode of the as-cast Mg-0.5Zn-0.2Ca alloy (a-c) before immersion, (d-
) after immersion for 0.5 min, 10 min and 60 min, respectively; (g-i) after tape-peeling process to
remove the corrosion products; (j) corresponding EDS spectra of point 1 and 2 (published in Corrosion
Science [181])
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Fig. 5-30. SEM images in BSE mode of the as-cast Mg-0.5Zn-0.2Ca alloy (a)(b)(c)(d) before
immersion; after immersion for (e)(f) 3 h and (g)(h) 6 h, respectively; after (i)(k) tape-peeling process

and (j)(I) diluted chromic acid to remove the corrosion products (published in Corrosion Science [181])

CE-IMPs are completely covered and MgCasSi are partially covered with the corrosion products
subject to 1 h immersion (Fig. 5-31f), implying that the corrosion kinetics of Mg/CE-IMP
galvanic coupling is faster than that of Mg/MgCasSi. After cleaning, the corrosion products and
Mg2Ca phase are removed whereas CazMgesZns and MgCaSi phases remain (Fig. 5-31k). After
3 h, the Mg matrix near the CE-IMP starts to be undermined while the matrix in the vicinity of
the isolated CazMgeZns or MgCaSi shows comparatively less corrosion (Fig. 5-31g, ). This
correlates with the larger Volta potential difference of Mg2Ca/Ca2MgsZns and Mg/CE-IMP
than those of Mg/CazMgesZns and Mg/MgCaSi, which drive more intense oxidation-reduction
reactions at the respective interface. The undermined Mg matrix area becomes even larger after
6 h. Galvanic corrosion would terminate only if the Ca2MgesZns phase in position Il would be
detached (Fig. 5-31c, h, m). With 12 h and 24 h exposure, cracks are found in the much thicker
corrosion layers due to the dehydrating process. Although the pit size and surface roughness
increase, the majority of Ca2MgsZns and MgCaSi phases are still present on the sample surface

(Fig. 5-31n, 0), indicating a continuous galvanic corrosion at the specific interface.

The same procedure is also applied to the solution-annealed sample with only Mg/MgCasSi
galvanic couples present in the system. With 1 h exposure, only moderate corrosion attack
occurs at the interface (Fig. 5-32k) and Mg matrix surrounding MgCaSi phase corrodes slightly.
After 3 h, MgCasSi is fully covered with the corrosion products (Fig. 5-321) and some places
start to be undermined subject to 6 h immersion (Fig. 5-32m). After 12 h and longer immersion
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durations, the corrosion products become thicker (Fig. 5-32i, j). Cracks are formed along the
intermetallics possibly due to the active interaction at the interface. The degradation of matrix

becomes more severe with increasing immersion time (Fig. 5-32n, 0).
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Fig. 5-31. SEM images in BSE mode of as-cast Mg-0.5Zn-0.2Ca alloy (a-€) before immersion; after
immersion for (f) 1 h, (g) 3 h, (h) 6 h, (i) 12 h and (j) 24 h, respectively; (k-o0) after diluted chromic acid
to remove the corrosion products (published in Corrosion Science [181])

immersion time
1 h 3:h 6h 12 h 24 h

10 pm

after immersion before immersion

attack

-_—
~N e

”~
L

chromic acid

10 pm
IR

Fig. 5-32. SEM images in BSE mode of solution-annealed Mg-0.5Zn-0.2Ca alloy (a-e) before
immersion; after immersion for (f) 1 h, (g) 3 h, (h) 6 h, (i) 12 h and (j) 24 h, respectively; (k-o0) after
diluted chromic acid to remove the corrosion products (published in Corrosion Science [181])
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5.2.3. Summary

(1) Inas-cast Mg-Zn-Ca, anodic Mg2Ca is preferentially corroded within 1 h whereas cathodic
CazMgsZnz and MgCaSi phases remain even after 24 h immersion. In the solution annealed
Mg-Zn-Ca sample, MgCasSi is the only remaining precipitate. Higher corrosion resistance
is observed in the solution annealed sample.

(2) The Fe concentrations in the Fe-Si particles increase as the heat treatment duration
prolongs. Uniform corrosion in as-cast Mg-Zn changes into localised corrosion in the heat
treated sample. The corrosion resistance of Mg-Zn is significantly deteriorated after

solution annealing.

5.3. As-extruded Mg-0.5Zn(-0.2X) alloys

As seen in section 5.1, the microstructure and corrosion behaviour of as-cast Mg-0.5Zn change
with the addition of alloying element X. It would be interesting to study also the effects of
extrusion on these alloys. Moreover, the corrosion response to heat treatment differ in different
systems (section 5.2). Can the deteriorated corrosion performance of solution annealed Mg-

0.5Zn be compensated by extrusion?

5.3.1. Composition and microstructure

The alloying element and impurity concentrations of the as-extruded Mg-0.5Zn(-0.2X) alloys
measured by ICP-OES are shown in Table 5-4, which are similar to those of the as-cast state
in Table 5-1. Those measured by Spark-OES (Table S2) have lower impurity levels compared
to those in as-cast state (Table S1). This might be due to the experimental setup as the diameter
of the holder is similar to that of the extruded bar, making the Spark-OES analysis for the as-
extruded alloys less accurate. Nevertheless, the compositions do not change much after heat

treatment and extrusion according to the ICP-OES measurement.

The solution-annealed billets are pre-heated and extruded at 350 °C with an extrusion speed of
0.6 mm/s, 2.2 mm/s and 4.4 mm/s, respectively. The microstructures of the as-extruded alloys
are shown in Fig. 5-33. The grains are mostly equiaxed and recrystallized in all cases with only
minor areas of Mg-Zn-Ca/Ag/In extruded at 0.6 mm/s are non-fully recrystallized. The
recrystallized grains are generally uniform although some comparatively big grains near the
small ones can also be observed. An example of the non-fully recrystallized microstructure in
Mg-Zn-Cais displayed in Fig. 5-34. However, the exact area fractions of these elongated grains
are difficult to measure quantitatively as their amounts are too low. Although the grain sizes of
the as-extruded alloys are generally proportional to the extrusion speeds, the grain sizes do not
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change much with the adopted extrusion speeds except for Mg-Zn-Ca (Table 5-5). Mg-Zn-Cu
extruded at 4.4 mm/s has a slightly coarser grain size than the other alloys. The effect of grain
size on the corrosion performance of Mg alloy is still under debate [124, 151, 213]. To exclude
the effect of grain size so that the corrosion behaviour of different systems can be compared,
the samples with similar grain sizes (around 30 um, hereafter referred as as-extruded Mg-Zn(-
X) alloys) are selected for further study (e.g. Mg-0.5Zn and Mg-0.5Zn-0.2Cu extruded at 2.2
mm/s and Mg-0.5Zn-0.2Ca/Sr/Ag/In extruded at 4.4 mm/s). The influence of the non-fully
recrystallized microstructures on the corrosion performance can also be avoided by using the

selected fully recrystallized samples mentioned above.

Table 5-4 Main alloying element and impurity concentrations of as-extruded Mg-0.5Zn(-0.2X) alloys
determined by ICP-OES

Mg-0.52n Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn-
0.2Ca 0.25r 0.2Ag 0.2In 0.2Cu

Zn (wt.%) | 0.49+0.020.51+0.02(0.48+0.02|0.50+£0.02]0.49+0.02 | 0.47 £0.02
X (wt.%) - 0.18+0.02]0.19+£0.02]0.19+0.020.19+0.02 ] 0.20+£0.01
Mn (ppm) | 169+5 200+ 5 186 +5 168 +5 171+5 1745
Si (ppm) 67 +4 137 +4 154 + 4 140 + 4 57+4 59 + 4
Al (ppm) 32+5 52+5 130 +5 146 + 5 8l+5 55+5
Fe (ppm) 13+6 22+6 13+6 13+6 12+6 7+6
Cu (ppm) <3 <3 <3 <3 <3 -
Ni (ppm) <3 <3 <3 <3 <3 <3
Be (ppm) <3 <3 <3 <3 <3 <3

As texture always exists in the wrought Mg alloy after plastic deformation and can as well
influence the degradation behaviour, textures of the as-extruded Mg-0.5Zn(-0.2X) alloys are
measured. According to the inverse pole figures in Fig. 5-35, all the as-extruded Mg-0.5Zn(-
0.2X) alloys have fibre texture (c-axes of the grains perpendicular to the extrusion direction)
with the exception of Mg-Zn-Ca. The texture intensity of Mg-0.5Zn is greatly reduced with the
addition of Ca and a “rare earth” component can be observed. The “rare earth” component is
commonly found in rare earth or Ca containing Mg alloys [214], typically characterised by
intensities with tilt out of the arc between the (1010) and (1120) poles toward the (0001) pole.

The addition of Cu seems to increase the texture intensity of Mg-Zn.
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Table 5-5 Influence of extrusion speeds on the grain sizes of as-extruded Mg-0.5Zn(-0.2X) alloys

Speed

Alloy 0.6 mm/s 2.2 mm/s 4.4 mm/s
Mg-0.5Zn 26+£1pum | 30x1pum | 31+1pum
Mg-0.5Zn-0.2Ca 7+1pum 201pm | 302 pum
Mg-0.5Zn-0.2Sr | 23+2pm | 26£0pum | 31+1pum
Mg-0.5Zn-0.2Ag | 24+0pum | 26x0pum | 29+ 1pum
Mg-0.5Zn-0.2In 24£0um | 27£2um | 302 pum
Mg-0.5Zn-0.2Cu | 22x1puym | 32x1lum | 37£1um

Mg-Zn 0.6 mm/s

Mg-Zn-Ca 0.6 mm/s

Mg-Zn-Ag 0.6 mm/s

Mg-Zn-In 0.6mm/s

Mg-Zn-Cu 0.6mm/s

Mg-Zn 2.2 mm/s

Mg-Zn-C4 2.2 mmls

S 1N

-

g DIg-ZI:-Sr 22 mm/p

»
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Fig. 5-33. OM microstructures of as-extruded Mg-0.5Zn(-0.2X) alloys with extrusion speed of 0.6

mm/s, 2.2 mm/s and 4.4 mm/s at 350 °C, respectively
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Fig. 5-34. OM image of a non-fully recrystallized microstructure of Mg-0.5Zn-0.2Ca extruded at 350
°C with a speed of 0.6 mm/s
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Fig. 5-35. Inverse pole figures of the as-extruded Mg-0.5Zn(-0.2X) alloys with extrusion speed of 0.6
mm/s, 2.2 mm/s and 4.4 mm/s, respectively. Bottom left (0001) pole, bottom right (1010) pole and top
right (1120) pole. Max and Min are the maximum and minimum pole density in multiples of random

distribution, respectively.

The dendritic microstructures in as-cast Mg-0.5Zn(-0.2X) alloys (Fig. 5-2) are dissolved after
heat treatment and extrusion. Moreover, Zn segregations existing between the dendritic arms
also vanish accordingly (Fig. 5-36). Although solution annealing is applied to reduce the
amount of intermetallics prior to the extrusion process, there are still intermetallics remaining
in some systems. From higher magnification SEM images, the as-extruded Mg-Zn, Mg-Zn-Ag
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and Mg-Zn-In samples exhibit analogous microstructures with the presences of CE-IMP
containing Fe-Si and Mg2Si precipitates (Fig. 5-37a, d, e). The Fe-Si particles are usually
submicron sized and Mg2Si are a little bigger (1-2 pm). Sometimes isolated Mg2Si phase can
also be seen (spot 3 in Fig. 5-37a). There are a few precipitates containing Mg, Ca and Si in
the as-extruded Mg-Zn-Ca sample (Fig. 5-37b). Ocassionally, small amounts of Fe are also
incorporated in these MgCaSi particles (spot 2). The intermetallics in as-extruded Mg-Zn-Sr
are Mg/Si/Sr-containing particles (Fig. 5-37c). Interestingly, put aside the particles with Si <
Sr and Si ~ Sr observed in the as-cast state, precipitates with Si > Sr (spot 3) can also be
observed in the as-extruded sample. Fe is sometimes incorporated in these Mg/Si/Sr particles
(spot 4). The precipitates differ significantly in sizes and tend to distribute in parallel to the
extrusion direction. Similarly, both larger (~5 um) and smaller (hundreds nm) precipitates can
be observed in as-extruded Mg-Zn-Cu (Fig. 5-37f). The particles (especially the big ones) have
high Cu concentrations (10-20 at.%). Ocassionally, CE-IMP with Mg/Cu (spot 1) and Mg2Si
(spot 2) particles can be observed. In addition, Fe tends to exist in the Mg2Si part in CE-IMP
(spot 4). The Zn containing intermetallics in the as-cast alloys are generally found to be
dissolved into the matrix after solution annealing and extrusion, whereas the Si-containing
intermetallics can still be detected indicating the relative high stability of these particles even
at elevated temperatures. The particle sizes are generally refined after extrusion. The
intermetallic area fractions of the longitudinal cross sections of the as-extruded Mg-Zn-Cu,
Mg-Zn-Sr and Mg-Zn-Ca alloys are calculated to be 0.26 £ 0.01, 0.23 + 0.01 and 0.10 + 0.01,
respectively. Mg-Zn-Sr, Mg-Zn-Cu and Mg-Zn-Ca have larger amounts of intermetallics,
whereas the low amounts of intermetallics in the rest of the alloys defy quantification.

