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The Effect of Chemistry and 3D Microstructural
Architecture on Corrosion of Biodegradable Mg—Ca-Zn

Alloys

Daniela Zander,* Paul Zaslansky, Naemi A. Zumdick, Markus Felten,
Christian Schnatterer, Veronika F. Chaineux, Jorg U. Hammel, Malte Storm,

Fabian Wilde, and Claudia Fleck

The development of biodegradable Mg-Ca-Zn alloys strongly relies on the
understanding of the varying 3D microstructural architectures by means of high-
density-resolution imaging, such as synchrotron radiation-based X-ray micro-
tomography (SR-pCT). The development of useful strategies to control the
degradation process, including the design of appropriate 3D microstructures,
focusing on the type, fraction, morphology, distribution, connectivity, and
interfaces of different phases, depends on a comprehensive understanding of the
underlying corrosion processes. SR-pCT enables the nondestructive analysis of
the same microstructure within a volume exposed to different immersion times
in artificial physiological solutions, e.g., Hanks’ balanced salt solution without
glucose (HBSS). In this work, quantitative 3D imaging via SR-uCT demonstrates
the formation of a continuous 3D network of secondary phases for low-alloyed
Mg—Ca-Zn. Furthermore, a change in the corrosion mechanism from very
localized to uniform heterogeneous corrosion processes is observed. This
mechanistic change is associated not exclusively with the electrochemical activity
of the primary a-Mgss and the secondary (Mg,Zn),Ca and Mg-Ca—Zn phases,
but also with their volume fraction, distribution, 3D morphology, connectivity,

and the formation of corrosion product layers.

1. Introduction

Mg-Ca—Zn alloys have become increasingly important as
potential biodegradable materials for orthopaedic applications.

Among other magnesium alloys,™
Mg-Ca—-Zn alloys combine a number of
advantageous properties, such as biocom-
patibility,>®)  bone-like density, and
appropriate  mechanical ~ strength.[”®!
Spontaneous dissolution of magnesium
and its alloys based on biocompatible
alloying elements in aqueous media is
believed to facilitate bidegradation and
stimulate bone regeneration.®*%

With increasing popularity of these
alloys, questions regarding controllable
degradation rates during medium and
long-term exposure to corrosive biological
media have emerged. Furthermore, there
is a particular need for improved strategies
to the weak mechanical integrity observed
prior to complete bone healing.!'''%
This has led to extensive efforts in the
development and design of biodegradable
Mg—Ca-Zn alloys. Low-alloyed Mg—Ca-Zn
alloys have come into scientific focus as
their degradation process and mechanical
properties can be adjusted by varying the
alloy composition and optimizing the
processing routes through casting or hot extrusion.'!*-*%!
However, a detailed understanding of the microstructure-
dependent corrosion mechanism, which will enable the optimi-
zation of the medium- and long-term degradation behavior,
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remains unresolved. Therefore, an investigation of the influ-
ence of the 3D microstructural architecture on the corrosion
of biodegradable Mg-Ca—Zn alloys is necessary.

Importantly, the specific corrosion mechanism of low-alloyed
Mg-Ca-Zn alloys strongly depends on the local chemical com-
position and the 3D microstructural architecture, comprising
the type, volume fraction, distribution, 3D morphology, and
connectivity of different phases and the interfaces between
them. It has been reported that primary magnesium phase
(e-Mgs) and secondary phases, namely, Mg,Ca and
Mg¢Ca,Zn;3, are formed in low-alloyed Mg—Ca—Zn alloys during
solidification.****! However, the final composition of the ter-
nary Mg—Ca—Zn phase is still under an ongoing controversial
discussion.!'®! Furthermore, it has been reported that the differ-
ent phases serve as both corrosion barriers and corrosion accel-
erators due to the formation of heterogeneous mixed electrodes
at the surfaces, resulting in microgalvanic coupling.'"'7~2%
The mixed electrodes are formed due to different activities of
the secondary phases, with the electrochemical activity increas-
ing in the order of Mg,Ca > a-Mg > CasMg,Zns_,,
4.6 <x< 12" The dualism of intermetallic phases has, to
date, mainly been investigated with 2D methods, which have
provided valuable insights into certain aspects of the mecha-
nisms acting between different phases at the surface.
However, they merely provide limited information on the role
of the 3D microstructural features and on the locally distributed
and accelerated heterogeneous corrosion attack. This informa-
tion is sorely required for a comprehensive understanding and
control of the in vitro corrosion mechanism from strongly local-
ized toward more uniformly distributed heterogeneous elec-
trode processes of biodegradable Mg-Ca—Zn alloys.

