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Abstract 

The electrochemical corrosion mechanisms of Mg alloys were extensively studied in previous investigations of different chemical com- 
positions, modified surface states and various electrolyte conditions. However, recent research focused on the active state of Mg dissolution, 
leading to unresolved effects of secondary phases adjacent to a stable α-solid solution passive layer. The present study investigates the 
fundamental electrochemical corrosion mechanisms of three different Laves phases with varying phase morphologies and phase fractions in 
the passive state of Mg-Al-Ca alloys. The microstructure was characterized by (transmission-) electron microscopy and synchrotron-based 
transmission X-ray microscopy. The electrochemical corrosion resistance was determined with a standard three-electrode setup and advanced 
in-situ flow cell measurements. A new electrochemical activity sequence (C15 > C36 >α-Mg > C14) was obtained, as a result of a stable 
passive layer formation on the α-solid solution. Furthermore, nm-scale Mg-rich precipitates were identified within the Laves phases, which 
tend to inhibit the corrosion kinetics. 
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

The global effort to reduce the human CO2 footprint to-
ards a sustainable economy illustrates the urgent require-
ent of cost-efficient lightweight materials, which might con-

equently substitute long-term established alloys. Thus, mag-
esium (Mg) with a density of 1.74 g/cm3 and Mg alloys
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epresent a crucial material class for various applications in
he medical [ 1-3 ] or aerospace [ 4-6 ] sector and as a poten-
ial anode material in air batteries [ 7-9 ]. While Mg-Al-Zn al-
oys were extensively studied in terms of their mechanical
 10-12 ] and electrochemical [ 13-15 ] properties, recent re-
earch focuses on Mg-Al-Ca alloys as well [ 16-19 ]. Mg-Al-
a alloys exhibit excellent mechanical properties at elevated

emperatures ( T > 150 °C) due to microstructural inherent in-
ermetallic Laves phases [ 20-22 ]. Depending on the nominal
a/Al ratio, either Mg2 Ca (C14), (Mg,Al)2 Ca (C36) or Al2 Ca
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2024.06.011&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2024.06.011
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:d.zander@gi.rwth-aachen.de
https://doi.org/10.1016/j.jma.2024.06.011
http://creativecommons.org/licenses/by-nc-nd/4.0/


2448 M. Felten, V. Chaineux, S. Zhang et al. / Journal of Magnesium and Alloys 12 (2024) 2447–2461 

(  

p  

e  

l  

t  

i  

 

p  

g  

3  

b  

fi  

d  

m
m  

M  

e  

s  

[  

M  

t  

A  

r  

t  

i  

T  

d  

c
i  

s  

k  

v  

p  

r  

M  

f  

a  

[  

t  

(  

c  

t  

n  

e
 

i  

o  

o  

t  

M  

[  

r  

t  

w  

r  

t  

m  

a  

w  

t  

L  

p  

c  

L  

c  

t
 

o  

f  

n  

p  

l  

t  

p  

t  

c  

a  

c  

b  

t  

p  

t  

M  

p  

a  

o  

s  

a

2

2

 

n  

A  

C  

c  

(  

w  

s  

r  

[  

w  

Table 1 
Chemical composition of the Mg-Al-Ca alloys determined with ICP-OES and 
ICP-MS. 

Mg Al Ca Fe Cu Mn Ni Si 
[wt.%] [wt.%] [wt.%] [ppm] [ppm] [ppm] [ppm] [ppm] 

AX44 Bal. 3.94 3.83 20 ± 2 < 20 < 20 < 20 < 20 
AX53 Bal. 4.65 2.82 11 ± 3 < 20 < 20 < 20 < 20 
AX62 Bal. 5.53 1.74 39 ± 9 < 20 < 20 < 20 < 20 
C15) are thermodynamically predicted [ 23 , 24 ] and were ex-
erimentally observed [ 25-27 ] in the as cast condition. Zubair
t al. [ 18 ] further conducted a heat treatment of Mg-Al-Ca al-
oys and observed both a C36 to C15 solid-state transforma-
ion and a secondary phase morphology modification from an
nterconnected skeleton to finely dispersed spherical particles.

The high chemical activity of Mg combined with a merely
artially protective surface film formed in aqueous electrolytes
enerally limits the widespread application of Mg alloys [ 28-
0 ]. The native oxide on Mg comprises an inner MgO layer
eneath a thin Mg(OH)2 layer [ 31-35 ]. The oxide/hydroxide
lm formed in neutral aqueous electrolytes was instead either
escribed as an inner hydrated Mg(OH)2 layer with an inter-
ediate MgO layer [ 36 ] or a nanocrystalline MgO/Mg(OH)2 

ixture [ 37 ] beneath an outer plate-like Mg(OH)2 layer. For
g-Al alloys a further Al enriched Mg/MgO interface was

xperimentally observed [ 38 ] and theoretically predicted via
urface phase diagrams by Yang et al. [ 39 ]. Nordlien et al.
 38 ] observed a maximum Al/Mg weight ratio of 35% at the

g/MgO interface after exceeding the Mg-Al solid solution
hreshold of cAl > 4 wt.%, leading to a continuous skeletal
l enriched barrier that improves the electrochemical cor-

osion resistance. Furthermore, Ca tends to reduce the ca-
hodic as well as the anodic partial reaction due to an ox-
de/hydroxide layer reinforcement via Ca or CaCO3 [ 40 ].
he oxide/hydroxide formation was extensively studied un-
er neutral immersion conditions, while fewer studies fo-
used on alkaline electrolytes with pH > 10.5, where Mg(OH)2 

s thermodynamically stable [ 31 , 41 , 42 ]. Short-term immer-
ion experiments conducted by Felten et al. [ 41 ] under al-
aline conditions (pH = 11.5) on Mg-Al-Ca solid solution re-
ealed a dense Mg(OH)2 layer (Mg(OH)2_dense ) beneath a
late-like Mg(OH)2 layer (Mg(OH)2_flake ) as the formed cor-
osion products. Furthermore, two Al enriched layers at the

g/Mg(OH)2_dense and the Mg(OH)2_dense /Mg(OH)2_flake inter-
aces were observed. While the anodic partial reaction occurs
cross an intact oxide/hydroxide film with a valence of n = 2
 43-46 ], the cathodic partial reaction was generally believed
o comprise predominantly of the hydrogen evolution reaction
HER) [ 47-49 ]. Nevertheless, recent studies exhibit a signifi-
ant contribution of the oxygen reduction reaction (ORR) to
he total cathodic partial reaction for ultra-high purity Mg in
eutral electrolytes and Mg-Al-Ca solid solutions in alkaline
lectrolytes [ 41 , 50-52 ]. 