Fig. 5-36. Microstructures of the as-extruded Mg-0.5Zn(-0.2X) systems indicated by BSE SEM images
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Mg-Zn-Ca C Mg-Zn-Sr

2 um 2 um

Composition (at. %) Composition (at. %) Composition (at. %)

Spot (€] Mg Si Fe Zn Spot O Mg Si Ca Fe Zn Spot O Mg Si Fe Zn Sr

1 17 95.9 241 0.2 0.1 1 1.6 820 9.1 7.1 02 1 22| 749 173 04 152
2 14 875 49 6.1 0.1 2 06 896 38 1559 84278 B 03, 2 1528 N 92:68| F2.9 0.271 131
3 1:2 92.0 6.5 0.1 0.2 3 14 930 |32 20 0.4 3 41 803 98 023 856

4 348 9218 B2 28 N1 F0:2 3 (109,

Mg-Zn-Cu

Lo

2 pm
I
Composition (at. %) el Composition (at. %)

Spot O Mg Si Fe Zn Spot O Mg Si Fe Zn Spot O Mg Si Fe Cu Zn
1 3.0 87.0 43 39 0.2 1 12 92.3 6.2 0.1 02 1 09 807 04 174 06
2 0.4 945 45 0.2 04 2 1:2 89.2 52 41 03 2 12 768 94 122 04
3 0.6 88.8 92 1.1 0.3 3 155 73:9° 0.6 226 14
4 14 822 16.0 0.1 0.3 4 210 TS50 7T, 18 125 04

Fig. 5-37. (a-f) Intermetallics in the as-extruded Mg-0.5Zn(-0.2X) systems indicated by BSE SEM

images; (al-f1) corresponding intermetallic compositions measured by EDS point analysis

5.3.2. Corrosion performance

The PDP curves (Fig. 5-38a) show that the corrosion potentials of as-extruded Mg-Zn-Ca and
Mg-Zn-Sr are the most and second most negative, respectively, while the values of as-extruded
Mg-Zn, Mg-Zn-Ag, Mg-Zn-In and Mg-Zn-Cu are similar (~-1500 mV). Mg-Zn-Ca and Mg-
Zn-Sr also possess the lowest icorr followed by Mg-Zn-Ag (Fig. 5-38b), while the icorr Values of
Mg-Zn, Mg-Zn-In and Mg-Zn-Cu are similar (90-100 pA/cm?).
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Fig. 5-38. (a) Potentiodynamic polarisation curves and (b) corrosion potential and corrosion current
density of the as-extruded Mg-0.5Zn(-0.2X) alloys.

The Nyquist plots of the as-extruded Mg-0.5Zn(-0.2X) alloys are shown in Fig. 5-39 and the
EIS data is fitted with the equivalent circuit models in Fig. 5-7. Mg-Zn and Mg-Zn-In suffer
severe corrosion attacks at the beginning of immersion (160-170 Qcm?) with clear inductive
loops in the low frequency ranges. The Rsum Values decrease to the minimum (98-103 Qcm?)
at 1 h and then increase steadily afterwards (Mg-Zn 622 Qcm?, Mg-Zn-In 535 Qcm?) possibly
due to the accumulation of the corrosion products. The steadily-raising Rsum in Mg-Zn-Ca
implies the progressively build-up of corrosion products in the first 24 h (1459 Qcm?) although
it suffers slight decline at 72 h (1328 Qcm?). The Rsum of Mg-Zn-Sr increases during the first
1 h (956 Qcm?) followed by a decline until 6 h (416 Qcm?) possibly due to some localised
corrosion from oxides film breakdown. The highest Rswum value occurs after 72 h immersion
(1058 Qcm?). The Rsum of Mg-Zn-Ag reaches the maximum value (595 Qcm?) at the very
beginning of the test (5 min). Afterwards, Rsum decreases to the minimum (112 Qcm?) at 1 h
and then gradually increases again. Rsum maintains low (150 Qcm?) during the entire immersion
period in Mg-Zn-Cu, indicating the precipitated corrosion products on Mg-Zn-Cu are not
compact or protective. The low Rsum of Mg-Zn, Mg-Zn-In and Mg-Zn-Cu after 5 min hint that

active reactions already take place at the interface during the early stage of immersion.
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Fig. 5-39. EIS Nyquist plots of the as-extruded Mg-0.5Zn(-0.2X) alloys during 3 days immersion in

0.9% NaCl solution
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Fig. 5-40. (a) The fitted sum of the resistance of as-extruded Mg-0.5Zn(-0.2X) alloys during the 3 days

measurement (Raum = R + Rer) (the X axis is in 1og10 scale for better perception); (b) selection of the

models for EIS spectra at different immersion periods

Hydrogen evolution test is further conducted on the as-extruded Mg-0.5Zn(-0.2X) alloys for 7

days (Fig. 5-41). Only slight corrosion takes place in as-extruded Mg-Zn-Ca with the H2

generation efficiency being 0.16 ml/cm? after 7 days immersion. The evolved Hz volumes from

Mg-Zn-Sr increase steadily to 2.71 ml/cm? at 7 days. In contrast, H2 is generated vigorously in

Mg-Zn, Mg-Zn-Ag, Mg-Zn-In and Mg-Zn-Cu, especially during the early stage of immersion
(i.e. 0-10 h). The final evolved Hz volumes from Mg-Zn, Mg-Zn-Ag, Mg-Zn-In and Mg-Zn-

75



RESULTS

Cu are 9.29, 11.38, 7.19, 52.49 ml/cm?, respectively. Based on Equation 4-7, the calculated
corrosion rate of Mg-Zn, Mg-Zn-Ca, Mg-Zn-Sr, Mg-Zn-Ag, Mg-Zn-In and Mg-Zn-Cu after 7
days is 3.07, 0.05, 0.90, 3.71, 2.37 and 17.19 mm/year, respectively.
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Fig. 5-41. (a) Evolved hydrogen volumes and (b) corresponding corrosion rates of the as-extruded Mg-

0.5Zn(-0.2X) alloys during 7 days hydrogen evolution test

The corrosion morphologies of the alloys after 7 days hydrogen evolution test are shown in
Fig. 5-42. Slight corrosion occurs in as-extruded Mg-Zn-Ca, whereas the most severe corrosion
takes place in Mg-Zn-Cu. The as-extruded Mg-Zn, Mg-Zn-Ag and Mg-Zn-In samples also
suffer severe localised corrosion such as pitting and selective dissolution. Filiform-like
corrosion can be seen on the surface of the as-extruded Mg-Zn-Sr sample with some places
being preferentially corroded.

Fig. 5-42. Corrosion morphologies (with corrosion products) of the as-extruded Mg-0.5Zn(-0.2X)

alloys after 7 days hydrogen evolution test
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Similar to the cases in the as-cast states, Mg-Zn-Ca possesses the highest corrosion resistance
and Mg-Zn-Cu possesses the lowest corrosion resistance among the as-extruded alloys. The
Rsum value of as-extruded Mg-Zn-Ca is comparable to that of the as-cast sample with the
occurance and scale of Rsum loss being postponed and reduced. The corrosion rate derived from
hydrogen evolution test (0.05 mm/year) is even lower than that of the as-cast sample (0.12
mm/year). Similar corrosion rates are observed in as-cast and as-extruded Mg-Zn-Cu (16-17
mm/year). In contrast, the corrosion performances of as-extruded Mg-Zn, Mg-Zn-Ag and Mg-
Zn-In are significantly deteriorated compared to the as-cast samples. Particularly, the Rsum of
as-extruded Mg-Zn is not higher than that of the HT 16 h sample, indicating the deteriorated
corrosion performance of solution annealed Mg-0.5Zn cannot be compensated by extrusion.
Since solution annealing would decrease the corrosion resistance of Mg-0.5Zn and deformation
seems to be essential to enhance the mechanical and corrosion properties, one may wonder
what measures should/should not be done to alleviate the negative effects incurred by annealing.

Is annealing really a necessary procedure prior to deformation?

5.3.3. Necessity of heat treatment before extrusion

It is widely accepted that as-cast Mg alloys are not mechanically suitable for biomedical
implants and as-wrought alloys are preferred due to better corrosion and mechanical properties
[90, 209]. Prior to the mechanical deformation, heat treatments on the alloys are widely used
(Table 2-1). To evaluate the necessity of heat treatment, the as-cast Mg-0.5Zn sample is
directly extruded at the same extrusion conditions (350 °C, 2.2 mm/s). The corrosion
performance of which is compared to that of the as-extruded Mg-0.5Zn sample described in
section 5.3.2. For simplicity, the solution-treated (400 °C 16 h) and then extruded Mg-0.5Zn is
shortened as HT16 h-extruded sample while the as-cast and then directly extruded Mg-0.5Zn
is shortened as as cast-extruded sample. As expected, both the extruded samples show fully-

recrystallized microstructures with average grain sizes of around 30 pm (Fig. 5-43).

Fig. 5-43. OM images of (a) as cast-extruded and (b) HT16 h-extruded Mg-0.5Zn samples
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The corrosion performances of these two extruded samples are characterised by Nyquist plots
(Fig. 5-44a-b). The EIS data is fitted with the equivalent circuit models in Fig. 5-7 and the Rsum
values are displayed in Fig. 5-44¢. During the whole immersion period, two capacitive loops
can be seen in the as cast-extruded sample whereas only one capacitive loop is present in the
HT16 h-extruded sample. After only 5 min immersion, Rsum of as cast-extruded Mg-0.5Zn (725
Qcm?) is already much higher than that of the HT16 h-extruded sample (160 Qcm?). With
prolonged immersion, Rsum of as cast-extruded Mg-0.5Zn increases steadily until 6 h (1535
Qcm?) and becomes stable afterwards. In addition, the corrosion morphologies after 3 days
immersion show that uniform corrosion occurs in the as cast-extruded sample (Fig. 5-44al).
Whereas severe localised corrosion with corrosion pits ranging from 500 um to 2 mm are
observed in the HT16 h-extruded specimen (Fig. 5-44b1). The as cast-extruded sample exhibits
a much higher corrosion resistance than the HT16 h-extruded specimen, hinting mechanical
deformation cannot necessarily compensate the detrimental effects derived from heat treatment.
Moreover, it seems heat treatment is not an indispensable procedure to be carried out before

deformation.
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Fig. 5-44. EIS Nyquist plots of (a) as cast-extruded and (b) HT16 h-extruded Mg-0.5Zn samples; (al-
b1) corresponding corrosion morphologies after 3 days immersion; (c) the fitted sum of resistance Rsum
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at different immersion periods
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5.3.4. Summary

(1) Zn segregations and Zn containing precipitates dissolve into the matrix while Si containing
precipitates still remain in the as-extruded Mg-Zn(-X) alloys. Fe impurity tends to exist
with Si.

(2) Corrosion test results indicate that as-extruded Mg-Zn-Ca exhibits the lowest corrosion
rate whereas as-extruded Mg-Zn-Cu possesses the highest corrosion rate. Similarly low
corrosion resistances are found in as-extruded Mg-Zn, Mg-Zn-Ag and Mg-Zn-In alloys.
The corrosion rates of which are significantly higher than their as-cast counterparts.

(3) The as cast-extruded Mg-Zn sample has a much higher corrosion resistance than the HT16
h-extruded specimen, hinting it is not necessary, at least not for all Mg alloys, to conduct

heat treatment before extrusion.

5.4. Comparisons between the as-cast and as-extruded samples

For easier comparisons of the as-cast and as-extruded Mg-Zn(-X) alloys and to understand the
effects of solution treatment and hot extrusion, results of microstructure and corrosion are

collectively shown here.

As displayed in Table 5-6, Zn dissolves after solution treatment and extrusion. Moreover, Fe,
together with Si are found in the precipiates in the as-extruded systems. Although Fe-Si
particles are also observed in the as-cast state (e.g. Fig. 5-13a), the Fe-Si particles dominate
the precipitates especially in as-extruded Mg-Zn, Mg-Zn-Ag and Mg-Zn-In. Fe is also
discerned in the Mg/Ca/Si and Mg/Sr/Si precipitates in as-extruded Mg-Zn-Ca and Mg-Zn-Sr.
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Table 5-6 Summary of the compositions of the intermetallic particles formed in the as-cast and as-
extruded Mg-0.5Zn(-0.2X) alloys

Alloy IMP compositions Alloy IMP compositions
Mg/Cathigh Zn,
as-cast Mg/si/zn
Mg-2Zn Mg-zn-Ca | MaiCallow Zn, Mg/CalSi
as-extruded Mg/Si, Fe/Si Mg/Ca/Si/(Fe)
Mg/Zn/Sr/Si (Si < Sr)
as-cast Mg/Zn/Ag/Si
Mg-zn-Sr | MOIZNISHSI(SIZSH | Mg-zn-Ag
as-extruded Mg/Sr/Si(Fe) Mg/Si, Fe/Si
as-cast Mg/Si/zn Mg/Zn/Cu/Si
Mg-Zn-In Mg-Zn-Cu
as-extruded Mg/Si, Fe/Si Mg/Cu, Mg/Si(Fe)

Corrosion results of the as-cast and as-extruded samples are shown in Table 5-7. The amounts
of Hz generated by Mg-Zn, Mg-Zn-Ag and Mg-Zn-In are significantly promoted after solution
treatment and extrusion. Especially during the early stage of immersion (6 h), these as-extruded
samples corrode 35-55 times faster than their as-cast counterparts. After solution treatment and
extrusion, corrosion is also slightly accelerated in Mg-Zn-Sr while Mg-Zn-Cu maintains the
high dissolution rate. In contrast, as-extruded Mg-Zn-Ca generates the least amount of H2
among all materials. The electrochemical characterisations also corroborate the results of Hz
evolution test. The icor of Mg-Zn, Mg-Zn-Ag and Mg-Zn-In increase significantly after
solution treatment and extrusion. In addition, compared to the as-cast counterparts, the
corrosion potentials of the as-extruded alloys experience shifts to the positive direction except
Mg-Zn-Ca and Mg-Zn-Cu. Significant reductions in Rsum from EIS are observed in as-extruded
Mg-Zn and Mg-Zn-In after 6 h until the end of test.
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Table 5-7 Comparisons of the evolved H, volumes, corrosion potential (Ecorr) and corrosion current density (icorr) from PDP, Rqm from EIS between the as-cast

and as-extruded Mg-Zn(-X) samples.