The 3D microstructures of several Mg alloys have been inves-
tigated by synchrotron radiation-based microtomography (SR-
uCT) before and after in vitro or in vivo corrosion.[?*~%*
Although a few reports on SR-uCT have addressed the

www.aem-journal.com

2. Experimental Section

2.1. Material Selection and Preparation

Three alloys with the nominal composition Mg-0.6 wt%
Ca-0.8wt% Zn (ZX11), Mg-0.6 wt% Ca-1.8wt% Zn (ZX21),
and Mg-1.2 wt% Ca-3.6 wt% Zn (ZX41) were produced using
the gravity die casting process reported in Zander and
Zumdick.'Y Table 1 shows an overview of the impurity content,
analyzed by spark optical emission spectroscopy (OES).

From the Mg—Ca-Zn castings, specimens were manufac-
tured by turning, grinding up to a grit size of 4000, and a sub-
sequent final cleaning in an ultrasonic bath with acetone. The
specimens had a final dimension of 1.5 mm diameter and 2 mm

height.

2.2. Quasi In Situ Corrosion

The Mg-Ca—Zn alloys were analyzed with SR-pCT before and
after quasi in situ immersion in 200 mL HBSS at 37 °C. The
electrolyte was prepared using high-purity chemicals and double-
distilled water as recommended in previous studies®®** (Table 2).

The quasi in situ immersion experiments of the Mg-Ca-Zn
alloys were initially performed for 8h. After a subsequent
removal from the electrolyte, the specimens were rinsed with
bidistilled water and examined by SR-uCT. This entire procedure
was repeated for the same specimen with an additional immer-
sion time of 16 h with freshly prepared electrolyte, to achieve a
total immersion time of 24h and defined as a quasi in situ
experiment.

Table 2. Chemical compounds of HBSS without glucose 28!

HBSS without glucose

in vivo corrosion state of biodegradable Mg—Ca-Zn alloys,**~  Anorganic compound [mgL™] Chemical compound [mmol L]
1 3 detailed 3D study of the in vitro corrosion behavior of mag- . 3000 Na* 142.0
nesium alloys has not been conducted. The present study | 400 o 59
focuses on bridging the gap between ex situ 2D methods NaHPO i3 o2 13
and quasi in situ immersion 3D SR-pCT for the characteriza- e 2 :
. . . 2+
tion of biodegradable low-alloyed Mg—Ca—Zn alloys. In particu- ~ KHzPOs 60 Mg 03
lar, the utilization of 3D SR-pCT after quasi in situ immersion =~ MgSO47H,0 200 HCO; 4.2
in Hanks’ balanced salt solution (HBSS) without glucose pro-  NaHco, 350 ar- 145.0
vides a deeper insight into the complex relationship between  ¢,c, 140 HPOZ- 08
the 3D microstructural architecture and the dynamic corrosion -

! 502 038
mechanisms of low-alloyed Mg—Ca-Zn.
Table 1. Impurity content of as-cast low-alloyed Mg—Ca—Zn analyzed by spark OES.