Beside the α-solid solution composition and the ox-
de/hydroxide structure, the microstructural inherent sec-
ndary phases affect the electrochemical corrosion resistance
f varying Mg alloys [ 53-55 ]. For Mg-Al-Ca alloys in elec-
rolytes with pH < 10.5, a dualistic effect for the intermetallic

g17 Al12 phase and the Al2 Ca Laves phase was observed
 16 , 56-59 ]. Both cathodic phases might either act as a cor-
osion barrier or a corrosion accelerator for the Mg dissolu-
ion, if they are continuously or discontinuously distributed
ithin the microstructure [ 16 , 57-59 ]. An opposing effect was

eported for the anodic Mg2 Ca Laves phase. On the one hand,
he Mg2 Ca Laves phase acts as a sacrificial anode in the

icro-galvanic coupling with the adjacent α-solid solution
nd decreases the overall corrosion current density [ 57 ]. This
as observed in alloys with Mg2 Ca Laves phases in low frac-

ions dispersed as particles. On the other hand, the Mg2 Ca
aves phase increases the corrosion current density, when the
hase fraction is high enough to form a continuous and inter-
onnected secondary phase skeleton [ 60-62 ]. The (Mg,Al)2 Ca
aves phase was either described as the anode [ 60 ] or as the
athode [ 31 , 57 , 61 , 63 , 64 ] in the micro-galvanic coupling with
he adjacent α-solid solution. 

Nevertheless, the effect of microstructural inherent sec-
ndary phases adjacent to an α-solid solution passive layer
ormation on the electrochemical corrosion mechanisms has
ot yet been extensively analyzed in the literature. In the
resent study, we investigate three different Mg-Al-Ca al-
oys in the as cast and in a heat-treated condition, to explore
his effect for the wide variety of different inherent secondary
hases (C14, C36, C15), phase morphologies and phase frac-
ions, while simultaneously obtaining comparable chemical
ompositions of the α-solid solutions. The microstructure was
nalyzed in 2D via scanning (transmission-) electron mi-
roscopy (SEM/STEM) and in 3D via synchrotron radiation-
ased transmission X-ray microscopy (TXM). In particular,
his study focusses on the microstructure of the inherent Laves
hases and the formation of nm-scale Mg-rich precipitates
herein. The electrochemical corrosion resistance of the three

g-Al-Ca alloys under alkaline immersion conditions with
H = 11.5 was determined and will be discussed in detail. The
lkaline electrolyte was selected to stabilize the passive layer
n the α-solid solution without any film breakdown effects, to
ubsequently explore the fundamental electrochemical mech-
nisms adjacent to the different secondary phases. 

. Material and methods 

.1. Material preparation 

Different Mg-Al-Ca alloys were cast in an induction fur-
ace and subsequently solidified in a steel crucible under
r protective gas. The chemical compositions of the Mg-Al-
a alloys determined with inductively coupled plasma opti-
al emission spectroscopy (ICP-OES) and mass spectrometry
ICP-MS) are listed in Table 1 . Several as-cast (AXac ) alloys
ere further annealed (AXht ) under a protective Ar atmo-

phere at 500 °C for 48 h and cooled down with a cooling
ate of ∼100 °C/h. The specimens were prepared according to
 65 ] including a first grinding step using SiC abrasive paper
ith a grit size of #1000 and water as a lubricant, followed
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y a grinding procedure with a SiC paper with a grit size of
4000 and iso-propanol (Schmitz-Metallographie GmbH, Her-
ogenrath, Germany) as a lubricant. Afterwards, all specimens
ere polished with water-free 3 μm and 1 μm diamond sus-
ension (Schmitz-Metallographie GmbH, Herzogenrath, Ger-
any) using a DP Lubricant Blue (Struers GmbH, Willich,
ermany). The final polishing step was conducted with a 0.2
m water-free fumed silica suspension (Cloeren Technology
mbH, Wegberg, Germany) and a subsequent cleaning pro-

edure in an ultrasonic bath with iso-propanol. Thereafter, all
pecimens were stored for ∼24 h under moderate atmospheric
onditions with a humidity of 30–40 % and a temperature of
3–25 °C to establish stable native oxide surface conditions
or subsequent reliable electrochemical measurements as rec-
mmended in [ 31 , 66 ]. 

.2. Microstructure and surface analysis 

The microstructure was investigated with a Supra 55VP
EM (Carl Zeiss AG, Oberkochen, Germany) equipped with
n Ultim®Max detector (Oxford Instruments plc, Abingdon,
K) for energy dispersive X-ray spectroscopy (EDS). The
EM was operated at an acceleration voltage of 10 kV.
he acquired back scattered electron (BSE) images were fur-

her analyzed with an isodata algorithm [ 67 ] based thresh-
ld to automatically determine the corresponding secondary
hase fractions. STEM investigations were performed on two
s -corrected Titan microscopes (Thermo Fisher Scientific,
altham, USA) operated at 300 kV (Titan Themis) and 200

V (Titan G2 80–200 ChemiSTEM [ 68 ]). STEM-EDS spec-
rum images were acquired using the 4-quadrant SuperX de-
ectors and multivariate statistical analysis [ 69 ] was applied
o denoise various datasets. Thin lamellas for STEM inves-
igations were prepared using focused ion beam (FIB) plat-
orms: Scios2 and Helios NanoLab 400S (Thermo Fisher Sci-
ntific, Waltham, USA). Additional C marker was applied on
he specimen surfaces to preserve the corrosion products [ 70 ].

.3. Synchrotron-based TXM 

For the TXM investigation, site-specific extraction of cylin-
ers with a diameter of 20 μm and a length of 150 μm from
ach Mg-Al-Ca alloy was done with a Helios 5 Hydra UX
ual-beam microscope (Thermo Fisher Scientific, Waltham,
SA). FIB techniques were employed with a Xe+ plasma

ource for the lift-out and preparation of the cylinders. The
XM measurement was performed at the P05 imaging beam-

ine [ 71 ] operated by the Helmholtz-Zentrum Hereon at the
ETRA III storage ring of the German Electron Synchrotron
DESY). A full-field TXM setup, equipped with a Fresnel
one Plate of 130 μm diameter and a beam shaping optics
ere used for acquiring the tomograms at an energy of 11
eV in Zernike phase contrast mode. These optics were de-
igned and manufactured at the Paul Scherrer Institute. An
-ray sCMOS camera (Hamamatsu C12849−101U, 6.5 μm
ixel size, 2048 × 2048 pixel, 16-bit image depth) with a
0 μm Gadox scintillator was used as a detector. The high-
esolution scanning resulted in 2D images with 15.15 nm2 

ixel size. The raw image data were reconstructed using the
05 reconstruction pipeline based on TomoPy [ 72 ] with a
inning factor of two, resulting in 3D image data with a
oxel size of 30.3 nm3 . The acquired images were subse-
uently filtered to remove textural noise using iterative non-
ocal mean filter [ 73 ] then segmented, analyzed and visual-
zed with the VG-Studio Max (Volume Graphics, Heidelberg,
ermany) software. 