Evolved H; volume (ml/cm?)

lcorr

Raum (Qcm?) in EIS

Alloy Ecorr (MV)
6h 24 h 72 h 168 h (MAfcm?) 6h 24 h 72 h
w0001 | 003002 | 000 OTTS008 ANG:D | &1 | 1ML O2ENG | 091D
T [ aoxtruded | 1922008 | 4252008 | 6675019 | 0314043 | I51658 | 8952 | 185:15 | S77s62 | G23%22
e, | O 00O GOS0 OIT004 | 0362009 | AT ol ISiSaS) @9els 17
asexiuded | 002001 | 002001 | 0122002 | 0162002 | 4722512 | 1421 | 1528220  1633%175 | 1329484
g | S| 00001 | 025001 | 02002 1015004 ASes | Ze2 | Baalst GGsuO 9l
asexiuded | 010000 | 070006 | 1642005 | 2785006 | -1622%5 | 1281 417842 | 67792 | 1050141
pung | TS| DONSOOL| 018001 | 105:014  2Gs0ms a4s3 | 23 enst | 2Maw | WTe1d
asexinuded | 148006 | 2724016 | 596023 | 11374030 | A527%1 | 4048 | 407237 | 537469 50939
 mes 00:001 | 02:00 | 002 | L0:03 U4 | 1952 Wil 7ilz | 23107
T | esoxtruded | 1682006 | 3502026 | 5305062 | 722001 | 149624 | 9251 | 20020 | a47%7 | 53547
e, | SOS LS9501 052034 Bries 9722225 WO 4L 2722 19220 | 194220
asexinuded | 226%003 | 7855054 | 24135145 | 52755101 | 4477535 | O7%5 | 156229 | 135%22 | 117%13

[0e]
e




6. Discussion

6.1. Influence of alloying elements on the as-cast alloys

6.1.1 Microstructure

The grain structures of Mg-0.5Zn differed greatly with the additions of different alloying
elements (Fig. 5-1 and Fig. 5-2). The grain sizes of Mg-Zn, Mg-Zn-In and Mg-Zn-Cu are in
millimetre range while that of Mg-Zn-Ca, Mg-Zn-Sr and Mg-Zn-Ag are refined. The roles of
solutes in the grain refinement of Mg alloys were extensively studied in literature [215] and a
growth restriction factor (GRF) or Q value is proposed. The Q value is relevant to the rate of
establishing constitutional supercooling zone. During solidification, the solute segregations
ahead of the advancing solid/liquid interface cause constitutional supercooling, which would
restrict the growth of dendrite/grain and promote nucleation [215]. Higher Q value normally
corresponds to higher possibility to build up constitutional supercooling zone and higher grain
refinement efficiency. The Q value can be described as:

Q=mCy(k-1) (Equation 6-1)

where m is the slope of the liquidus line, Co is the solute composition (wt.%) of the alloy and
k is the equilibrium partition coefficient of the element [216]. The calculated Q value of each
alloying element in this study is shown in Table 6-1. However, this equation is only valid for
binary systems. When it comes to ternary systems, the addition of a tertiary element to a binary
alloy should lead to an increase in the Q value in the system, which in turn led to finer grains
[217, 218]. This is in agreement with the observations in Fig. 5-1 and Fig. 5-2 that the additions
of 0.2 wt.% Ca, Sr and Ag decrease the grain size of reference Mg-0.5Zn alloy and the grain
refinement extent is proportional to the corresponding Q value. The grain refining effects of
Ca[89], Sr[16] and Ag [141] were also reported elsewhere although the base material was not
necessarily Mg-Zn. Indium, with a Q value of 0.4, is significantly lower in the grain refining
effect than those of the other alloying elements. Indeed, the grain size does not change much
after the addition of 0.2 wt.% In. Surprisingly, Zn and Cu have high Q values (next to that of
Ca among the selected elements) whereas grains are not refined in this work. For example, the
grain size of Mg-0.5Zn is similar to that reported in literature (1 mm for Mg-2Zn [143], 1.5-3
mm for Mg-0.5Zn [219]). The coarse grains are related to the low supercooling degree during
solidification as the additions of the alloying elements are rather limited. Blawert et al. [220]
reported the grain size of AZ91 reduced from 500 pum to 200 um after adding 2 wt.% Cu,

whereas no grain refining effect was noticed if the Cu content was less than 0.5 wt.%. Cai et
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al. [82] also found grain refinement effect of Zn was significant only if its addition was in the
range of 1-5 wt.%. Mg-Zn and Mg-Zn-Cu are expected to show finer grains if the additions of
Zn and/or Cu are higher. In addition, the formation of intermetallics (e.g. Ca-Si [221], Sr-Si
[222], Mg-Sr [215]) can also contribute to the grain refinement. These elements have high
affinities with each other and will be pushed to the front of solid/liquid interface forming the
relevant precipitates during solidification. These thermostable phases are distributed on the
dendrite/grain boundaries (Fig. 5-2) which could further impede the grain growth of Mg-Zn-
Ca and Mg-Zn-Sr by pinning effect.

Table 6-1 Q value [216] and solubility limit in Mg [183, 223] of the alloying elements and
corresponding grain size of Mg-Zn(-X) system (published in Materials & Design [206])

Element Zn Ca Sr Ag In Cu Si Mg
Q value (-) 5.3 11.9 3.5 2.7 0.4 5.3 - -
Grain size of Mg- mm 147 238 378 mm mm

Zn(-X) in this work level pm pm pm level level

Maximal solubility in
Mg (wt.%)

6.2 1.34 0.11 15 53 0.034 | 0.003 -

Solubility in Mg at
RT (wt.%)

2 ~0 ~0 ~0 35 ~0 ~0 -

Due to the different solubility of the alloying elements and impurities in Mg [183, 223],
different intermetallics are formed in the alloys. Similar microstructure and Mg/Zn/Si
containing intermetallics are observed in Mg-Zn and Mg-Zn-In (Fig. 5-3a, €). Only MgZn and
Mg2Si phases were reported in the Mg-Zn-Si systems and no ternary phases were detected [108,
224]. The brighter and darker part of CE-IMP could be determined as MgZn and Mg2Si,
respectively. Due to the lower enthalpy of formation of Mg2Si (-25.9 kJ/mol-atom) [225] than
that of MgZn (-15 kJ/mol-atom) [226], Mg2Si is preferentially formed. Thus, Mg2Si can act as
a nucleation site for MgZn during solidification. Due to the high solubility of In, no In-rich

secondary phase is formed. Similar precipitate free microstructures were also observed in Mg-
(1~7)In [227].

As for Mg-Zn-Ca, the relative atomic ratio of Ca/Si in the Mg-Ca-Si-containing phase is 0.8 +
0.1 (Table 5-2). Carbonneau et al. [210] reported the atomic fraction among Mg, Ca and Si

was close to a stoichiometric value of one-third in the ternary MgCasSi phase. In this case, the

atomic ratio of Ca/Si is near 1, indicating that the Mg-Ca-Si-containing phase is potentially a
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MgCaSi phase. The atomic ratio of Zn/Ca in Mg-Zn-Ca part in CE-IMP is 1.6 = 0.4 (Table
5-2), which indicates that the Mg-Zn-Ca part in CE-IMP is possibly CazMgesZns [130]. Since
only one IMP forms between Mg and Ca, it could be assumed that the Mg-Ca part in CE-IMP
is the Mg2Ca phase [228]. With further assistance of TEM diffration patterns within CE-IMP
(Fig. 5-24), the hcp phase with smaller lattice parameters is Mg2Ca phase [229] and the hcp
phase with larger lattice parameters is CazMgesZns phase [230]. In addition, the isolated
MgCaSi phase possesses a primitive orthorhombic crystal structure [210]. The SAED patterns
confirm with the literature that conducted on these phases [231-237]. Similar CE-IMP structure
can be found in Ref. [81, 130, 232] and the presence of MgCasSi is also reported in Ref. [236,
238]. According to the solidification simulation by Pandat™2017 (database PanMagnesium
2017) [192] using a Scheil model [193] (Fig. 6-1), a-Mg starts to form at 647.26 °C followed
by the precipitation of MgCasSi at 634.89 °C. This suggests that MgCaSi phase solidifies at an
carly stage between the dendrite arms while a-Mg grains are forming. The precipitation of
CazMgsZns begins at 393.88 °C and the last drop of liquid exhausts at 393.82 °C. With further
cooling at 393.80 °C, Mg2Ca starts to precipitate. Due to the similar solidification temperatures
of Ca2MgesZns and Mg2Ca phases (less than 0.1 °C difference), it can be inferred that they
solidify almost simultaneously and Ca2MgsZns acts as a nucleation site when Mg2Ca starts to
precipitate. This is in accordance with the present distribution in as-cast state in which
CazMgsZns embraces MgzCa in CE-IMP (Fig. 5-23c). The detection of MgzCa and MgCaSi
are consistent with the claim of Gil-Santos et al. [239] that these phases would form if Ca/Si
wt.% > 1.7 (13.8 in this study). The formation of Ca2MgsZns also agrees well with literature
[240] that a-Mg + Ca2MgesZns phase would precipitate when Zn/Ca at.% > 1.2 (1.6 in this
study).
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Fig. 6-1. Phase fractions of intermetallics, hcp Mg and liquid of the as-cast Mg-0.5Zn-0.2Ca alloy in
dependence of temperature using a Scheil model by Pandat™?2017 with PanMagnesium 2017 database
(published in Corrosion Science [181])

Two types of intermetallics Mg/Zn/Sr/Si (Si < Sr) and Mg/Zn/Sr/Si (Si = Sr) are observed in
Mg-Zn-Sr sysyem (Fig. 5-3c). A Mg11ZnaSrs ternary phase is found in Mg-5Zn if the Sr
addition is higher than 0.6 wt.% [138]. However, the Zn/Sr ratio (4/3) in Mg11Zn4Srs is not
consistent with the results in this study (Zn < Sr, Fig. 5-3c). The Zn contents in CE-IMPs in
Mg-Zn-Sr (1.4 £ 0.6 at.% for the brighter part and 1.7 + 0.7 at.% for the darker part) are lower
than those of MgZn phase in Mg-Zn, Mg-Zn-Ag and Mg-Zn-In, indicating Zn might be
dissolved in the Mg/Si/Sr particles. Gil-Santos et al. [241] reported the presence of differnet
phases in Mg-Sr-Si systems depending on the addition amounts of Si and Sr: Mg17Sr2 + MgSiSr
+ MgSi2Sr are formed if 0.05 < Si/Sr wt.% < 0.2; Mg17Sr2 + MgSiSr are formed if 0.35 < Si/Sr
wt.% < 0.5; Mg2Si + MgSi2Sr are formed if 0.7 < Si/Sr wt.% < 2. The Si/Sr weight ratio in Mg-
Zn-Sr in this study is 0.03 which is out of the range given above. However, the observed
Mg/Zn/Sr/Si (Si = Sr) particle should be MgSiSr phase with some dissolution of Zn (shortened
as MgSiSr(Zn)). Moreover, the Sr/Si atomic ratio in the observed Mg/Zn/Sr/Si (Si < Sr) particle
is around 2 (Fig. 5-3c), which agrees with the SiSr2 phase indicated in the phase diagram (Fig.
6-2c¢). MgSi2Sr phase is formed in Ref. [241] due to the high additions of Si (0.5-5 wt.%) in
the system. With the low contents of Si (160 ppm) and Si/Sr wt.% ratio (0.03) in this study,
SiSr2(Zn) phase is formed.

The precipitates in Mg-Zn-Ag alloy contain Mg/Zn/Ag/Si (Fig. 5-3d) which are different to
the reported Mgs1Zn20 + MgssAga7 [140, 242] or MgZn + MgsAg [243] in literature. The Zn/Ag
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at.% (~5) in the precipitates (Fig. 5-3d, spot 2 and 3) are also not consistent with that of
MgsZnsAgs ternary phase (Zn/Ag = 0.5) proposed by Lu et al. [244]. The most common Zn-
Ag precipitates are ZnsAg and ZnsAgs which however still don’t match with the Zn/Ag at.%
(~5) in Fig. 5-3d. The presence of ZnsAg phase was only mentioned in [245], which still needs
further validation by TEM. ZnsAg can nucleate on Mg2Si during solidification.

As for Mg-Zn-Cu, CE-IMP was never reported in the literature. The Cu/Zn atomic ratio in the
brighter side is around 2 (Fig. 5-3f1), which is also consistent with the composition of MgZnCu
phase [246, 247]. Si is much higher in the darker side, indicating it is Mg2Si phase. The low
intensities of Zn and Cu in Mg2Si are detected from the surrounding MgZnCu phase.
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Fig. 6-2. Thermodynamic calculated phase diagrams of (a) Mg0.5Zn-Si and (b-e) Mg-0.5Zn(0.2X)-Si
systems (X: (b) Ca, (c) Sr, (d) Ag, (e) Cu) by PandatTM 2017 with PanMagnesium 2017 database. The
blue dash line represents the exact composition of each system. Mg>M in (a) (c) (d) (e) represent Mg.Si

phase. CaMg2_C14 in (b) and Cu2Mg_C15 in (e) represents Mg.Ca and MgCu. phase, respectively.
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Table 6-2 Summary of the possible intermetallics formed in the as-cast Mg-0.5Zn(-0.2X) alloys
(published in Materials & Design [206])

Alloy Intermetallics
Mg-0.5Zn Mg.Si, MgZn
Mg-0.5Zn-0.2Ca Mg.Ca, Ca;MgsZns, MgCasSi
Mg-0.5Zn-0.2Sr MgSrSi(Zn), SiSr2(Zn)
Mg-0.5Zn-0.2Ag Mg.Si, ZnsAg
Mg-0.5Zn-0.2In Mg.Si, MgZn
Mg-0.5Zn-0.2Cu MgzSi, MgZnCu

It is found that Fe, Cu and Ni impurities (Table 5-1) which are well-known as detrimental to
the corrosion properties are within the tolerance limits [76]. Notably, Si, which was sometimes
not considered in the compositional analysis in literature [81, 98, 136, 204] falls in the range
of 70 to 160 ppm. The source of this slight Si inclusion might be related to the Mg production

process (Pidgeon process [248]) with the overall reaction described as:
2MgO +2Ca0 + Fe(Si) — 2Mg(g) + Ca,SiO4(s) + Fe (Equation 6-2)

The ferrosilicon functions as a reducing agent against MgO. It is evident that Si plays an active
role in the intermetallics formation in this study (Fig. 5-3). However, no Si containing particles
are reported although the Si contents (320 ppm in Mg-1In [227], 310-400 ppm in Mg-0.5Ca-
(0.5~9)Zn [133], 440-610 ppm in Mg-(4~6)Zn-(0.2~2)Sr [249]) are much higher than those in
this study. It is reasonable to speculate that the Si concentration should be limited at least below
70 ppm or even further (e.g. 50 ppm [250]) to reduce the formation of unwanted Si containing
intermetallics. Further endeavours are still needed to understand the role of Si inclusion in

microstructure modification.