Al [wt%)] Mn [wt%)] Si [wt%] Fe [wt%)] Cu [wt%] Ni [wt%)] Fe/Mn [wt%]

Mg-0.6 wt% Ca-0.8 wt% Zn (ZX11) 0.0120 0.0183 0.0222 0.0006 0.0005 0.0021 0.0328
Zn/Ca=0.82
Mg-0.6 wt% Ca-1.8wt% Zn (ZX21) 0.014 0.0069 0.0229 0.0006 0.0006 0.0021 0.0874
Zn/Ca=1.84
Mg-1.2wt9% Ca-3.6 wt% Zn (ZX41) 0.026 0.0066 0.0291 0.0006 0.0006 0.0021 0.0913
Zn/Ca=1.84
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2.3. Material Characterization

A Zeiss Supra 55 VP Ultim Max scanning electron microscope
including an energy-dispersive X-ray spectroscope (Oxford
Instruments) was used for 2D microstructural analysis of the cast
Mg—Ca—Zn alloys before and after corrosion.
High-density-resolution microtomography was conducted
at the imaging beamline (IBL) P05°°>? operated by the
Helmholtz—Zentrum Geesthacht at the storage ring PETRA
IIT located at “Deutsches Elektronen-Synchrotron” (DESY)
in Hamburg, Germany. A photon energy of 16keV was
applied for imaging under absorption contrast conditions,
with additional imaging wusing propagation-based edge
enhancement using sample-detector distances of 7, 8, and
30 mm. For each measurement, 1527 projection images were
acquired with a final pixel size of 1.2 pm. The exposure time per
projection was set to either 750 or 950 ms. Data preprocessing
and reconstruction were performed using the P05 IDL-based
reconstruction pipeline with a filtered back-projection recon-
struction algorithm. Low-contrast datasets were further proc-
essed and reconstructed using the Charite Octave-based
reconstruction pipeline, where filtered back projection was

(a)
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computed using nRecon (v 1.6, Bruker-microCT, Kontich,
Belgium).

To examine the as cast 3D microstructure, the acquired
images were visualized using the VG StudioMax software from
Volume Graphics. A software-integrated Gaussian filter was
applied and a manual segmentation of the different secondary
phases was performed via an implemented threshold-based sur-
face detection. With the determined threshold, the correspond-
ing phase fraction in the volume was evaluated via the gray value
histogram of the reconstructed 3D microstructure. Figure 1 sche-
matically shows the applied workflow of the microstructural anal-
ysis of the tomographic data on the example of ZX11. The 2D
EDS mappings for Mg, Ca, and Zn were used to provide evidence
of the occurrence of two different secondary phases in the micro-
structure. The zinc content in the intermetallic phases served as
an initial indicator for differentiating the intermetallic phases. By
visualization of the synchrotron data, 3D images of the speci-
mens were nondestructively acquired, enabling the analysis of
the internal microstructure in the volume through cross-
sections. Thereafter, the segmentation process was used to sep-
arately display the secondary phases without the matrix. Thus,
3D subvolumes were extracted and analyzed.

l()() 1m !00 1m

| 0.5 mm|

I 0.5 mm l

1 mm

1

Figure 1. Workflow to visualize the microstructure of low-alloyed Mg-Ca—Zn by SR-uCT, exemplarily shown for ZX11. a) EDS mappings, b) 3D visualiza-
tion including slices, and c) secondary phase volume fraction rotated around the z- and x-axes.
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3. Results

3.1. Microstructural Characterization of Mg—Ca-Zn Alloys
before Corrosion

The 2D scanning electron microscopy (SEM) studies (Figure 2)
show two distinct secondary phases occurring in the microstruc-
ture of all analyzed alloys. These phases were assigned to the
MgeCa,Zn; or CasMg,Zn;s ,, 4.6 <x<12, phase and the
Mg,Ca phase including dissolved Zn in previous studies by
means of energy dispersive X-ray spectroscopy (EDS) and
X-ray diffraction (XRD).'"1¢3373%) However, ZX11 exhibits
predominantly the Mg,Ca phase with dissolved Zn as a second-
ary phase, which is either arranged along the grain boundaries of
the magnesium dendrites or as a granular-shaped secondary
phase within the primary magnesium phase. Further, the
ternary CasMg,Zn;s_,, 4.6 <x <12, phase is present in the
ZX11 alloy. The SEM studies indicate the coexistence and inter-
linked occurrence of both secondary phases. This is in good
agreement with observations reported in the literature for
low-alloyed Mg-Ca—Zn with a Zn/Ca ratio of less than 1.2.%
In contrast to ZX11, an additional eutectic microstructure is visi-
ble for the alloys ZX21 and ZX41. Furthermore, the change
toward a eutectic microstructure goes along with the formation
of an increased number of eutectic junctions, indicating a change
of a 2D semicontinuous network to a continuous network from
ZX21 to ZX41. Previous studies already showed that the eutectic
microstructure consists of a-Mgss and Mg(,CaZZn3.[37] In this
work, the SEM investigations (Figure 2) reveal that the a-Mgss
is continuously encapsulated by the ternary phase.