.4. Electrochemical analysis 

An alkaline KOH solution (cKOH 

= 0.0032 mol/l)
oti®Metic 99.98% (Carl Roth GmbH, Karlsruhe, Germany)
ith a constant temperature of 25 °C and pH = 11.5 ± 0.1

erved as the electrolyte for all conducted electrochemical
easurements. A standard three-electrode setup was utilized,
hich consisted of a Hg/HgO reference electrode, a platinum

heet as the counter electrode and the Mg-Al-Ca alloys with
 specimen surface of 0.28 cm2 as the working electrode.
 Reference 600TM (Gamry instruments, Warmister, USA)
otentiostat was used. Open circuit potential (OCP) measure-
ents were conducted for 60 min in an electrolyte volume of

50 ml. Thereafter, both hybrid electrochemical impedance
pectroscopy (EIS) and potentiodynamic polarization (PDP)
easurements were conducted. For EIS measurements an

nitial frequency of 10 kHz, a final frequency of 0.1 Hz and
n applied AC voltage of 10 mV were used. PDP measure-
ents were conducted with a scan rate of 0.8 mV/s in a

otential range of −300 to 500 mV relative to the OCP. The
tandard electrochemical measurements were supplemented
y separate flow cell experiments coupled with an ICP-MS
nalysis, to enable an in-situ and element specific determina-
ion of the corrosion currents. A custom-built micro-flow cell
esign was utilized with a specimen area of 0.03 cm2 and a
ow rate of 30 ml/h in conjunction with a NexION® 2000
CP-MS (Perkin Elmer, Massachusetts, USA). The ICP-MS
as used in the kinetic energy discrimination (KED) mode
ith Ar (99.999 vol%) as the nebulizer gas and He (99.9999
ol%) as the collision gas. 

. Results 

.1. Microstructural characterization 

The microstructure of Mg-Al-Ca alloys depends on the
hemical composition of the alloys as well as on their heat
reatment [ 23 , 25-27 ]. Fig. 1 compares structures of the inves-
igated Mg-Al-Ca alloys in the as-cast and the heat-treated
tate. Each of the alloys contain the α-solid solution and
aves phases (C14-, C15- and/or C36) coexisting as the mi-
rostructure inherent phases ( Table 2 ), consistent with previ-
us studies on the same material [ 18 ]. The Al content within
he α-solid solution increases with the overall alloy Al con-
entration. The Al concentration ranges between 1.3 ± 0.4
t.% and 2.8 ± 0.6 at.% for the as-cast as well as 0.7 ± 0.0
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Fig. 1. SEM-BSE images of the investigated Mg-Al-Ca alloys in the as-cast and the heat-treated conditions. 

Table 2 
Averaged SEM-EDS spectra of the microstructure inherent phases with rep- 
resentative locations indicated by arrows in Fig. 1 . 

Ca/Al Al Ca Mg Phase 
[at.-%/ at.-%] [at.-%] [at.-%] [at.-%] [-] 

AX44ac 0.65 
1) 1.3 ± 0.4 0.2 ± 0.1 98.5 ± 0.4 α-Mg 
2) 40.8 ± 2.0 26.8 ± 1.3 32.4 ± 3.2 (Mg,Al)2 Ca 
3) 13.5 ± 2.0 14.3 ± 2.3 72.2 ± 4.2 Mg2 Ca 
AX53ac 0.41 
1) 1.7 ± 0.1 0.1 ± 0.0 98.2 ± 0.2 α-Mg 
2) 41.8 ± 2.1 24.5 ± 2.4 33.7 ± 4.3 (Mg,Al)2 Ca 
AX62ac 0.21 
1) 2.8 ± 0.6 0.1 ± 0.0 97.1 ± 0.6 α-Mg 
2) 52.1 ± 3.0 24.0 ± 1.5 23.5 ± 3.6 (Mg,Al)2 Ca 
3) 59.7 ± 0.8 25.3 ± 0.4 15.0 ± 1.2 Al2 Ca 
AX44ht 0.65 
1) 0.7 ± 0.0 0.0 ± 0.0 99.3 ± 0.0 α-Mg 
2) 46.5 ± 3.3 30.1 ± 1.8 23.4 ± 5.1 (Mg,Al)2 Ca 
3) 22.0 ± 1.3 26.7 ± 0.9 51.4 ± 2.2 Mg2 Ca 
AX53ht 0.41 
1) 1.2 ± 0.1 0.0 ± 0.0 98.8 ± 0.1 α-Mg 
2) 59.4 ± 3.4 29.6 ± 1.9 11.0 ± 5.3 Al2 Ca 
AX62ht 0.21 
1) 3.1 ± 0.0 0.0 ± 0.0 96.9 ± 0.0 α-Mg 
2) 60.2 ± 3.0 28.4 ± 1.6 11.4 ± 4.7 Al2 Ca 
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t.% and 3.1 ± 0.0 at.% for the heat-treated conditions, re-
pectively. The phase fractions determined in 2D are given
n Table 3 . The AX44ac alloy exhibits both an interconnected
ne lamellar C14 Laves phase and a rather coarse intermetal-

ic C36 Laves phase ( Fig. 1 a). Both Laves phases are further
bserved with a dispersed particle morphology after the heat
reatment in the AX44ht alloy ( Fig. 1 d), although a significant
ncrease of the C36 Laves phase fraction and a decrease of the
14 Laves phase fraction was determined. The inset image in
ig. 1 d) indicates that the solid-state transformation initiates
t the C14/ α-solid solution interface. The AX53ac alloy con-
ains predominantly an interconnected C36 Laves phase skele-
on ( Fig. 1 b), while the AX62ac ( Fig. 1 c) contains as well the
36 Laves phase and the C15 Laves phase, both characterized
y a lower interconnectivity [ 18 ]. Unfortunately, the C36 and
he C15 phases cannot be accurately distinguished via EDS-
appings (not shown) or the corresponding phase morphol-

gy in the AX62ac alloy, although EDS-mappings indicate a
redominant C36 Laves phase. Accordingly, the phase frac-
ion determined for the AX62ac alloy and listed in Table 3 is
n overall number including both coexisting Laves phases.
he AX53ht and the AX62ht alloys exhibit exclusively the
15 Laves phase dispersed within the matrix of the α-solid

olution ( Fig. 1 e) and f)). More detailed characterization of
nterfaces, phase fractions and compositions of the investi-
ated Mg-Al-Ca alloys were published previously by Zubair
t al. [ 18 ]. 