6.1.2 Corrosion performance

As mentioned above, the grain size of alloy depends largely on the alloying element. Although
discrepancies still exist regarding the effect of grain size on corrosion performance, most
studies mainly focused on the corrosion behaviour of the same material under different
treatment conditions [124, 151, 213]. It is difficult to separately discuss the effect of grain size
in different alloying systems. Nevertheless, in this study, Mg-Zn (with mm grain size) has a
comparable corrosion rate with respect to Mg-Zn-Sr (238 um) (Fig. 5-4), indicating grain size
is not the only factor that affects the corrosion behaviour and other effects such as intermetallics

and impurity contents should also be considered.
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The Volta potential difference of intermetallics relative to the matrix (AE) is known as one of
the main criteria that affect the corrosion performance [251, 252]. Although scanning kelvin
probe force microscopy (SKPFM) measurements are not carried out in this study, based on the
possible precipitates discussed in section 6.1.1, AE of some relevant phases are summarised in
Table 6-3. However, it is noteworthy that the AE of the same phase may deviate widely due to
the different systems and testing environments. AE of MgZn2 and MgZn are reported to be
460-551 mV [123, 253, 254], while that of Mg2Si is 96 mV [253]. The possible precipitates in
Mg-Zn and Mg-Zn-In are M@2Si and MgZn. Although AE of MgZn is high, the corrosion
resistances of Mg-Zn and Mg-Zn-In are comparatively high in the first 6 h (Fig. 5-7¢) due to
the limited amount of these particles. Filiform corrosion occurs in Mg-Zn after 12 h (Fig. 5-8),
which is commonly observed on bare Mg alloy surfaces exposed to NaCl solution [47, 255].
Instead of filiform corrosion, corrosion is more uniform with the addition of In. However, the
Rsum 0of Mg-Zn-In become lower after 12 h, which might be related to the sparse corrosion
products within this time frame. The addition of In enhances the anodic reaction kinetics (Fig.
5-5a) which results in sparser and looser corrosion products. The gaps in between the corrosion

products are getting wider after 24 h.

Three types of precipitates are recognised in Mg-Zn-Ca (Fig. 5-23). Slight corrosion attack is
observed in Mg-Zn-Ca after 6 h immersion (Fig. 5-8). As determined by SKPFM, AE of Mg2Ca
and CazMgeZns were -126 mV and 396 mV [251]. However, Buzolin et al. [256] claimed AE
of Ca2MgesZns was less than 100 mV and Moreno et al. [257] showed AE of Mg2Ca was only
-15 mV. Moreover, MgCasSi is reported to be 200-400 mV more positive to the matrix [95,
253]. Considering the complex precipitates in Mg-Zn-Ca with significant potential differences,
galvanic corrosion should be severe at the interface of the precipitates and matrix (Fig. 5-31).
However, the Rsum values of Mg-Zn-Ca are comparable to that of Mg-Zn in the initial 6 h due
to the refined grains and limited precipitates (area fraction being 0.29%). With longer
immersion, the Rsum value remains low during 12-24 h (Fig. 5-7¢). Similar to the case of Mg-
Zn-In, the corrosion products are also getting sparser within this time period and CI" can easily

penetrate through to accelerate the dissolution of Mg.

With the addition of Sr, slight localised corrosion is observed after 6 h (Fig. 5-8) which
contributes to the Rsum decrease (Fig. 5-7¢). Considering the much higher AE of MgCaSi [95,
253] than that of Mg2Ca [251], there is a possibility that the AE of MgSrSi(Zn) and SiSr2(Zn)
phases in Mg-Zn-Sr are higher than that of Mgi7Sr2 (100 mV [250]). Moreover, the dissolution
of Zn would further increase the potential due to the significant AE of MgZn (~500 mV) [253,
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258]. Galvanic corrosion also exists at the interface between MgSrSi(Zn) and SiSrz(Zn).
Although with the highest fraction of precipitates (0.98%), Mg-Zn-Sr had low corrosion rate
due to the refined grain structures and the Zn/O layer in the corrosion products. Higher contents
of Zn are detected in the corrosion layers of Mg-Zn-Sr (Fig. 5-10 and Fig. 5-11) due to the less
strong segregation of Zn in the alloy. The matrix in the vicinity of segregations is prone to
corrosion due to potential differences [54]. The dissolved Zn precipitate on the sample surface
as the solubility product constant (Ksp) of Zn(OH)2 (3 x 107) is lower than that of Mg(OH):2
(5.6 x 10?) [259]. Although the exact composition of Zn/O containing layer could not be
confirmed due to its low concentration, this Zn/O layer might improve the corrosion resistance
due to the Pilling-Bedworth ratio! of ZnO (Res = 1.58) [260]. Leleu et al. [261] also found the
corrosion performance of WE43 was superior to that of pure Mg due to the enrichment of Y203
(Res = 1.39) in the corrosion products. The oxide with higher Rrs would be thinner and possess
higher coverage ability. This is consistent with the claim that the corrosion resistance of Mg-
Sr improved after addition of Zn [262].

Earlier occurrence of filiform-like corrosion and pitting corrosion are observed with the
addition of Ag (Fig. 5-8). Pitting corrosion in Mg-Zn-Ag is also reported elsewhere [141].
Faster degradation of Mg-Zn with the addition of Ag is expected due to the presence of some
Mg2Si and ZnsAg particles. Ag is a nobler element than Mg, with the standard electrode
potential (0.8 V) being much more positive than that of Mg (-2.38 V) [263]. A reduced
corrosion resistance of Mg-Zn or pure Mg with the addition of Ag is also reported due to the
existence of MgsAg or MgssAgi7 [17, 140]. However, information on the Volta potential of
Mg-Ag intermetallics in literature is still missing. Due to the pitting tendency of Mg-Zn-Ag,
considerable AE of ZnsAg is expected.

Pilling-Bedworth ratio*

In addition to the Pilling-Bedworth ratio used to describe the oxidation resistance at elevated temperature in air,
Zeng et al. [174] proposed a novel Pilling-Bedworth ratio based on the chemical compounds or reaction products
during corrosion:

Vcom
VM

where V., and Vy, are the volumes of the chemical compounds and the metal, respectively. Then based on the

Rpg=

Res value, the compactness of the corrosion layers can be used to elucidate the corrosion mechanism.
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Likewise, the addition of Cu also promotes the filiform-like corrosion and pitting corrosion
(Fig. 5-8). Pitting corrosion of Mg-Cu is also reported in literature [264, 265]. AE of MgZnCu
particle is about 680 mV [258] and strong galvanic corrosion occurs at the interface of
MgZnCu/a-Mg and MgZnCu/Mg2Si. However, the corrosion resistance of Mg-Zn based alloys
are reported to suffer only slight loss [266, 267] or even got strengthened [143] with the
addition of 0.1-0.2 wt.% Cu due to the competitive mechanism between grain refinement and
MgZnCu precipitation. The corrosion rate of Mg-Zn-Cu is much higher thanthat of reference
Mg-Zn in this study (Fig. 5-4) due to the absence of grain refinement, which possibly derived
from the limited alloying additions.

Table 6-3 Summary of the Volta potential difference of intermetallics in different systems (published
in Materials & Design [206])

Intermetallics Volta potential difference
Alloy Ref.

type (AE) respect to a-Mg (mV)
Mg-1Ca-1Mn -126 251
Mg-0.8Ca Mg.Ca <10 [95]
Mg-0.6Ca <-50 [257]
Mg-42n-0.34Zr-Ca0O 50 256

Ca2M962n3
Mg-4Zn-1Ca-1Mn 396 251
Mg-6Zn-5Si-1Mn-0.8Ca ] 408 + 26 253
MgCasSi
Mg-0.8Ca 200 [95]
Mg-1Zn-1Mn-1.5Sr Mg17Sr2 100 [250]
Mg-6Zn-5Si-1Mn-0.8Ca MgZn, 551+ 78 253
Mg-2Zn-0.6Zr 550 254
MgZn

Mg-3Zn 460 [123]
Mg-6Zn-5Si-1Mn- 0.8Ca Mg.Si 96 + 22 253
Mg-6Zn-0.5Zr-1Cu MgZnCu 680 258

To compare the corrosion performances of Mg-0.5Zn(-0.2X) alloys in this study (TS) and some
relevant systems from literature, the results from corrosion tests are summarised in Table S3
for easier comparison. In 0.9% NaCl solution (Fig. 6-3a), Mg-0.5Zn (TS) has lower evolved
H2 volume and icorr than Mg-22Zn [268], Mg-4Zn [269] and Mg-6Zn [127, 270]. The corrosion
rate of Mg-0.5Zn-0.2Ca (TS) calculated from Hz evolution is 0.08 mm/year while that of Mg-
47n-0.56Ca derived from mass loss was 2.4 mm/year [271] after 24 h immersion. The low icorr
(0.17 pA/cm?) of Mg-1Zn-0.5Ca might come from the refined grains after extrusion [272]. The
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corrosion rate of Mg-0.5Zn-0.2Ca (TS) calculated from H2 evolution is 0.08 mm/year while
that of Mg-4Zn-0.56Ca derived from mass loss is 2.4 mm/year [271] after 24 h immersion.
Mg-0.5Zn-0.2Sr (TS) shows lower icorr than Mg-5Zn-0.2Sr [138]. The corrosion rate of Mg-
0.5Zn-0.2In calculated from Hz evolution is 0.57 mm/year while that of Mg-1In derived from
mass loss is 0.45 mm/year [227] after 7 days immersion. The icor 0f Mg-Zn-Cu (TS) is lower
than that of Mg-0.1Cu [273]. Corrosion characterisation of relevant systems of Mg-Zn-Ag in
0.9% NaCl solution cannot be found in literature. Due to the lower amounts of precipitates, the
micro-alloyed Mg-Zn, Mg-Zn-Ca, Mg-Zn-Sr systems exhibited higher corrosion resistances
than the highly-alloyed systems in 0.9% NaCl solution.

However, most of the Mg alloys used for biomedical applications are tested in media like SBFs
(Table 2-2). As the corrosion behaviour of Mg alloys depends greatly on the corrosion media
[175], direct comparisons of systems in this study to those in SBFs in literature would be
difficult. However, Mei et al. [274] found the corrosion rates of Mg and Mg-0.8Ca in 0.85%
NaCl solution were 10 times and 2 times higher than those in SBF (without TRIS), respectively.
Similar phenomenon is also observed in WE43 [275] and Mg-1Zn-(0.2~1)Ca [272]. Normally
Ca?*, Mg?*, HPO4? and HCO3 in SBFs promotes the formation of protective layers on Mg
alloy surface [176] whereas CI- promotes pitting effect [276]. If the corrosion results of the
systems (TS) in 0.9% NaCl solution are lower than those protective media in literature (e.g.
SBFs), then these systems (TS) are also expected to exhibit superior corrosion resistance in
SBFs and can be candidates for biomedical applications. The evolved H2 volume and icorr Of
Mg-0.5Zn (TS) are lower than those of Mg-2Zn in 0.1M NaCl [277], Mg-1Zn [19] and Mg-
6Zn [278] in HBSS and Mg-6Zn in SBF [111] (Fig. 6-3b). The evolved Hz volume and icorr Of
Mg-0.5Zn-0.2Ca (TS) are much lower than those of Mg-5Ca-1Zn in HBSS [279], Mg-2Zn-
0.2Ca in Ringer’s solution [177], Mg-6Zn-1Ca in 1 x PBS [280] and Mg-0.5Ca-0.25Zn-
0.25Mn in c-SBF [281]. The evolved H2 volumes of Mg-0.5Zn-0.2Ag (TS) and Mg-0.5Zn-
0.2In (TS) after 7 days exposure are 2.9 ml/cm? and 1.8 ml/cm?, respectively, which is lower
than that of Mg-1Ag (4.7 ml/cm?) and Mg-1In (2.8 ml/cm?) in HBSS [19]. The corrosion
resistances of micro-alloyed Mg-Zn, Mg-Zn-Ca, Mg-Zn-Ag and Mg-Zn-In systems (TS) in 0.9%

NaCl solution are better than the relevant highly-alloyed systems in SBFs.
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With the exception of Mg-Zn-Cu, the corrosion rates of Mg-0.5Zn(-0.2X) (Fig. 5-4) are well
below the threshold of 1.2-1.5 mm/year for biomedical applications [214]. Specifically, the
corrosion rates of Mg-Zn, Mg-Zn-Ca and Mg-Zn-Sr match the desired degradation during the
bone repair progress (0.2-0.5 mm/year) [32]. It is expected these systems could exhibit higher
corrosion resistances in the protective physiological media. From the corrosion results in this
study and literature, some suggestions are made here for the further design and development
of these systems. The coarse grains of Mg-Zn, Mg-Zn-In and Mg-Zn-Cu can be refined with
higher additions of Zn. The possibility of increased corrosion rate with the increasing Zn
addition should also be noted. Indium addition (up to 1 wt.%) was poor in strengthening the
corrosion and mechanical properties of Mg-In alloys [227], thus higher addition of Zn would
be favoured. In respect of corrosion resistance, the addition of 0.2 wt.% Cu in Mg-0.5Zn is
already too much. Lower content of Cu should be considered (e.g. below 0.1 wt.% [273, 282])
in order to minimise pitting corrosion. Ca, Sr and Ag can effectively refine the grains of Mg-
0.5Zn. Ag concentration should be limited to less than 0.2 wt.% to avoid strong galvanic
corrosion. Moreover, heat treatment should be conducted to reduce the pitting tendency [141].
Although the optimal additions/ratios of Zn, Ca and Sr are still unclear, Mg-0.5Zn-0.2Ca and
Mg-0.5Zn-0.2Sr have comparatively high corrosion resistances in 0.9% NaCl solution. A
higher Zn addition in Mg-Zn-Sr might realise the formation of compact Zn/O layer in the
corrosion products. Further heat treatment is also suggested to reduce the localised corrosion
[181, 283]. Considerable amounts of Si containing precipitates are formed (MgCaSi,
MgSrSi(Zn), SiSrz(Zn)) due to the strong bonding strengths of Ca-Si and Sr-Si. Si impurities

should be controlled to low levels especially in Ca containing and Sr containing Mg alloys.
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6.2. Intermetallic and impurity changes during heat treatment
6.2.1. Mg-0.5Zn-0.2Ca alloy

Various galvanic couples exist in the as-cast sample. Ca2MgsZn3 phase remains while MgzCa
phase dissolves preferentially after 1 h immersion (Fig. 5-29i), indicating that Ca2MgsZns acts
as the cathode following Equation 6-3 and Mg2Ca acts as the anode following Equation 6-4:

2H,0 + 2¢” — H, + 20H" (Equation 6-3)
Mg,Ca, — 2Mg*t + Ca’" + 6¢” (Equation 6-4)

The strongest galvanic coupling during this period should be Mg>Ca/CazMgsZns. One may
argue that Mg.Ca/Mg also participates in the corrosion process. However, the corrosion
products on CazMgesZns are much thicker than that on Mg matrix (Fig. 5-29e, f), revealing a
stronger coupling of Mg2Ca/Ca2MgsZns than Mg2Ca/Mg. This is in good agreement with the
reported order of the Volta potential: 0 > Ca2MgsZns > Mg > MgzCa [81]. The phase in
negative direction of the Volta potential series is more inclined to be corroded which functions
as the anode in the galvanic couple, thus the high potential difference between Mg2Ca and
Ca2MgeZns drives fast corrosion kinetics. CE-IMP acts as the cathode in overall following
Equation 6-3 and its surrounding Mg matrix functions as the anode according to Equation 6-
5:

Mg — Mg?* + 2¢” (Equation 6-5)

Moreover, the MgCaSi phase with a positive Volta potential difference relative to the Mg
matrix also serves as an effective site for localised corrosion initiation [108, 253]. The intense
galvanic corrosion between Ca:MgsZns and Mg2Ca in CE-IMP weakens due to the
consumption of the Mg2Ca phase after 1 h immersion (Fig. 5-31a, f, k). The Mg matrix around
CE-IMP is not severely corroded within 1 h immersion (Fig. 5-31k) whereas some parts of the
matrix are already undermined after 3 h (Fig. 5-31l). Although with the continuously
presenting of Mg/Ca:MgsZns and Mg/MgCaSi galvanic couples during immersion, the
corrosion layer is built up gradually within the first 6 h (Fig. 5-31f, g, h), which corresponds
well with the steady increase of Rsum value from the EIS results (Fig. 5-27c). After 12 h, the
galvanic corrosion of Mg/CazMgsZns and Mg/MgCasSi proceed and selective corrosion of the
matrix develops into larger scale, which destroy the integrity of the corrosion film. CI" ions can
penetrate through the loose corrosion layers and react with the Mg matrix underneath. This is
in accordance with the significant decrease of Rsum value at 12 h (Fig. 5-27c¢). The majority of
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the cathodic Ca2MgesZns and MgCaSi phases remain after 24 h immersion, revealing that the
galvanic corrosion derive from CazMgsZns/Mg and MgCaSi/Mg couples will continue. A

sketch of the corrosion behaviour of the as-cast Mg-0.5Zn-0.2Ca sample is shown in Fig. 6-4.
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Fig. 6-4. Sketch of the corrosion behaviour of the as-cast Mg-0.5Zn-0.2Ca alloy during immersion
(adapted from Corrosion Science [181])

The solution annealing parameters (450 °C, 16 h) are chosen based on the thermodynamic
calculated phase diagrams of Mg0.5Zn-Ca (Fig. 6-5a) and Mg0.5Zn0.2Ca-Si systems (Fig.
6-5b) and some studies in literature [280, 284-287]. It is predicted that the MgCaSi phase
cannot be dissolved under the selected annealing condition. MgCaSi possesses a low diffusion
efficiency in the Mg matrix [210]. In contrast, the CazMgsZns and MgzCa phases from CE-
IMP cannot be recognised after the solution annealing (Table 5-3), which is consistent with
literature [130] and thermodynamic calculations. Zn from the Ca2MgsZns phase and Ca from
the Caz2MgsZns and Mg2Ca phases dissolve into the Mg matrix during solution annealing. It is
also possible that Ca atoms from Ca2MgsZns and Mg2Ca is absorbed into the surrounding
precipitates [130] (as in this case MgCaSi). However, the Ca content in MgCasSi in as-cast state

(5.1 + 2.6 at.%) stays at the same level after solution annealing (4.8 + 1.7 at.%).
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Fig. 6-5. Thermodynamic calculated phase diagrams of (a) Mg0.5Zn-Ca and (b) Mg0.5Zn0.2Ca-Si
systems by PandatTM 2017 with PanMagnesium 2017 database. CaMg2_C14 represents Mg.Ca phase.
(published in Corrosion Science [181])

For the solution annealed sample (Fig. 6-6), reduced amounts of intermetallics (only MgCaSi)
contribute to less pronounced galvanic corrosion between the matrix and the precipitates. In
addition, with the dissolution of Zn segregations at the grain boundaries, the homogeneous
microstructure results in a more uniform corrosion behaviour. All these lead to a higher Rsum

value for the solution annealed sample during immersion (Fig. 5-27c).
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Fig. 6-6. Sketch of the corrosion behaviour of the solution-annealed Mg-0.5Zn-0.2Ca alloy during

immersion (adapted from Corrosion Science [181])

6.2.2. Mg-0.5Zn alloy
According to the EDS results (Fig. 5-13), Mg, Zn, Si and Fe are the four elements of interest

in forming precipitates. AH of the respective binary systems are shown in Fig. 6-7. The
parameters of each element used for calculation (Equation 4-2 and Equation 4-3) are referred
from Ref. [195]. A lower AH suggests a higher thermal stability of the compound. In this case,
Si-Fe system possesses the lowest AH among all binary systems, indicating Si reacts
preferentially with Fe to form compounds. This is further confirmed by some studies in
literature claiming the discoveries of Fe-Si particles [46, 73]. Although AH of Mg-Si and Mg-
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Zn are not so negative as that of Fe-Si, Mg2Si and MgZn precipitates can also form during

solidification which are corroborated in Fig. 5-3a.
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Fig. 6-7. Thermodynamic calculation of the formation enthalpies of Mg-Zn, Mg-Si, Mg-Fe, Zn-Si, Zn-
Fe, Si-Fe binary systems (A-B binary systems)

As the solution annealing time extends, Fe-Si particles with increased Fe concentrations are
observed (Fig. 5-14). To understand this, the phase diagrams of Mg-Fe (Fig. 6-8) and
Mg0.5Zn-Fe (Fig. 6-9a) systems are calculated via Pandat. It is noticeable that the
solidification interval from liquid to a-Mg in Mg-Fe system is very narrow (less than 0.1 °C),
whereas it expands to 14 °C in the Mg0.5Zn-Fe system. The liquid starts to solidify at 648 °C
and the composition line (red) intersects with the solubility line of Fe (line ABC) at 634 °C.
The solubility of Fe decreases fast with the cooling process, which would lead to Fe
precipitation. However, due to the fast cooling rate during quenching, Fe diffusion is depressed.
Considering the smaller radius of Fe atom (126 pm) compared to that of Mg (160 ppm) [288],
Fe can be supersaturated in Mg matrix in the as-cast Mg-0.5Zn sample. In addition, as
mentioned in Fig. 6-7, Fe tends to coexist with Si due to their low enthalpy of formation. In
contrast, when the sample is heat-treated at 400 °C for a certain duration, precipitation of Fe
from a-Mg will take place as its solubility in Mg is only 0.1 ppm (at 400 °C). The treatment
time needed for the thorough precipitation of the supersaturated Fe is not clear yet.
Nevertheless, the presences of Fe-Si particles with increased Fe concentrations after heat
treatment could be the synergistic results from Fe precipitation and diffusion. Liu et al. [61]
and Yang et al. [73] also proved the Fe tolerance limit in pure Mg dropped from 180 ppm in
the as-cast state to 5-10 ppm in the heat treated state using calculated Mg-Fe phase diagram.

According to the lever rule!, the estimated fraction of the Fe containing particles heat treated
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at 400 °C is (0.0015-0.00001)/(100-0.00001) = 0.0015%. The schematics illustrating the
microstructure and Fe-Si particles change during solidification and solution treatment are
shown in Fig. 6-9b.
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Fig. 6-8. (a) Calculated phase diagram of Mg-Fe system via Pandat and (b) its enlarged section. The
red lines represent the Fe content being 14 ppm. Bcc represents Fe.

The heat treatment parameters (400 °C for 2 h, 16 h) for Mg-0.5Zn in this work are more
efficient than the one in literature (Mg-3Zn, 320 °C for 10 h) [123], which did not completely
dissolve the Zn segregations due to the high Zn additions and relatively low annealing
temperature. The grain boundary area with element enrichment (in this case, Zn segregations)
should suffer corrosion attack preferentially due to the Volta potential difference (validated
also in Fig. 5-28a) [54]. In this sense, the diminishment of segregations in Mg-0.5Zn after heat
treatment principally should lead to a better corrosion resistance. However, based on the PDP
(Fig. 5-19), EIS (Fig. 5-20) and corrosion morphology observation (Fig. 5-15), the merits
derived from homogenisation seem to disappear due to the promoted Fe contents in Fe-Si

particles.

YLever rule [289]

The lever rule is a rule used to determine the fraction of each phase in a binary equilibrium phase diagram. In an
alloy or a mixture with two phases (o and ), which themselves contain two elements (A and B), the lever rule
states that the mass fraction of the o phase can be calculated as:
_ Ws-Wp

W =
wg - wh

where W} is the mass fraction of element B in the a phase, Wg is the mass fraction of element B in the 3 phase,

Wy is the mass fraction of element B in the entire alloy or mixture.
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Fig. 6-9. (a) Calculated phase diagrams of Mg0.5Zn-Fe system via Pandat; (b1-b5) schematics of the
changes in microstructures and Fe containing particles during solidification and solution treatment. The
red line in (a) represents the exact Fe content in the system (14 ppm). The red dots in (b) stand for the
Fe containing particles. The Fe concentrations in the particles are promoted (dots getting darker) during

heat treatment. Bcc represents Fe.

Corrosion is observed near the Fe-Si particles in the as-cast sample after 2 min immersion (Fig.
5-16a). The Fe-Si particle acts as the cathode following Equation 6-3 and its surrounding Mg
matrix behaves as the anode following Equation 6-5 due to the Volta potential difference [290].
Pawar et al. [291] found pure Fe particles in AZ31 (70 ppm Fe in total) and measured the AE
of Fe particle being 650 + 95 mV. Woo et al. [292] reported FesSi particles in high purity Mg
(19 ppm Fe and 19 ppm Si in total) and found the AE of which was 239 mV. In contrast, Mg2Si
phase is reported to exert no significant influence on the corrosion performance due to its
relatively low AE (~100 mV) [253, 293].

For the heat treated samples, corrosion is initiated around the Fe-Si particles (Fig. 5-16b-c).
The existence forms of Fe impurity affect the corrosion performances of Mg greatly. For
example, although with similar overall Fe contents, one Mg sample corrodes significantly
faster than the other one due to the presences of highly-concentrated Fe inclusions [46]. The
promoted Fe contents in Fe-Si (Fig. 5-14) after annealing would increase the corrosion rate of
Mg-Zn obviously. In addition, filiform corrosion is developed in the heat treated samples

during the early stage of immersion (Fig. 5-15). Filiform corrosion is commonly found on bare
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Mg alloy surfaces exposed to NaCl solution [47, 255]. The propagations of the corrosion
filaments are affected by the amounts and sizes of the intermetallics. If considerable amounts
of intermetallics exist, the corrosion filament will initiate from one corrosion site and terminate
at the coarse intermetallics [294]. However, due to the fine and limited precipitates in the heat
treated Mg-0.5Zn sample, the corrosion filaments can easily go through the grain boundaries
and develop continuously all over the surface. One may argue the precipitates in as-cast Mg-
0.5Zn are also small whereas no filiform corrosion occurs. This might be related to the delayed
and less severe corrosion initiation in the as-cast sample as the Fe contents in Fe-Si particles
are comparatively lower (Fig. 5-14). As indicated by the arrows in Fig. 5-18, some planes in
the grains are preferentially corroded after immersion while other plans are less attacked. This
preferred crystallographic pitting corrosion is reported to be initiated by the Fe impurities and
developed along certain planes in Mg with coarse grain size [74, 295]. Similar corrosion
morphology was also reported in Mg [64, 296] and other hcp metals (e.g. Be and Zn [297]).
After 3 days immersion, the oxide layers in HT 2 h and HT 16 h Mg-0.5Zn samples are loose
with the presence of some corrosion pits in area A (Fig. 5-21b-c). The Fe-Si particles with
higher Fe concentrations after heat treatment have stronger driving force accelerating corrosion.
It is anticipated that particles with considerable Fe contents exist in area A, making the oxide
film around these precipitates more active (presence of more imperfections) during corrosion
[121]. However, neither the quasi-in situ corrosion observation (peeling process) nor chromic
acid cleaning is appropriate to see the Fe-Si particles after immersion as they are too small in

sizes.

Normally, a more homogeneous microstructure results in a better corrosion resistance [119
298] and the refined grain structure might help to induce more compact and protective
corrosion layers [299]. For biodegradable Mg based implants with sufficient mechanical
properties, deformation such as extrusion and rolling might be inevitable. However, it is
obvious that the HT16 h-extruded Mg-0.5Zn sample is not appropriate for biomedical
applications owing to its inadequate corrosion resistance (Fig. 5-44b). The merits derived from
homogenisation and grain refinement seem to be totally balanced by the Fe-Si particles. Fe
precipitation during heat treatment might be universal to all systems due to its low solubility
(maximum 10 ppm in Mg [10]). The effects of solution annealing on the corrosion
performances of the alloys are related to the competitive mechanisms between Fe precipitation
and intermetallic dissolutions. When there are substantial intermetallics in the system, the

corrosion performance depends more on the alloy microstructure. The enhanced corrosion
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resistance after heat treatment (e.g. Mg-5Zn [126], Mg-6Zn [115]) is due to the diminishment
of galvanic couples between the matrix and intermetallics. However, the impurities might play
even more decisive roles if the amounts of intermetallics are limited. Together with some
literature [61, 73], it is suggested for micro-alloying Mg systems, heat treatment should be
conducted cautiously or even omitted, when scarce amount of precipitates and considerable Fe
and Si contents exist in the system. For example, the as cast-extruded Mg-0.5Zn alloy exhibits
superior corrosion performance compared to the HT16 h-extruded sample in this study (Fig.
5-44c). As for the appropriate heat treatment parameters, a shorter duration might be aimed.
One may also argue that Fe precipitation could be less if the heat treatment is conducted at a
higher temperature (higher solubility of Fe). However, the detrimental effects from potential
overheating on the mechanical and corrosion performances have also to be considered [300,
301]. Furthermore, for the micro-alloyed Mg alloys and pure Mg, fast solidification velocity is
suggested to minimise Fe precipitation. However, this still needs validation by further research.

6.2.3. Fe precipitation, a universal phenomenon?

The Mg0.5Zn-Fe phase diagram calculated by Pandat is used to explain Fe precipitation during
heat treatment in Fig. 6-9. In comparison, the calculated phase diagrams of Mg0.5Zn0.2X-Fe
systems (X = Ca, Sr, Ag and Cu) are also shown in Fig. 6-10. Similar to the case of Mg-0.5Zn,
the Fe solubilities in Mg-0.5Zn-0.2X systems are also very low at the heat treatment
temperatures (450 °C for Mg-Zn-Ca, 530 °C for Mg-Zn-Sr, 400 °C for Mg-Zn-Ag and Mg-Zn-
Cu). With sufficient solution annealing time, Fe precipitations from a-Mg would also take

place in these systems which corroborate with Fig. 5-37.
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CaMg2_C14in (a) and Cu2Mg_C15 in (d) represents Mg.Ca and MgCu; phase, respectively.

Although only Mg-0.5Zn and Mg-0.5Zn-0.2Ca are characterised in the solution annealed states
in section 5.2, all the as-extruded samples experience heat treatment (solution annealing plus
hot extrusion). However, the corrosion rates of as-extruded Mg-0.5Zn, Mg-0.5Zn-0.2Ag and
Mg-0.5Zn-0.2In are strongly accelerated compared to their as-cast counterparts whereas those
of as-cast and as-extruded Mg-0.5Zn-0.2Ca are comparable. As stated in sections 5.2, 5.3 and
6.2.2, the different corrosion behaviour after heat treatment/extrusion might be partly related
to the distributions of impurities. To understand this, thermodynamic calculations of the AH of
A-B binary systems in Mg-Zn-X alloys are collectively shown in Fig. 6-11a-e. Those of Mg-
Zn, Mg-Si, Mg-Fe, Zn-Si, Zn-Fe are already calculated in Fig. 6-7. Si could form compounds
with Mg and alloying element X with the exceptions of Zn and In. In addition, the AH values
of Si-Ca and Si-Sr are the lowest in Mg-Zn-Ca and Mg-Zn-Sr, respectively, which corroborate
with the formations of MgCaSi, MgSrSi, SiSr2 phases in the respective systems (Fig. 5-3). As
for Fe impurity, it interacts preferentially only with Si with the AH values of Fe-Mg, Fe-Zn
and Fe-X being either positive or near 0. The AH of Si-Fe is the lowest in Mg-Zn, Mg-Zn-Ag,
Mg-Zn-In and Mg-Zn-Cu alloys whereas it is higher than those of Si-Ca and Si-Sr in Mg-Zn-

Ca and Mg-Zn-Sr alloys. The alloying systems have tendencies to transfer to the lower AH
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values aiming for higher stabilities. During solution annealing, the elements have thorough
time to diffuse and homogenise. For Mg-Zn, Mg-Zn-Ag and Mg-Zn-In alloys, Si-Fe is the most
stable and will remain during heat treatment. Moreover, the supersaturated Fe in the matrix can
also precipitate in the Fe-Si and Mg2Si particles during heat treatment as Si and Fe have strong
bonding strengths. As the AE of Mg2Si phase is low [253, 293], the incorporation of Fe [291]
or FesSi [292] would promote the overall AE value significantly and lead to accelerated
corrosion rate. In contrast, Si-Ca and Si-Sr in Mg-Zn-Ca and Mg-Zn-Sr are more stable than
Si-Fe. Thus, the supersaturated Fe in the matrix can precipitate in MgCasSi and Si/Sr particles
during heat treatment. The influence of Fe or FesSi included in MgCaSi is not as great as that
incorporated in Mg2Si as MgCaSi has much higher AE [253] than M@2Si. Although the AE of
Si/Sr particles are still unavailable in literature, they are also expected to be higher than that of
Mg2Si (similar to the case of MgCasSi). Particularly, only few Fe containing precipitates can be
seen in the as-extruded Mg-Zn-Sr sample (Fig. 5-37c), which can also be attributed to the
higher annealing temperatures. The higher solubility of Fe in Mg-Zn-Sr (1.6 ppm at 530 °C)

than those of the other alloys (0.1-0.3 ppm at lower temperatures) leads to less Fe precipitation.

The maximal solubility of Fe and Si in Mg is only 10 and 30 ppm, respectively [10, 288]. The
Si/Fe-ratio tolerance limits in the common high purity Mg alloys are still not clear. Even traces
of Si could significantly decrease the tolerance limit of Fe in Mg and accelerate the corrosion
rate [73]. It is suggested the Si content should be limited especially when the alloy is not extra-
high purity (e.g. less than 2 ppm Fe) [69, 203]. However, as the accessibility of extra-high
purity Mg is very limited, corrosion issues related to Fe and Si inclusions are still waiting to be
resolved. As stated above, the corrosion rate depends largely on the Fe distribution in the
system. Apart from the high quenching velocity and high annealing temperatures mentioned

above, some suggestions on alloy designs are also made here.

Mn is the most common alloying element to balance the detrimental effect of Fe in Mg.
Although Fe and Mn has almost no tendency to form compound (AH = 0, Fig. 6-11f), Mn has
a high affinity to Fe which makes the Mn encapsulated Fe particle a less active cathodic site
than pure Fe [295]. However, the a-Mn particles will dissolve or become smaller after
solutionisation [302] and extrusion [303] which may make Fe encapsulation less effective. For
the alloys with certain amount of Fe and limited intermetallics, Fe precipitation during heat
treatment cannot be ignored. To suppress the incurred negative effects, some restriction should
be met (with Mg-X-Fe as an example). Firstly, the formation of enthalpy should be in the
following order: AH (Mg-X) < AH (Fe-X) <n (1 is a negative value which ensures the strong
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bonding of Fe-X), so that the supersaturated Fe can precipitate in Mg/X intermetallics during
heat treatment. However, this is not the full story. Mg/X must also have an appreciable AE so
that the corrosion rate of Mg-X alloy is not significantly promoted. For example, Si might
capture Fe to form FeSi particles [292] which have lower potential difference relevant to the
matrix than pure Fe [291]. In this sense, Si acts as a “Fe scavenger” to elevate the corrosion
resistance. However, due to AH (Mg-Si) > AH (Fe-Si) and AE of Mg2Si is small, Fe
precipitation would increase the corrosion rate hugely. When it comes to ternary or even more
complex systems (e.g. Mg-X-Y-Fe), Mg does not necessarily participate in the intermetallic
formation and thus the restrictions can be adjusted as AH (X-Y) < AH (Fe-X) <n and AE (X/Y)
is not small. When adding Mn in Al containing alloys, the formed AlsMns phase is reported to
encapsulate Fe [304]. According to Fig. 6-11f, AH (Al-Mn) < AH (Al-Fe) << 0. In addition,
AlsMns has a high AE value (340 mV [251], 385 mV [305], 487 mV [293]), thus Fe
incorporation in AlsMns will not accelerate the corrosion rate significantly. For the Al free
alloys in this study, certain amounts of Si exist in the systems (e.g. Mg-0.5Zn, Mg-0.5Zn-0.2Ag
and Mg-0.5Zn-0.2In). Although around 200 ppm Mn exist, the content is too low to prevent
the damage caused by Fe [61]. It is expected the additions of Mn in these systems would also
reduce the negative effects of Fe precipitation due to AH (Mn-Si) < AH (Si-Fe) << 0 (Fig.
6-11f) and the notable AE of MnsSis (428 £ 148 mV) [253].
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Fig. 6-11. Thermodynamic calculation of the formation enthalpies of A-B binary systems in (a) Mg-
Zn-Ca, (b) Mg-Zn-Sr, (c) Mg-Zn-Ag, (d) Mg-Zn-In, (e) Mg-Zn-Cu and (f) Fe-Mn-Si systems. Those
of Mg-Zn, Mg-Si, Mg-Fe, Zn-Si, Zn-Fe are already calculated in Fig. 6-7

6.3. Synergistic influence of solution annealing plus extrusion

The possibility of defects pickup during the deformation process is reported in literature [306].
However, as inferred from the similar element concentrations in the as-cast (Table 5-1) and
as-extruded state (Table 5-4), the potential effect of contamination during solution annealing

and extrusion on the corrosion performance can be excluded in this study.
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6.3.1 Microstructure

Grain structure and texture

The average dynamic recrystallized grain sizes (dpgx) Of the as-extruded Mg-0.5Zn(-0.2X)
alloys increase with the increase of extrusion speed (Table 5-5). The Zener-Hollomon (Z)
parameter [307] is found important in relating the dprx 0f Mg alloys to the parameters of hot

deformation process, which can be described as:
dprx =AZ™ (Equation 6-6)
Z =& * exp(Q,/RT) (Equation 6-7)

where n and A is approximately 0.12 and 232, respectively, Qa is the activation energy for
deformation (135 kJ/mol for Mg alloys) [308], R is the gas constant, T is the absolute
temperature (K), and ¢ is the metal flow rate which can be calculated by:

. _ 6DEVRINER

] (Equation 6-8)

where Dg and Dk is the diameter of billet and extrudate, respectively, Vr is the extrusion speed
and ER is the extrusion ratio. From these equations, it can be inferred that the dpgy is
proportional to the extrusion temperature and inversely proportional to the extrusion speed.
Indeed, Watanabe et al. [309] found the grain size of AZ31 decreased when the true strain rate
increased at 573 K, which is contradictory to the results in this study (Table 5-5). This
phenomenon can be explained by the increased exit temperature due to the higher deformation
heating at a higher extrusion speed [214]. The grain growth effect derived from higher
temperature exceeds the grain refinement effect derived from higher metal flow rate as the

extrusion speed increases. Similar observations are also reported in [310, 311].

It is worth noting that Mg-Zn-Ca has the smallest grain size of the DRXed (dynamic
recrystallized) region among the alloys under the extrusion speeds of 0.6 and 2.2 mm/s. One
explanation is that fine precipitates formed at the grain boundary can reduce the grain boundary
mobility and hinder the grain growth. Ca containing precipitates (200-300 nm) [312] and co-
segregation of Zn and Ca atoms (~5 nm in width) [313] at the grain boundaries are reported in
Mg-Zn-Ca system, which would reduce the grain boundary energy and ultimately lead to a
pinning effect. Another possibility is the grain size of as-cast Mg-Zn-Ca is the smallest among
the Mg-Zn(-X) alloys (Fig. 5-2), as the dpgx is also dependent on the initial grain size before
extrusion [314]. Moreover, the texture intensity of Mg-Zn is greatly reduced after the addition
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of Ca (Fig. 5-35). The texture weakening is commonly found in RE [315] or Ca [316]
containing Mg alloys. Although the exact mechanism of RE and Ca on texture modification is
still unclear, mainly two reasons are widely adopted for explanation, i.e. particle-stimulated
nucleation (PSN) and solid solubility of the alloying element [316]. Precipitates are reported
to assist recrystallization during deformation due to the accumulating dislocations in the grains
(PSN) and the recrystallized grains exhibit more random textures [317]. According to the phase
diagram of Mg0.5Zn0.2Ca-Si (Fig. 6-2b), the formed MgCaSi phases are thermostable under
the extrusion temperature (350 °C). These precipitates can facilitate nucleation and
recrystallization, thus contributing to texture weakening. Apart from the PSN effect, Ca solid
solution in Mg matrix may also play a role in the texture weakening [318]. Mg2Ca and
Ca2MgeZns phases dissolve into the matrix after solution annealing and extrusion (Fig. 5-37b).
Ca (197.4 pm) has a bigger atomic radius than Mg (159.9 pm) [288] and the dissolved Ca can
decrease the stacking fault energy [316] and axial ratio (c/a) [314], which will contribute to the

activation of non-basal slip and then weaken the texture characteristics.

Except Mg-Zn-Ca, the textures of the as-extruded Mg-0.5Zn(-0.2X) alloys exhibit typical fibre
textures (Fig. 5-35), namely, the c-axis of most grains is perpendicular to the extrusion
direction while few is perpendicular to the transverse direction. The texture intensity is also a
little weakened with the addition of Sr, but the influence is not as strong as that from Ca. PSN
effect is also applicable in Mg-Zn-Sr as Si-Sr containing precipitates are stable at the extrusion
temperature (Fig. 6-2c). However, the solubility of Sr is much lower than that of Ca (Table
6-1) and thus only limited amount of Sr can dissolve into the Mg matrix. In this way, the texture
intensity of Mg-Zn-Sr is higher than that of Mg-Zn-Ca. One may argue why the texture
intensity of Mg-Zn-Cu is strengthened rather than weakened, although the precipitates are also
stable (Fig. 6-2e). This might be due to the coarser DRXed grains in Mg-Zn-Cu compared to
the other systems. The grains with a predominant orientation of fiber texture are grown in the
extruded bar [246], causing a stronger texture intensity. As for Mg-Zn, Mg-Zn-Ag and Mg-Zn-
In systems, the Fe-Si particles are too small and too scarce for PSN. It is well recognized that
only the coarse particles with sizes greater than 1 um or clusters of small particles can

contribute to the nucleation of recrystallized grains [318].

Intermetallics

Zn containing intermetallics are generally dissolved into the matrix after solution annealing
and extrusion for all Mg-Zn(-X) alloys (Fig. 5-37), which are in accordance with literature

[123, 130]. MgZn phase from as-cast Mg-Zn and Mg-Zn-In, ZnsAg phase from as-cast Mg-
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Zn-Ag and Zn segregations are not identified in the as-extruded counterparts. Instead, only
Mg2Si and Fe-Si particles are observed in these systems. Some Fe-Si particles are found to
distribute on the Mg2Si particles which significantly deteriorate the corrosion resistances of

these alloys. The mechanism of Fe precipitation is already discussed in section 6.2.2 and 6.2.3.

Mg2Ca, Caz2MgsZns and MgCasi are the main precipitates in as-cast Mg-Zn-Ca (Fig. 5-24).
However, MgCasSi is the only intermetallics in the solution annealed sample (Fig. 5-25) and
as-extruded sample (Fig. 5-37b), which is consistent with the phase diagram (Fig. 6-2b) and
the strong bonding of Ca-Si (Fig. 6-11a). MgCaSi is a thermodynamically and mechanically
stable phase [319]. Fe precipitation takes place in the MgCaSi phase (spot 2, Fig. 5-37b) due
to the low AH of Si-Fe (Fig. 6-11a).

MgSrSi and SiSr2 phases with certain Zn dissolution exist in the as-cast Mg-Zn-Sr sample (Fig.
5-3c). Zn dissolves into the matrix after solution annealing and extrusion while Si and Sr still
remain (Fig. 5-37¢). In contrast, some Mg/Zn/Sr containing phases were reported in the
solution annealed Mg-Zn-Sr alloys in literature due to the synergistic effects of processing
parameters [320], Zn concentration [321] and Zn/Sr atomic ratio [322]. The amounts of SiSr2
phases are reduced significantly with some remaining SiSrz (spot 1, Fig. 5-37¢) distribute on
the MgSrSi phase (spot 2). MgSrSi is still one of the main precipitates after annealing and
extrusion, revealing its high thermostability. In addition, the Si/Sr atomic ratio in spot 3 is near
2, indicating it is a Si2Sr phase. The AH of a-Si2Sr (-42.7 kJ/mol) and B-Si2Sr (-40.3 kJ/mol)
are lower comparted to that of SiSr2 (-39.7 kJ/mol) [323]. Thus, the SiSr2(Zn) phase in the as-
cast state either dissolves into the matrix or transforms into Si2Sr phase during homogenisation
and extrusion. Some Fe containing Si2Sr or MgSrSi particles are also observed (spot 4) due to
the low AH of Si-Fe (Fig. 6-11b).