In the present study, we went beyond 2D imaging and
pplied synchrotron-based TXM to investigate the 3D mor-
hology and interconnectivity of the constituent phases. Such
D analysis has proven to be pivotal in revealing the electro-
hemical corrosion mechanisms of biodegradable Mg–Ca–Zn
lloys [ 74 ]. Fig. 2 shows the 3D representations of the Laves
hases. The Laves phases in the AX44ac and the AX53ac al-
oys form a continuous 3D network, while the AX62ac alloy
hows a reduced interconnectivity among the Laves phases,
onsistent with the 2D image analysis in Fig. 1 . The C15
nd the C36 Laves phases cannot be accurately distinguished
n the AX62ac alloy based on the material contrast in the
ynchrotron-based TXM measurements. Thus, a cumulative
olume phase fraction is listed in Table 3 . All determined vol-
me fractions agree well with the phase fractions determined
n 2D. However, the 3D structure observed for the AX44
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Table 3 
2D/3D phase fractions determined via BSE images and synchrotron-based TXM. 

AX44ac AX53ac AX62ac AX44ht AX53ht AX62ht 

2D 

C14 [%] 9.7 ± 0.8 - - 3.2 ± 0.5 - - 
C36 [%] 1.1 ± 0.7 6.7 ± 0.8 

4.4 ± 0.4 
4.4 ± 0.1 - - 

C15 [%] - - - 4.8 ± 0.4 3.3 ± 0.1 
3D 

C14 [%] 9.7 - - 7.1 - - 
C36 [%] 0.8 6.5 

3.6 
4.1 - - 

C15 [%] - - - 4.4 2.8 

Fig. 2. a-g) 3D representation of the Laves phase morphologies within the Mg-Al-Ca alloys acquired with the synchrotron-based TXM measurements. h,i) 
particle volume distribution of the C15 Laves phases in the heat-treated AX53ht and AX62ht alloys. 
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lloy in Fig. 2 d) reveals an interconnected C36/C14 Laves
hase network, while the 2D analysis in Fig. 1 d) indicated
he presence of merely disconnected spherical Laves phases.
hus, the 3D microstructure analysis more accurately re-
ects the interconnectivity of the precipitated phases. Further-
ore, 3D analysis of the microstructure for the AX44ht alloy

 Fig. 2 g) confirms our findings derived from the correspond-
ng 2D analysis, that the C14 to C36 solid-state transformation
nitiates from the C14/ α-solid solution interface. Accordingly,
e conclude, that the transformation proceeds preferentially
t the C14/ α-solid solution interface resulting in the AX44ht 

tructure with C36 Laves phase surrounding the C14 Laves
hase in 3D. Fig. 2 e) and f) show 3D spherical dispersed
15 Laves phase particles within the AX53ht and the AX62ht 

lloys. The corresponding volume histograms for the Laves
hase particles, analyzed in equal cylindrical volumes with
 diameter of 15 μm and a length of 17 μm, are shown in
ig. 2 h) and i), respectively. Although both alloys contain a
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Fig. 3. STEM/EDS analysis of a) a C36 Laves phase in the AX53ac alloy, b) a C36 Laves phase in the AX62ac alloys, c) both C14- and C36 Laves phases 
in the AX44ht alloy and d) a C15 Laves phase in the AX62ht alloy. 
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Table 4 
STEM/EDS values of the Laves phases in Fig. 3 . 

Al Ca Mg 
[at.-%] [at.-%] [at.-%] 

AX53ac 

C36 58 27 15 
AX44ht 

C14 22 31 47 
C36 51 32 17 
AX62ht 

C15 65 32 3 
omparable amount of C15 Laves phases, larger C15 particles
re observed within the volume distribution for the AX53ht 

lloy. 
Selected Laves phases were further investigated by

TEM/EDS ( Fig. 3 and Table 4 ), in line with previous studies
n the same material [ 18 ]. Fig. 3 a) presents the characteris-
ic structure observed for the AX53ac alloy, consisting of a
-Mg matrix and an interconnected C36 Laves phase skele-

on. A detailed analysis of the inherent Laves phase revealed
he presence of homogeneously distributed nm-scale precipi-
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ates ( Fig. 3 a) and b)). The precipitates are enriched in Mg
nd depleted in Al and Ca compared to the surrounding C36
aves phase. The distinct stoichiometry of these precipitates
ould not be unambiguously determined from FIB prepared
amples due to the fine size of the Mg-enriched precipitates.
ccordingly, the EDS signal acquired for the material regions

ontaining nm-scale sized Mg-rich precipitates contains also
uperimposed information from the surrounding C36 Laves
hase. Experiments aiming for an exact determination of the
recipitate composition are currently undergoing by corela-
ive employment of TEM and atom probe tomography (APT)
easurements and will be reported in near future. Precip-

tates in similar dimension, distribution and chemical com-
osition were observed in the C36 Laves phases within the
X62ac alloy structure image displayed in Fig. 3 b), but not

n the C36 or C14 Laves phases within the AX44ac alloy.
he STEM/EDS analysis of the AX44ht alloy revealed the
resence of larger planar precipitates, with nm-scale thick-
ess and μm-scale lateral size, present within the C36 and
he C14 Laves phases and across their interface. An example
f these defects can be observed as horizontal line within the
ottom part of the inset indicated in Fig. 3 c). These planar
recipitates are also enriched in Mg and depleted in Al and
a compared to the adjacent Laves phases. The C15 Laves
hase within the AX62ht alloy in Fig. 3 d) does not show any
recipitates. 

.2. Electrochemical analysis 

Fig. 4 a) exhibits the OCP of the Mg-Al-Ca alloys in the
s cast condition. All investigated alloys in the as cast condi-
ion reveal an equivalent initial OCP of ∼1.2 VHg/HgO 

, which
ubsequently increases with time. The OCP gradually turns
nto different dynamic equilibriums towards the final immer-
ion time of 60 min, indicating a steady state condition with
 potentially stable passive layer formation. Fig. 4 b) shows
he OCP of the Mg-Al-Ca alloys in the heat-treated condition.

hile the AX44ht alloy shows a similar trend as observed for
he Mg-Al-Ca alloys in the as cast condition, the initial OCP
f the AX53ht and the AX62ht alloys is significantly lower
nd does not turn into a dynamic equilibrium towards the final
mmersion time. Thus, the OCP of the AX62ht alloy reaches
ven a similar range like the OCP of the AX44ht alloy at the
nal immersion time. All alloys exhibit a characteristic anodic
assive behavior without a film breakdown indication during
nodic polarization in the representative PDP measurements
n Fig. 4 c) and d), which further reinforces the assumption
f a stable passive layer formation. The quantitative electro-
hemical parameters derived from the PDP measurements are
ighlighted in Table 5 . The AX53ac , AX62ac and AX44ht al-
oys reveal the highest corrosion resistances among the inves-
igated Mg-Al-Ca alloys, indicated by relative low corrosion
urrent densities (icorr ), low passive current densities (ipas ) and
igh polarization resistances (Rp ). The AX62ht alloy exhibits
 slightly lower corrosion resistance, followed by the AX44ac 

nd the AX53ht alloys. Interestingly, the corrosion resistance
orrelates with the cathodic Tafel slope ( βc ). A decreasing
orrosion resistance corresponds to a reduced kinetic of the
athodic partial reaction. This correlation was previously re-
orted for Mg and Mg alloys under alkaline immersion con-
itions [ 31 ]. A thicker Mg(OH)2_dense layer is assumed to cor-
elate with an increasing icorr and a subsequent reduced ORR
ontribution. This effect appears reasonable in the present
tudy as the ORR contribution for Mg-Al-Ca solid solution
nder alkaline immersion conditions (pH = 11.5) equals ∼9 %
 41 ]. 

Hybrid EIS measurements were conducted to further val-
date the different corrosion resistances among the investi-
ated Mg-Al-Ca alloys. Fig. 5 shows the Nyquist-plots and
he Bode-plots after an immersion time of 60 min. The Mg-
l-Ca alloys in the as cast condition and the AX44ht alloy

xhibit a distinct high-frequency (HF) capacity loop and the
nset of a low-frequency (LF) capacity loop. The HF-loop
s associated with the combined effects of the charge transfer
esistance in conjunction with film effects, while the LF-Loop
as associated with mass transfer effects and the electrolytic

esistance in film layer pores [ 75-78 ]. Baril et al. [ 75 , 76 ] re-
orted that the HF-loop sufficiently represents the corrosion
esistance of Mg alloys. Therefore, the equivalent electrical
ircuit 1) used in [ 31 , 75 ] and displayed in Fig. 5 a) was uti-
ized to fit the HF-loops for the Mg-Al-Ca alloys in the as
ast condition and the AX44ht alloy. The equivalent circuit
omprises the electrolyte resistance (Rs ), the charge transfer
esistance (Rct ), the film resistance (Rf ), the electrochemical
ouble layer capacity (Cct ) and the constant phase element
or the oxide layer (CPEf ), respectively. Furthermore, a char-
cteristic constant value of Cct = 16 μF/cm2 was assumed as
etermined for Mg alloys in a comparable alkaline electrolyte
ith pH = 11.0 [ 78 ]. The CPE element impedance (ZCPE ) is

alculated according to Eq. (1) [ 79 ], where j represents an
maginary number, ω the AC frequency, α a model parameter
nd Y0 a CPE parameter. In case of α = 1, the CPE element
quals an ideal capacitor and subsequently Y0 = C. 

CPE = 1 

( jω ) αY0 
(1) 

Table 6 shows that the determined charge transfer resis-
ance is significantly lower than the film resistance for each
nvestigated Mg-Al-Ca alloy, which again indicates a sta-
le passive layer formation under alkaline electrolyte con-
itions. The AX53ht and the AX62ht alloys exhibit a pro-
ounced and partially overlapping LF-Loop in the Nyquist
lot, corresponding to the second time constant at frequen-
ies in the range of ∼2–5 Hz. The LF-loop fit is required
or both alloys, to accurate deconvolute the HF-Loop. There-
ore, a CPEpore in parallel with Rpore was used to account
or the electrolytic capacity and the resistance in passive film
ores. Furthermore, the charge transfer, the film resistance,
he electrochemical double layer and oxide layer contributions
re combined in a single Randles circuit (CPEct + f parallel to
ct + f ) to model a simplified HF-loop in the equivalent elec-

rical circuit 2) displayed in Fig. 5 d). For all alloys Rct + Rf in
able 6 represents the overall corrosion resistance according

o [ 75 , 76 ]. The AX53ac alloy reveals the highest corrosion
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Fig. 4. a,b) Averaged OCP and c,d) representative PDP measurements for the Mg-Al-Ca alloys after 60 min immersion in a KOH electrolyte (pH = 11.5 ± 0.1). 

Table 5 
Open Circuit Potential (UOCP ), corrosion potential (Ucorr ), corrosion current density (icorr ), polarization resistance (Rp ), passive current density (ipas ), cathodic 
Tafel slope ( βc ) derived from the PDP measurements for the Mg-Al-Ca alloys after 60 min immersion in a KOH electrolyte (pH = 11.5 ± 0.1). 

UOCP Ucorr icorr Rp ipas βc 

[VHg/HgO ] [VHg/HgO ] [ μAcm-2 ] [k � cm2 ] [ μAcm-2 ] [V dec–1 ] 

AX44ac −1.06 ± 0.02 −1.04 ± 0.02 7.1 ± 2.3 5 ± 2 11.0 ± 2.1 −0.107 ± 0.005 
AX53ac −1.01 ± 0.01 −1.00 ± 0.01 1.2 ± 0.3 20 ± 3 3.5 ± 0.5 −0.099 ± 0.002 
AX62ac −0.95 ± 0.02 −0.94 ± 0.01 1.4 ± 0.4 17 ± 4 4.3 ± 0.8 −0.099 ± 0.006 
AX44ht −1.01 ± 0.04 −0.97 ± 0.02 1.4 ± 0.3 17 ± 4 4.0 ± 0.6 −0.099 ± 0.001 
AX53ht −1.12 ± 0.03 −1.11 ± 0.03 13.3 ± 2.4 3 ± 0.4 24.2 ± 3.7 −0.120 ± 0.004 
AX62ht −0.97 ± 0.04 −0.97 ± 0.06 3.3 ± 1.2 8 ± 1 7.4 ± 0.8 −0.103 ± 0.011 
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esistance among the investigated alloys. The AX62ac and the
X44ht alloys exhibit a slightly lower corrosion resistance,

ollowed by the AX62ht alloy. The AX44ac and the AX53ht 

lloys show even lower corrosion resistances. The hybrid EIS
tting results thus reveal a similar corrosion resistance for

he investigated Mg-Al-Ca alloys as already determined in
he PDP measurements. 

However, both the EIS and the PDP results represent the
lectrochemical corrosion properties exclusively at the immer-
ion time of 60 min and they could not distinguish the differ-
nt alloying elements. Therefore, flow cell experiments cou-
led with an ICP-MS analysis were performed, which enable
he in-situ observation of dissolving elemental species “s”
 s = Mg,Al,Ca) from the Mg-Al-Ca alloys in the electrolyte
nd the subsequent calculation of the element specific corro-
ion current densities (is ) via Faraday’s law. Fig. 6 shows the
alculated in-situ and element specific corrosion current den-
ities of each investigated Mg-Al-Ca alloy. All alloys exhibit
 decreasing dissolution tendency, which reinforces the notion
f a stable oxide/hydroxide layer formation. The AX62ac , the
X62ht and the AX53ht alloys show a pronounced initial and

ubsequently decreasing iAl , which reaches a steady state for
he AX62ac and the AX62ht alloys towards the final immer-
ion time. The AX44ac alloy instead exhibits iMg,Ca as the
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Fig. 5. Representative Nyquist-plots and Bode plots after 60 min immersion of the Mg-Al-Ca alloys in a KOH electrolyte (pH = 11.5 ± 0.1) with the 
corresponding equivalent electrical circuits and the fitting curves. 