Zn from the MgZnCu phase in as-cast Mg-Zn-Cu mostly dissolves into the matrix after solution
treatment and extrusion. The main precipitates (spot 1 in Fig. 5-37f) have high Cu
concentrations, indicating they are Mg2Cu phase which is corroborated with the phase diagram
(Fig. 6-2e). Some brighter spots with higher Zn contents (spot 3) exists on Mg2Cu, revealing
MgZnCu phase is not completely dissolved. Certain amounts of Zn (0.4-1 at.%) are also found
in the Mg2Cu particles. The stability of MgZnCu phase (withstands the homogenisation and
extrusion processes) is also reported in literature [246, 324]. Some Mg:Si precipitates (spot 2)
form CE-IMP together with Mg2Cu. Like the cases of Mg-Zn, Mg-Zn-Ag and Mg-Zn-In, Fe-
Si particles (spot 4) are found on Mg2Si due to the low AH of Si-Fe (Fig. 6-11e). It is
noteworthy that the area fractions of the intermetallics are not reduced after annealing and
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extrusion (from 0.20% to 0.26%). The annealing temperature is important for the dissolution
of the precipitates. Acccroding to the phase diagrams (Fig. 4-1e, Fig. 6-2¢), the precipitates in
Mg-Zn-Cu cannot be fully dissolved at 400 °C and liquid phase might form at a higher
temperature. However, Yan et al. [264, 325, 326] claimed more Mg2Cu particles in Mg-Cu

systems dissolved at higher annealing temperature (510-540 °C) than at lower one (450 °C)
although the former one already exceeded the eutectic temperature (485 °C). Thus, the solution
treatment temperature for Mg-Zn-Cu alloy should be high enough or repeated heat treatment
should be performed [282] to dissolve the MgZnCu and Mg2Cu phases. The possible
intermetallics formed in the as-extruded Mg-0.5Zn(-0.2X) alloys are summarised in Table 6-4.

The distribution of Fe impurity is also shown.

Table 6-4 Summary of the possible intermetallics formed in the as-extruded Mg-0.5Zn(-0.2X) alloys

Alloy Intermetallics Form of Fe impurity
Mg-0.5Zn Mg:Si Fe-Si
Mg-0.5Zn-0.2Ca MgCasSi MgCaSi(Fe)
Mg-0.5Zn-0.2Sr MgSrSi, SioSr MgSrSi(Fe), Si>Sr(Fe)
Mg-0.5Zn-0.2Ag MgzSi Fe-Si
Mg-0.5Zn-0.2In Mg.Si Fe-Si
Mg-0.5Zn-0.2Cu Mg.Cu, Mg.Si, MgZnCu Fe-Si

6.3.2 Corrosion performance

The fraction of dynamic recrystallized area (fprx) of Mg alloys increases with the extrusion
speed. The unDRXed (not dynamic recrystallized) region contained coarse grains and large
amounts of dislocations [327]. Dislocations are matrix defects which will encourage the
corrosion process [153]. To exclude these potential effects, only the fully-recrystallized alloys
with similar grain sizes (~30 pum) are selected for comparison. The corrosion performances of
these selected as-extruded alloys differ greatly. Few intermetallics exist in as-extruded Mg-Zn,
Mg-Zn-Ag and Mg-Zn-In, which theoretically should lead to limited galvanic corrosion.
However, due to the presence of Fe-Si precipitates, the corrosion resistances of these alloys are
significantly deteriorated after heat treatment and extrusion as discussed in section 6.2.2 and
6.2.3. Furthermore, the relatively small Rt of these samples (Fig. 5-39) indicate that the oxide
layers are not protective. The refined grains after extrusion are accompanied with higher grain
boundary density. The grain boundaries serve as the metallographic defects and are reported to
be prone to corrosion. Thus, if no passivity exist, higher grain boundary density will accelerate
the corrosion rate [152, 155, 328].
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The amounts of precipitates in Mg-Zn-Ca are reduced after solution annealing and extrusion.
From the observations in Fig. 5-31, MgCaSi/Mg galvanic couple is electrochemically less
active than CE-IMP/Mg. Thusly, the diminishment of CE-IMP and Zn segregations lead to a
higher corrosion resistance of the as-extruded sample. In addition, the sample undergoes
“passivation” somehow with a corrosion rate of 0.06 mm/year after 7 days immersion (Fig.
5-41). The grain boundary in this case will facilitate the passivation process and build compact
corrosion layers, thereby reduce the corrosion rate [129, 152, 155, 284, 328]. As-extruded Mg-
Zn-Ca possesses higher corrosion resistance than other Mg-Zn(-X) alloys. Although Fe

precipitation also takes place during heat treatment, the Fe-Si particles are encapsulated by
MgCasSi in the as-extruded sample which is less detrimental to the corrosion resistance.
Another contribution can be explained in terms of texture weakening. With the exception of
Mg-Zn-Ca, the as-extruded alloys exhibit typical fibre textures (Fig. 5-35), which are
commonly found in the extruded bars [102, 154]. With the addition of Ca, the maximum texture
intensity is greatly reduced to 1.97. Similar texture weakening effects after adding Ca are also

reported in literature [214, 316, 329]. Lower fibre texture intensity means a higher possibility

of (0001) basal plane lying in parallel to the sample surface. The dissolution rate of (0001)
plane is much lower than those of the (1010) and (1120) planes due to its higher in-plane
atomic density and lower surface energy [330, 331]. Therefore, the weakened fibre texture
intensity further contributes to the higher corrosion resistance of Mg-Zn-Ca. Similar beneficial
effect of texture weakening on the corrosion performance is also reported elsewhere [332].

The corrosion performance of as-extruded Mg-Zn-Sr is similar to or slightly worse than that of
the as-cast state from EIS and hydrogen evolution tests, respectively. The different results
between these two measurements might be partially related to the different exposed sample
surfaces. The size and area fraction of the intermetallics are reduced after extrusion, which
should lead to a higher corrosion resistance [283, 321, 333]. However, due to the presence of
Si impurity and the strong bonding of Sr-Si, MgSrSi and Si2Sr phases withstand annealing and
extrusion and some “stringer-like” particles occur. These primary precipitates accumulate in
some areas, leading to more severe galvanic corrosion as the accumulated particles are
normally bigger than those in the as-cast state [334]. The precipitates in the as-extruded sample
are not as homogeneous as those in the as-cast sample. Other than the stringers, the distances
among the precipitates are longer in the as-extruded sample, contributing to a relatively less
continuous corrosion layer [335, 336]. Fe is incorporated in the MgSrSi and Si2Sr paticles,

exerting milder effect on the corrosion property. Additionally, the slightly weakened texture of
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DISCUSSION

Mg-Zn after adding Sr (from 4.75 to 3.39, Fig. 5-35) also helps to improve the corrosion

resistance.

The corrosion resistances of the as-cast and as-extruded Mg-Zn-Cu are comparably low. Most
MgZnCu phase changes to Mg2Cu phase after annealing and extrusion with the overall area
fractions of the precipitates similar. Information on the AE of Mg2Cu phase is still missing in
literature. Nevertheless, the corrosion potential of Mg2Cu (-1 Vsce) is much nobler than that of

pure Mg (-1.68 Vsce) [337], indicating accelerated galvanic corrosion would take place.
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7. Summaries and perspectives

In this work, the effects of micro additions of the selected alloying elements (X: Ca, Sr, Ag, In,
Cu) on the microstructure and corrosion behaviour of as-cast Mg-0.5Zn alloy are
systematically studied. The corrosion performance is evaluated based on electrochemical
methods, H2 evolution test and corrosion morphology observations and is related to the
microstructure, mainly in the aspects of grain size, intermetallics and impurities. Additions of
Ca, Srand Ag (0.2 wt.%) promote grain refinement in Mg-0.5Zn due to the higher Q values of
the solutes and precipitates pinning effect. Whereas no grain refinement effect is seen with the
additions of In and Cu due to the limited additions of the alloying elements. Scarce amounts of
Mg2Si and MgZn exist in Mg-0.5Zn and Mg-0.5Zn-0.2In, leading to comparatively high
corrosion resistance in the early stage of immersion. The lower corrosion resistance of Mg-Zn-
In in the later immersion periods can be attributed to the enhanced anodic reaction kinetics
which results in sparser and looser corrosion products. Likewise, the addition of Ca also
slightly promotes anodic reaction kinetics, leading to looser corrosion products in some areas.
However, the refined grain structures and limited precipitates contribute to the highest
corrosion resistance of Mg-0.5Zn-0.2Ca. The generally low corrosion rate of Mg-0.5Zn-0.2Sr
derives from the refined microstructures and formation of Zn/O layer in the corrosion products.
The additions of Ag and Cu induce filiform corrosion and pitting corrosion due to the formation
of noble precipitates (ZnsAg and MgzZnCu). The Ag and Cu additions are suggested to be less
than 0.2 wt.% to minimise pitting tendency. With the exception of Mg-Zn-Cu, the micro-
alloying systems designed in this study are promising candidates for biomedical applications
as their corrosion performances are comparable to the highly-alloyed systems. Although the Si
concentrations in Mg-0.5Zn(-0.2X) are 70-160 ppm, Si participates actively in the formation
of precipitates in all systems. The Si content should be limited to avoid the formation of

relevant intermetallics.

The corrosion behaviour of Mg-0.5Zn-0.2Ca are further studied as it has the highest corrosion
resistance among the alloys. The corrosion sequences of the intermetallics are unveiled via
quasi-in situ corrosion observation (mechanical exfoliation combined with diluted chromic
acid cleaning). Mg2Ca is the most anodic phase in respect to the matrix and other precipitates.
Mg2Ca will be corroded preferentially within 1 h immersion in 0.9% NaCl solution, whereas
Ca2MgsZns and MgCasSi are cathodes which remain even after 24 h. The nature of IMPs and

their corresponding corrosion time are not only beneficial for understanding the corrosion
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mechanism, but also helpful for the design and development of new lifetime-scalable implant

material.

Furthermore, effects of solution treatment on the microstructures and corrosion performances
of Mg-0.5Zn-0.2Ca and Mg-0.5Zn are investigated. Mg-Zn-Ca is selected as it has the highest
corrosion resistance while Mg-Zn is selected as a reference. After annealing, Mg2Ca and
CazMgsZns dissolve into the matrix and MgCaSi(Fe) phase is the only remaining precipitate
in Mg-Zn-Ca. The homogeneous microstructure and reduced galvanic couples contribute to a
higher corrosion resistance. In contrast, Mg2Si and Fe-Si are the main precipitates in solution
annealed Mg-0.5Zn and its corrosion resistance is significantly deteriorated compared to the
as-cast state. In fact, the scale of loss in the corrosion resistance is positively correlated with
the treatment duration. Higher concentrations of Fe in the Fe-Si particles are observed in the
longer treated Mg-Zn sample due to Fe precipitation during heat treatment. The Si and Fe
contents should be restricted to lower levels. In order to supress the precipitation of Fe
containing particles, the solidification rate of the casting melts should also be fast. For Mg-X-
Y system with some Fe impurities, Fe precipitation might not induce severe corrosion if the
enthalpies of formation are in the following order: AH (X-Y) < AH (Fe-X) <mn and considerable
Volta potential difference of X/Y precipitate to the matrix exists.

By adjusting the extrusion parameters, Mg-0.5Zn(-0.2X) alloys with similar grain sizes are
obtained. The corrosion performances of as-extruded Mg-Zn, Mg-Zn-Ag and Mg-Zn-In
deteriorate significantly compared to the as-cast counterpart due to Fe precipitation during
solution treatment. The corrosion resistance of as-extruded Mg-0.5Zn is as poor as the solution-
treated sample. On the other hand, the as-extruded Mg-0.5Zn sample without prior heat
treatment possesses much better corrosion resistance than the annealed and extruded sample.
It is suggested that prior to a mechanical deformation, the widely-adopted heat treatment
process should be conducted cautiously. Shorter treatment duration or cold working should be
considered in the case of micro-alloying Mg systems. The fine grain size, weakened fibre
texture and limited intermetallics contribute to the highest corrosion resistance of as-extruded
Mg-Zn-Ca. The corrosion rate of Mg-Zn-Sr is slightly increased after annealing and extrusion
due to the rearrangement of intermetallics. The corrosion rate of as-extruded Mg-Zn-Cu is as

high as that of the as-cast one due to the presence of Mg2Cu precipitates.

Apart from these, some clarifications are made here and still some points await to be

accomplished in the future research:
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Although each alloy in this work is from the same batch (10 ingots per alloy) and the
impurities level are checked by the 1st, 5th and 10th ingots, the corrosion behaviour of as-
cast Mg-0.5Zn described in section 5.1.2 is not the same as that described in section 5.2.1.
However, this does not change the main conclusions as the same ingot is used in each
section. Further studies are still needed to see whether the different corrosion behaviour is
related to the inhomogeneity among the samples. Also natural ageing effect in Mg-Zn based
systems should also be considered [338].

Si and Fe influence the microstructures and they might interact with the alloying elements.
It would be important to investigate/simulate the threshold/tolerance limits of Si/Fe
impurities in Mg alloys.

As the solution annealing deteriorates the corrosion performance of Mg-0.5Zn, appropriate
heat treatment conditions (e.g. solution annealing temperature/time) for more micro-
alloyed Mg alloys should be studied.

Setting up the database regarding the AH and AE of the precipitates and impurities. Without
conducting experiments, maybe it is already predictable to see whether heat treatments
have major negative effects on the corrosion performances of the alloys via methods such
as artificial neural networks [11].

Studying the corrosion behaviour of the alloys in media which are more similar to the

physiological environments such as SBFs.
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Appendix

1. Supporting information

After twin-jet electropolishing with 1.5% perchloric acid solution, a TEM image of the
intermetallic particle in Mg-0.5Zn-0.2Ca is shown in Fig. S1. According to EDS, the X1
particle contains Mg, Zn and Ca which should be CazMgesZns phase. Position X2 is etched
away during the electropolishing. The shape of the particle is similar to the one in Fig. 5-23c,
indicating the Mg2Ca phase might be corroded during the electropolishing or in contact with

the perchloric acid.