Table 6 
Fitting results of the EIS measurements after 60 min immersion of the Mg-Al-Ca alloys in a KOH electrolyte (pH = 11.5 ± 0.1). 

AX44ac AX53ac AX62ac AX44ht AX53ht AX62ht 

Rs 3.8 ± 1.2 4.1 ± 0.3 3.3 ± 0.5 3.1 ± 0.9 3.4 ± 0.3 3.1 ± 0.6 
[k �] 
Rct 0.6 ± 0.7 1.4 ± 2.6 2.8 ± 0.8 0.6 ± 1.2 - - 
[k � cm2 ] 
Rf 3.0 ± 1.0 12.1 ± 1.6 6.9 ± 4.9 9.1 ± 3.3 - - 
[k � cm2 ] 
Rct + Rf 3.6 ± 0.6 13.4 ± 2.9 9.7 ± 5.7 9.7 ± 2.4 2.0 ± 0.2 6.3 ± 1.5 
[k � cm2 ] 
af 0.89 ± 0.09 0.93 ± 0.02 0.80 ± 0.02 0.92 ± 0.03 - - 
[-] 
Yf 13.7 ± 8.8 6.7 ± 1.4 18.8 ± 2.2 7.8 ± 3.2 - - 
[ μSsa cm-2 ] 
act + f - - - - 0.87 ± 0.02 0.92 ± 0.07 
[-] 
Yct + f - - - - 6.3 ± 0.9 38 ± 18 
[ μSsa cm-2 ] 
Rpore - - - - 1.0 ± 0.1 5.9 ± 2.8 
[k � cm2 ] 
apore - - - - 1.0 ± 0.0 0.8 ± 0.1 
[-] 
Ypore - - - - 155 ± 26 26 ± 19 
[ μSsa cm-2 ] 
X2 120 ± 145 52 ± 21 38 ± 22 100 ± 110 885 ± 578 362 ± 413 
[10- 6 ] 
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ighest dissolution current densities among all investigated
g-Al-Ca alloys throughout the entire immersion time. The

Mg , Ca values slightly decay up to 40 min and thereafter re-
ain constant. The coupled Ca and Mg dissolution might

rise as a consequence of an anodic C14 Laves phase disso-
ution, as reported for neutral electrolytes [ 57 , 60 ]. However,
n independent iAl is observed in Fig. 6 a), although the C14
aves phase comprises an Al concentration of cAl ∼22 at.%.
hus, a rather different dissolution mechanism is assumed un-
er alkaline immersion conditions. The AX53ac alloy shows
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Fig. 6. In-situ ion selective corrosion current densities for the Mg-Al-Ca alloys in a KOH electrolyte (pH = 11.5 ± 0.1). Note the different scale used in e) 
and f) for visualization. 

Table 7 
Averaged values of the ion selective corrosion current densities determined 
within an immersion time of 55–60 min from Fig. 6 . 

iMg iAl iCa itot 

[ μAcm-2 ] [ μAcm-2 ] [ μAcm-2 ] [ μAcm-2 ] 

AX44ac 12.5 ± 5.6 0.9 ± 1.1 4.2 ± 4.5 17.6 ± 11.2 
AX53ac 2.5 ± 0.3 0.9 ± 0.0 1.2 ± 0.1 4.6 ± 0.4 
AX62ac 3.1 ± 0.9 4.0 ± 2.1 4.4 ± 1.8 11.5 ± 4.1 
AX44ht 2.5 ± 1.3 4.8 ± 2.6 7.9 ± 4.6 15.2 ± 8.4 
AX53ht 0.4 ± 0.3 19.5 ± 7.2 8.3 ± 3.5 28.2 ± 10.6 
AX62ht 0.9 ± 0.2 5.7 ± 2.0 2.8 ± 0.7 9.4 ± 2.8 
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lmost constantly low iMg , Al,Ca values throughout the whole
mmersion time. The flow cell experiments determine a sim-
lar overall corrosion resistance in Table 7 towards the fi-
al immersion time of 60 min as already observed in the
DP/EIS measurements. A significantly high corrosion resis-

ance of the AX53ac alloy is observed and the AX44ac and
he AX53ht alloys show the lowest corrosion resistances. The
igher total elemental dissolution current densities (itot ) com-
ared to the PDP analysis might arise as a consequence of
he flowing electrolyte. A flowing electrolyte could reduce the

g(OH)2_flake precipitation due to a lower local Mg2 + con-
entration and might further remove additional porous cor-
osion products from the surface. This effect would conse-
uently cause an enhanced mass transport through the ox-
de/hydroxide and therefore lead to increased corrosion cur-
ent densities. Furthermore, all species incorporated in the ox-
de/hydroxide layer are not detected with the ICP-MS and are
herefore neglected in the element specific corrosion current
ensity calculation. Therefore, a subsequent surface analysis
s required to identify the underlying electrochemical corro-
ion mechanisms. 

.3. Surface analysis after corrosion 

The oxide/hydroxide formed on the α-solid solution af-
er the final immersion time of 60 min in the stagnant KOH
lectrolyte (pH = 11.5 ± 0.1) was investigated for the AX53ac 

lloy by STEM-EDS. Fig. 7 presents the HAADF image
f the surface structure formed at the α-solid solution sur-
ace, together with the corresponding chemical elements dis-
ributions across the distinct oxide/hydroxide structures, as
easured with EDS along the lines indicated with the ar-

ows 1 and 2. Our observations are in line with the pre-
iously reported findings in [ 41 ]: The hydroxide structure
omprises a ∼30 nm thick outer flake like Mg(OH)2 layer
Mg(OH)2_flake ) located above a ∼20 nm thick inner dense

g(OH)2 layer (Mg(OH)2_dense ). The Mg(OH)2_flake layer ex-
ibits a porous structure after precipitating from the elec-
rolyte [ 36 ] and contains a small amount of both Ca and Al.
he Mg(OH)2 _dense layer forms as a thermodynamic stable
assive layer during the electrochemical Mg corrosion [ 42 ].
he corresponding elemental distribution was measured by
DS in the position indicated with arrow 2 and reveals the
resence of two discontinuous Al enriched ( ∼10 nm thick) in-
erfaces: Mg/Mg(OH)2_dense and Mg(OH)2_dense /Mg(OH)2_flake. 

hile the Al enrichment at the Mg(OH)2_dense /Mg(OH)2_flake 
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Fig. 7. STEM-EDS analysis of the α-solid solution for the AX53ac alloy after an immersion time of 60 min in a KOH electrolyte (pH = 11.5 ± 0.1). 

Fig. 8. STEM-EDS analysis of a C36 Laves phase in the AX53ac alloy after a final immersion time of 60 min in a KOH electrolyte (pH = 11.5 ± 0.1). 
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nterface stems from the native oxide [ 41 ], we associate the
l enrichment at the Mg/Mg(OH)2_dense interface with an in-

reasing corrosion resistance in various electrolytes, as previ-
usly reported in [ 38 , 80 , 81 ]. Since Al does not form oxides or
ydroxides in electrolytes with pH = 11.5 [ 42 ], the Al stability
f both interfaces was assumed in [ 41 ] to exhibit a similar
tability as the Al monolayer layer predicted via DFT-based
urface phase diagrams at the Mg/MgO interface [ 39 ]. 

The electrochemical corrosion properties of Mg-Al-Ca al-
oys are further affected by the microstructural inherent Laves
hases [ 53-55 ]. An anodic C36 Laves phase dissolution with
 penetration depth of lpd ∼200 nm adjacent to a cathodic
-solid solution (lpd ∼20 nm) is observed in the AX53ac al-

oy ( Fig. 8 ). The STEM-EDS analysis at the C36/corrosion
ront interface reveals a spatially varying composition of
Mg35 Al50 Ca15 on the C36 Laves phase. Fig. 8 exhibits a

elayed dissolution of the nm-scale Mg-rich precipitates com-
ared to the C36 Laves phase. The delayed dissolution might
rise as a consequence of the increased Mg concentration,
hich leads to a local stable passive layer formation under

lkaline immersion conditions similar to the Mg(OH)2_dense 

ayer formed on the α-solid solution. Nevertheless, the cor-
osion path propagates predominantly between the nm-scale

g-rich precipitates and will therefore physically disconnects
hese phases from the C36 Laves phase, leading to a subse-
uent electrochemical dissolution. 

Fig. 9 a) and b) show the C36 Laves phase dissolution with
nherent nm-scale Mg-rich precipitates in both the AX53ac 

nd the AX62ac alloys. The C36 Laves phases exhibits the
ame anodic dissolution tendency in both alloys. The C15
aves phase within the AX62ht alloy in Fig. 9 c) is entirely
issolved. The C14 Laves phase within the AX44ac alloy in
ig. 9 d) reveals a ∼30–50 nm thick hydroxide layer, while

he adjacent α-solid solution exhibits a significant thicker hy-
roxide layer. Therefore, the C14 Laves phase acts as the
athode in the micro-galvanic corrosion with the adjacent α-
olid solution under alkaline immersion conditions. 

. Discussion 

.1. Microstructure of Mg-Al-Ca alloys 

The microstructures of the Mg-Al-Ca alloys investigated
n our study agree with the structural characteristics re-
orted in previous experimental [ 25-27 ] and theoretical stud-
es [ 23 , 24 ], regarding the inherent phases, the corresponding
hase fractions and their dependence on the nominal Ca/Al
atio. Furthermore, nm-scale Mg-rich precipitates were iden-
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Fig. 9. STEM-EDS analysis of a) a C36 Laves phase in the AX53ac alloy, b) a C36 Laves phase in the AX62ac alloy, c) a C15 Laves phase in the AX62ht 

alloy and d) a C14 Laves phase in AX44ac alloy after an immersion time of 60 min in a KOH electrolyte (pH = 11.5 ± 0.1). 
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ified within the C36 Laves phases in the AX54ac and the
X62ac alloys. The Mg-rich precipitates might form during

he cooling process, due to a decreasing Mg solubility. More-
ver, planar μm-scale Mg-rich precipitates were identified
ithin the C36 and the C14 Laves phases in the AX44ht 

lloy. These planar μm-scale Mg-rich precipitates were ex-
lusively observed after the heat treatment and might form
uring the C14 to C36 Laves phase solid-state transformation.
he solid-state transformation initiates at the C14/ α-solid so-

ution interface via Al diffusion from the α-solid solution.
he solid-state transformation further proceeds along this in-

erface and encloses the C14 Laves phase in 3D. However,
he Mg concentration within the enclosed C14 Laves phase
quals cMg = 47 at.%, while cMg = 17 at.% was determined for
he C36 Laves phase. Thus, the excess Mg atoms precipi-
ate as the planar μm-scale Mg-rich precipitates, due to a
estricted Mg diffusion through the C36 Laves phase. 

.2. Hydroxides and electrochemical phase stability 

The hydroxide on the α-solid solution comprises an inner
g(OH)2_dense and a porous flake-like Mg(OH)2_flake layer.
hile Mg(OH)2_flake precipitates from the electrolyte [ 36 ],

he Mg(OH)2_dense layer is thermodynamically stable [ 42 ]
nd causes the observed passive behavior. Furthermore, Al
nriched Mg/Mg(OH)2_dense and Mg(OH)2_dense /Mg(OH)2_flake 

nterfaces were observed. However, the Al concentration
ithin the α-solid solution is below the reported thresh-
ld (cAl = 4 wt.%) [ 38 ], leading to a minor effect on the
lectrochemical corrosion resistance. Similar Ca concentra-
ions were determined within the α-solid solution [ 18 ]. Thus,
a incorporation in the hydroxide is excluded as the un-
erlying mechanism for the different corrosion resistances
 40 ]. The observed electrochemical activities of the Laves
hases contradict the cathodic C15 and C36 and the anodic
14 Laves phase character reported in neutral electrolytes
 56 , 57 , 60 , 63 , 64 ]. The difference arises as a consequence of
he formed stable Mg(OH)2_dense layer, which significantly re-
uces the Mg dissolution [ 41 ]. Thus, the C15 and the C36
aves phase dissolve as the anodes within the micro-galvanic
oupling, which induces an ion saturation within the elec-
rolyte in the surface cavities. Corrosion products form and
estrict the mass transport, which subsequently induces the
nset of the capacitive LF-loops in the EIS measurements.
he AX53ht and the AX62ht alloys exhibit the largest surface
avities and corrosion product layers and therefore exhibit
ronounced LF-loops. The molar Al/(Mg + Al) ratio equals
95%, ∼70%, ∼35% and ∼5% for the C15, the C36, the C14
aves phases and the α-solid solution, respectively. The C15
nd the C36 Laves phases correspond to Al-based systems
nd exhibit an active dissolution under alkaline immersion
onditions [ 42 ]. The chemical composition of the C14 Laves
hase and the α-solid solution correspond to a Mg-based sys-
em and form a passive Mg(OH)2_dense hydroxide layer [ 42 ].
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he Mg dissolution through the Mg(OH)2_dense layer on the
14 Laves phase is reduced due to the increased Al con-

ent (cAl > 4 wt.%) [ 38 ]. Thus, the C14 Laves phase reveals a
athodic behavior. Beside the electrochemical phase stability,
he corresponding phase fractions and the 3D phase morphol-
gy determine the global corrosion resistance of Mg-Al-Ca
lloys. 