Fig. S1. TEM image of the intermetallic particle after twin-jet electropolishing with 1.5% perchloric

acid solution

It appeared that the IMPs and the matrix in the as-cast sample are heavily etched when exposed
to fresh chromic acid (180 g/L) for 5 min (Fig. S2a, b). In addition, the Mg2Ca phase in CE-
IMP is found to interact with even 100 times diluted chromic acid (~ 1.5 g/L) while Ca2MgesZns
and MgCaSi phases remain (Fig. S2c, d). To exclude the effect of chromic acid on the corrosion

morphology, a new methodology needs to be developed.
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before immersion

after chromic acid cleaning

Fig. S2. SEM images in BSE mode of as-cast Mg-0.5Zn-0.2Ca alloy (a) before and (b) after fresh
chromic acid cleaning; (c) before and (d) after diluted chromic acid cleaning (published in Corrosion
Science [181])

Table S1 Main alloying element and impurity concentrations of the as-cast Mg-0.5Zn(-0.2X) alloys
determined by Spark-OES

Mg-0.52n Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn-
0.2Ca 0.25r 0.2Ag 0.2In 0.2Cu

Zn (wt.%) | 0.44+£0.01|0.46+0.01(0.43+0.00|0.44+£0.00|0.44+0.010.44+0.01
X (wt.%) - 0.15+0.01 [ 0.17 £ 0.00 | 0.18 £ 0.02 | 0.17 +£ 0.00 | 0.20 + 0.00
Mn (ppm)
Si (ppm)
Al (ppm) <100 <100 140 +41 | 116+17 <100 <100
Fe (ppm) 27+3 23+4 18+1 18+1 28+ 4 255
Cu (ppm) 18+0 16+0 16+0 16+0 17+1 -
Ni (ppm) 10+3 12+1 10+1 12+1 10+3 12+1
Be (ppm) <1 <1 <1 <1 <1 <1
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Table S2 Main alloying element and impurity concentrations of the as-extruded Mg-0.5Zn(-0.2X)
alloys determined by Spark-OES

Mg-0.520 Mg-0.5Zn- [ Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn- | Mg-0.5Zn-
0.2Ca 0.25r 0.2Ag 0.2In 0.2Cu

Zn (wt.%) | 0.46 £0.02 | 0.50+0.02 [ 0.48 £0.03 | 0.48+£0.00|0.47 +£0.01 [ 0.48 £0.00
X (Wt.%) - 0.22 +0.01
Mn (ppm)
Si (ppm)
Al (ppm)
Fe (ppm) 9+1 15+3 11+4 11+2 9+2 4+1
Cu (ppm) 15+1 13+0 13+2 13+1 16+1 -
Ni (ppm) <2 <2 <2 <2 <2 <2
Be (ppm)
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Table S3 Corrosion performance of Mg-Zn(-X) systems summarised from literature and this study (TS). The material is in as-cast condition if not specific

stated. Only the values of the material with highest corrosion resistance are shown (published in Materials & Design [206])

Impurity (ppm) Corrosion resistance Corrosion test and performance Ref.
H, (0.01 ml/cm?/h at 60 h) and PDP (30 uA/cm?) in
- Pure Mg ) 339]
0.9% NaCl solution
- as-extruded Mg-2Zn PDP (30 pA/cm?) in 0.1M NaCl solution 277]
Fe: 38, Cu: 5, Ni: 5 as-extruded Mg-6Zn H, (8.5 ml/cm? at 170 h), PDP (16 uA/cm?) in HBSS | [278]
Fe: 38, Cu: 5, Ni: 5 as-extruded Mg-6Zn PDP (45 pA/cm?) in SBF [111]
H; (1.3-2.8 ml/cm? at 48 h) and PDP (12-41 pA/cm?)
- Mg-2Zn ) ) 268]
- in 0.9% NaCl solution
':51, H, (1.8-2.2 ml/cm? at 48 h) and PDP (36-50 pA/cm?)
S - Mg-4Zn ) ) 269]
in 0.9% NaCl solution
Fe: 38, Cu: 5, Ni: 5 as-extruded Mg-6Zn PDP (26 pA/cm?) in 0.9% NacCl solution 270]
Fe:<12,Cu:<5,Ni: <10 Mg-6Zn H, (17.5 ml/cm? at 170 h) in 0.9% NaCl solution [127]
_ PDP (19 pA/cm?) and H, (0.27 ml/cm? at 48 h, 0.77
Fe: 14, Cu: <3, Ni: <3 Mg-0.5Zn ) ) TS
ml/cm? at 170 h) in 0.9% NaCl solution
- Mg-6Zn-1Ca > Mg-10Zn-1Ca > Mg-20Zn-1Ca PDP (125 pA/cm?) in 1 x PBS 280]
< Mg-5Ca-3Zn > Mg-5Ca-1.5Zn > Mg-5Ca-1Zn > )
S - H. (0.2 ml/cm? at 170 h) in HBSS [129]
’\;';l Mg-5Ca-0.5Zn
=) _ Mg-0.6Ca-0.8Zn > Mg-0.6Ca-1.8Zn > Mg-1.6Ca- _ _
= Fe: 6-21, Cu: 10-21, Ni: 21 PDP (0.75 pA/cm?) in PBS, (3.5 pA/cm?) in HBSS 134]
0.8Zn > Mg-1.6Ca-1.8Zn
- Mg-3Ca-2Zn > Mg-3Ca PDP (3.86 pA/cm?) in HBSS [81]
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0.9% NaCl solution

- Mg-2Zn-0.2Ca PDP (450 uA/cm?) in Ringer’s solution [177]
_ H, (1.05-1.2 ml/cm? at 170 h) PDP (10 pA/cm?) in
Fe: 20, Cu: 30, Ni: 70 Mg-5Ca-1Zn > Mg-5Ca-3Zn > Mg-5Ca-5Zn HBSS [279]
- ECAP Mg-4Zn-0.56Ca > Mg-4Zn-0.1Ca Mass loss (2.4 mm/year at 24 h) in 0.9% NaCl solution 271]
as-extruded Mg-1Zn-0.5Ca > Mg-1Zn-1Ca > Mg- ) )
Fe: 10-20, Cu: 10-30 PDP (0.17 pA/cm?) in 0.9% NaCl solution [272]
1Zn-0.8Ca > Mg-1Zn-0.2Ca
_ PDP (16 pA/cm?) and H, (0.29 ml/cm? at 130 h, 0.36
Fe: 21, Cu:<3,Ni: <3 Mg-0.5Zn-0.2Ca ) ) TS
ml/cm? at 170 h) in 0.9% NaCl solution
Solution treated Mg-2Zn-0.5Sr > Mg-4Zn-0.5Sr > )
- H. (0.3 ml/cm? at 170 h) in HBSS 320]
Mg-6Zn-0.5Sr
Fe: 20-38, Cu: 28-52, Ni: < | as-extruded Mg-4Zn-1Sr > Mg-4Zn-0.5Sr > Mg- ]
PDP (2.3 pA/cm?) in HBSS [249]
10 4Zn-0.2Sr > Mg-4Zn-2Sr
Fe: 20-38, Cu: 28-52, Ni: < | as-extruded Mg-6Zn-0.5Sr > Mg-6Zn-1Sr > Mg- ]
PDP (3.0 pA/cm?) in HBSS [249]
10 62Zn-0.2Sr > Mg-6Zn-2Sr
2 as-rolled Mg-4Zn-0.155r = Mg-4Zn-0.55r > Mg- _
N - PDP (40 mA/cm?) in r-SBF 322]
&> 4Zn-1Sr = Mg-4Zn-1.5Sr
p
as-rolled Mg-1Zn-0.1Sr > Mg-1Zn-0.05Sr > Mg- ) )
Fe: 60-70 PDP (12 pA/cm?) in 0.1M NaCl solution 262]
0.4Zn-0.05Sr
Mg-5Zn-0.2Sr > Mg-5Zn-1Sr > Mg-5Zn-0.6Sr > ) )
- PDP (34.9 pA/cm?) in 0.9% NaCl solution [138]
Mg-5Zn
_ PDP (22 pA/cm?) and Ha (1.0 ml/cm? at 170 h) in
Fe: 18, Cu: <3, Ni: <3 Mg-0.5Zn-0.25r TS
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as-extruded Mg-3Zn-0.2Ag > Mg-3Zn-0.5Ag > ] ]
- PDP (34 pA/cm?) in SBF with TRIS [141]
Mg-3Zn-0.8Ag
2 - Mg-1Ag PDP (51 pA/cm?), Hz (4.7 ml/cm? at 170 h) in HBSS [19]
< ) as-extruded Mg-6Zn-1Ag > Mg-6Zn-2Ag > Mg- Mass loss (33 mm/year at 72 h) in 3.5% NaCl
N Fe: 1720-2180, Si: 130-140 ) ) [140]
g 6Zn-3Ag solution saturated with Mg(OH):
_ PDP (24 pA/cm?) and H, (2.9 ml/cm? at 170 h) in
Fe: 14, Cu: <3,Ni: <3 Mg-0.5Zn-0.2Ag ) TS
0.9% NaCl solution
- Mg-1In PDP (20 pA/cm?), Hz (2.8 ml/cm? at 170 h) in HBSS | [19]
c ] Mass loss (0.45 mm/year at 170 h) in 0.9% NaCl
- Fe: <10, Cu: <10, Ni: <10 Mg-1In > Mg-3In = Mg-7In ) [227]
N solution
s _ PDP (19 pA/cm?) and H, (1.8 ml/cm?, 0.57 mm/year
Fe: 12, Cu: <3, Ni: <3 Mg-0.5Zn-0.2In ) ] TS
at 170 h) in 0.9% NaCl solution
as-cast and T6 Mg-2Zn-0.1Cu > Mg-2Zn-1Cu > ) )
- PDP (20 pA/cm?) in 3.5% NacCl solution 282]
5 Mg-2Zn-3Cu
O
’\él - Mg-0.1Cu > Mg-0.2Cu > Mg-0.3Cu PDP (120 pA/cm?) in 0.9% NaCl solution [273]
S _ PDP (104 pA/cm?) and H; (49.7 ml/cm? at 170 h) in
Fe: 8, Ni: <3 Mg-0.5Zn-0.2Cu ) TS
0.9% NaCl solution
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2. Abbreviations
AC
Ag
AgCI
Al
AM50
AMG60
Ar
at.%
a.u.
AZ31
AZ53
AZ80
AZ91
Be
BCC
BSE

Ca
Cat
CaCOs
CE

Ce
CE-IMP
Cl

CI

cm
CO2
CPEua
CPEs
Cr

CR

Cu

Alternative current
Silver

Silver chloride
Aluminium
Mg-4.9Al-0.26Mn
Mg-6AI-0.5Mn

Argon

Atomic percentage
Arbitrary unit
Mg-3Al-1Zn
Mg-5Al-3Zn
Mg-8Al-0.5Zn
Mg-9Al-1Zn
Beryllium

Body centred cubic
Backscattered electron
Carbon

Calcium

Calcium divalent ion
Calcium carbonate
Conformité Européenne
Cerium

Co-existing intermetallic particle
Chloride

Chloride ion
Centimetre

Carbon dioxide
Electric double layer resistance
Film capacitance
Chromium

Corrosion rate

Copper
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dprx Average dynamic recrystallized grain size

DMEM Dulbecco’s modified eagle’s medium
e Electron

EBSD Electron backscatter diffraction
ECAP Equal channel angular pressing
EDS Energy dispersive X-ray spectroscopy
e.g. exempli gratia

EIS Electrochemical impedance spectroscopy
EW75 Mg-5Y-7Gd-1Nd-0.5Zr

FDA Food and drug administration
Fe Iron

Fe?*/Fe3* Ferrous cation / Ferric cation
FIB Focused ion beam

g Gram

Gd Gadolinium

h Hour

H Enthalpy

HBSS Hank's balanced salt solution
H2 Hydrogen gas

H20 Water

HCOs Bicarbonate ion

hcp Hexagonal close packed

HNOs Nitric acid

HPO4* Hydrogen phosphate ion

HT Heat treatment

Hz Hertz

Icorr Current density

ICP Inductive coupled plasma

IMP Intermetallic particle

In Indium

KeV Kilo electronvolt

kJ Kilo Joule

Ksp Solubility product constant
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KV

L

La
LAE442
Li

Li*
LiOH
LPSO
LS

mA

min

mg

Mg

Mg?2*
MgO
Mg(OH)2
Mgs(PO4)2
mL

mm

mol

MPa

Mn

mV

N2
NaCl
Na2S04
Nd

Ni

nm

02

Kilovolt

Litre

Lanthanum
Mg-4Li-4Al-2RE
Lithium

Lithium ion

Lithium hydroxide
Long period stacking ordered
Longitudinal cross section
Mole per litre
Milliampere

Minute

Milligram

Magnesium
Magnesium divalent ion
Magnesium oxide
Magnesium hydroxide
Magnesium phosphate
Millilitre

Millimetre

Mole

Mega Pascal
Manganese

Millivolt

Nitrogen

Nitrogen gas

Sodium chloride
Sodium sulfate
Neodymium

Nickel

Nanometre

Oxygen

Oxygen gas
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OES Optical emission spectrometry

oM Optical microscopy

OH" Hydroxide ion

OPS Oxide polishing suspension
P Phosphorus

PBS Phosphate buffer solution
PDP Potentiodynamic polarisation
PLA Polylactic acid

PLGA Poly(lactic-co-glycolic acid)
PO4* Orthophosphate ion

ppm Parts per million

PSN Particle-stimulated nucleation
p Density

Q Growth restriction factor

Ret Charge transfer resistance
RE Rare earth element

Ry Film resistance

rms Root mean square

rpm Revolutions per minute

Rs Solution resistance

RS Rolling surface

Rsum Sum of resistance

RT Room temperature

S Second

SAED Selected area electron diffraction
SBF Simulated body fluid

SCC Stress corrosion cracking
SCE Saturated calomel electrode
SE Secondary electron

SEM Scanning electron microscopy
SFs Sulfur hexafluoride

SHE Standard hydrogen electrode
Si Silicon
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SiC Silicon carbide

SKPFM Scanning Kelvin Probe Force Microscopy
Sn Tin

SO4* Sulfate

Sr Strontium

Sr2* Strontium ion

t Time

T Temperature

T4 Solution heat treated and naturally aged
T6 Solution heat treated then artificially aged
TEM Transmission electron microscopy

Ti Titanium

TOF-SIMS Time-of-flight secondary ion mass spectrometry
TRIS Tris(hydroxymethyl)aminomethane

TS Transverse cross section

pHm micrometre

\Y Voltage/Volt

Vol.% Volume percentage

WE43 Mg-4Y-3RE

wt.% Weight percentage

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Y Yttrium

VA Real part of impedance

-Z" Imaginary part of impedance

ZK60 Mg-5.3Zn-0.48Zr

Zn Zinc

Zn(OH)2 Zinc hydroxide

Zr Zirconium
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