.3. Electrochemical corrosion mechanisms of Mg-Al-Ca 

lloys 

The electrochemical corrosion mechanism of Mg-Al-Ca al-
oys is dominated by the micro-galvanic induced dissolution
f the α-solid solution for a predominant C14 Laves phase
ithin the microstructure. Therefore, the continuous 3D C14
aves phase in the AX44ac alloy causes a constant high iMg,Ca 

nd an overall low corrosion resistance. A potential barrier ef-
ect is ineffective for minor penetration depths in the range of
pd ∼1–2 μm. For Mg-Al-Ca alloys with a predominant C15
aves phase within the microstructure, the anodic C15 Laves
hase dissolution causes both the initial high iAl,Ca and the
ow OCP values. Thereafter, spherical 3D C15 particles dis-
olve rapidly, while the α-solid solution shows a significantly
educed dissolution tendency. Thus, a reduced C15/electrolyte
nterface emerges, that causes the gradual iAl,Ca decay and the
ncreased OCP with an increasing immersion time. There-
ore, the large dispersed C15 particle volume in the AX53ht 

lloy governs the observed low macroscopic corrosion resis-
ance within the investigated immersion time compared to the
X62ht alloy, characterized by a reduced C15 Laves phase
olume fraction ( Table 3 ). However, the C15 Laves phases
re not entirely dissolved towards the final immersion time,
s no constant OCP is obtained. The C36 Laves phase instead
xhibits a reduced dissolution tendency compared to the C15
aves phase. This effect arises either due to a decreased mo-

ar Al/(Mg + Al) ratio or due to the inherent nm-scale Mg-rich
recipitates. The nm-scale Mg-rich precipitates might form a
ocal stable passive layer under alkaline immersion conditions
nd subsequently reduce the dissolution of the C36 Laves
hase. Thus, the AX53ac alloy with exclusively C36 Laves
hase within the microstructure exhibits the overall highest
lectrochemical corrosion resistance. The effect of the μm-
cale planar Mg-rich precipitates within the C14 Laves phase
n the macroscopic corrosion resistance is neglectable within
he AX44ht alloy, as the C14 phases do not preferentially
issolve in the alkaline electrolyte. 

.4. Heat treatment induced effects on the electrochemical 
orrosion resistance 

After the electrochemical phase activity and the electro-
hemical corrosion mechanisms of Mg-Al-Ca alloys were dis-
ussed, the heat treatment induced effects on the overall cor-
osion rate are derived. The heat treatment of the AX44ac 

lloy causes a C14 to C36 Laves phase solid-state transfor-
ation, leading to a predominant C36 Laves phase within

he microstructure. While the continuous C14 Laves phase
keleton within the AX44ac alloy causes a constant micro-
alvanic induced α-solid solution dissolution, the C36 Laves
hase preferentially dissolves and acts as a sacrificial anode.
his structural modification leads to a decrease of the corro-
ion current density in the range of ∼80 % for the AX44ht 

lloy. However, the heat treatment of the AX53ac alloy sig-
ificantly increases the corrosion rate within the investigated
mmersion time. The microstructural modification from a con-
inuous C36 Laves phase network to 3D spherical dispersed
15 Laves phases causes a local C15 Laves phase dissolu-

ion, which increases the overall corrosion current density of
he AX53ht alloy by a factor of 11 after 60 min immersion.
he dispersed C15 Laves phases are not entirely dissolved to-
ards the final immersion time. Thus, the corrosion rate will

urther decrease with progressing time, until the near-surface
15 Laves phases are entirely dissolved. The corrosion cur-

ent density of the AX62ac alloy slightly decreases towards
he final immersion time after the conducted heat treatment.

hile the C36 Laves phase in the AX62ac alloy causes a
omparable high corrosion resistance, the local dissolution of
he remaining near-surface C15 Laves phases in the AX62ac 

lloy still increases the corrosion current density after the final
mmersion time. 

. Conclusion 

The microstructure of three different Mg-Al-Ca alloys in
he as cast and in a heat-treated condition was investigated
egarding the 2D and 3D Laves phase morphology as well
s different nm-scale Mg-rich precipitates. Furthermore, the
lectrochemical corrosion resistance and the underlying cor-
osion mechanisms were analyzed in an alkaline electrolyte
pH = 11.5 ± 0.1). The subsequent main results are derived: 

• Mg-rich nm-scale precipitates were identified to exist
within the C36 Laves phase of the AX53ac and the AX62ac 

alloys. The heat treatment induces a C14 to C36 solid-state
transformation in the AX44 alloy causing the precipitation
of planar μm-scale Mg-rich precipitates. 

• A new electrochemical activity sequence (C15 > C36 >α-
solid solution > C14) was observed under alkaline immer-
sion conditions as a consequence of a stable Mg(OH)2_dense 

layer formation on the α-solid solution. 
• Large C15 Laves phase particles and an increasing phase

fraction decrease the initial corrosion resistance, while
small and dispersed C15 Laves phase particles increase
the corrosion resistance of Mg-Al-Ca alloys with increas-
ing immersion time. 

• The C36 Laves phases show decreased dissolution kinetics
compared to the C15 Laves phase. This effect might arise
either due to a decreased molar Al/(Mg + Al) ratio or due
to a local passive layer formation on the inherent nm-scale
Mg-rich precipitates. 

• An interconnected C14 Laves phase skeleton acts as the
cathode in the micro-galvanic coupling with the adjacent
α-solid solution and reduces the corrosion resistance of
Mg-Al-Ca alloys. 
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38] J.H. Nordlien, K. NişancioǦu, S. Ono, N. Masuko, J. Electrochem. Soc.
143 (1996) 2564, doi: 10.1149/1.1837048 . 

39] J. Yang, K.S. Kumar, M. Todorova, J. Neugebauer, Phys. Rev. Mater. 7
(2023) 095802, doi: 10.1103/PhysRevMaterials.7.095802. 

40] M. Deng, L. Wang, D. Höche, S.V. Lamaka, C. Wang, D. Snihirova,
Y. Jin, Y. Zhang, M.L. Zheludkevich, Mater. Horiz. 8 (2021) 589–596,
doi: 10.1039/D0MH01380C . 

41] M. Felten, R. Changizi, C. Scheu, M. Bruns, M. Strebl, S. Virtanen,
D. Zander, Electrochem. Commun. 153 (2023) 107529, doi: 10.1016/j.
elecom.2023.107529 . 

42] M. Pourbaix, Atlas of Electrochemical Equilibria in Aqueous Solutions,
NACE, 1966 . 

43] S. Lebouil, O. Gharbi, P. Volovitch, K. Ogle, Corrosion 71 (2015) 234–
241, doi: 10.5006/1459 . 
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