The 2D SEM results on the secondary phase formation
assisted the 3D data visualization of the reconstructed data
obtained by SR-puCT. The threshold-based detection of the 3D vol-
umes also revealed two distinct secondary phases in all investi-
gated alloys. These phases were subsequently assigned to the
binary (Mg,Zn),Ca phase and the ternary Ca;Mg,Zn;s ,,
4.6 < x <12, phase according to the EDS evaluations and litera-
ture data.l'>****! Table 3 provides the quantitative results of the
secondary-phase volume fractions as a function of alloy
composition. The largest volume fraction in ZX11 is assigned
to the (Mg,Zn),Ca phase, and the largest volume fraction in
ZX21 and ZX41 1is assigned to the CasMg,Zn;s ,,
4.6 <x <12, phase. Although alloy ZX21 contains a higher con-
tent of alloying elements as compared to ZX11, it exhibits the

(b)
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Table 3. Nominal ratio of zinc and calcium in the alloys, as well as the
volume phase fractions of the secondary phases determined by gray
values from the reconstructed volumes.

Alloy Atomic Zn/Ca ([Mg], Ca;MgZns_, = Phase fraction
ratio [-] Zn)Ca 46< x <12 sec. phase

[%Vo|] [%V0|] [%Vo|]

Mg—0.6 wt% Ca—0.8 wt% 0.82 13.9 0.4 14.3

Zn (ZX11)

Mg—0.6 wt% Ca-1.8 wt% 1.84 1.1 6.8 7.9

Zn (ZX21)

Mg-1.2 wt% Ca-3.6 wt% 1.84 35 10.9 14.4

Zn (ZX41)

lowest total content of secondary phases. Moreover, comparing
the total phase fractions of ZX41 and ZX21, which exhibit the
same ratio of Zn/Ca, but a two times higher nominal content
of the alloying elements, an approximate doubling of the total
phase fraction was observed. However, the proportion of the
(Mg,Zn),Ca phase increased disproportionately by a factor
of three.

Figure 3 shows the 3D network of the intermetallic phases
contained in the microstructure of the entire reconstructed
volumes after the segmentation procedure and elimination of
the matrix. The 3D visualization indicates that the secondary
phases from a continuous interconnected network for all alloys
investigated.

The formation of a continuous network was confirmed by sli-
ces through the reconstructed 3D volumes of ZX11, ZX21, and
ZX41 (Figure 4).

The 3D network of alloy ZX11 is predominantly formed by the
(Mg,Zn),Ca phase (Figure 3, orange) and partially interrupted by
the coexisting CazMg,Zn;s ,, 4.6 <x <12, phase (Figure 3,
white). In contrast, the continuous 3D network of ZX21 is
dominated by the ternary CasMg,Zn;s ,, 4.6 <x <12, phase.
However, coexisting small and thin rod-shaped sections in the
network are additionally formed by the (Mg,Zn),Ca phase,
whereas the 3D network of the intermetallic phases in ZX41 is
characterized by significantly thicker, contiguous sections of the
(Mg,Zn),Ca phase compared with alloy ZX21. These (Mg,Zn),Ca
sections are not separated from each other, but rather form a
coherent area structure. Therefore, this characteristic structure

Figure 2. SEM images of the microstructure of a) ZX11, b) ZX21, and c) ZX41.
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(a)

0.5 mm|
(b)

0.5 mmI
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0.5

Figure 3. 3D visualization of the secondary phases ((Mg,Zn),Ca = orange, CazMg,Zn;s_,, 4.6 <x <12 = white) in the entire investigated volume (left),
as well as the corresponding subvolumes in the surface view (middle) and the vertex view (right) of the alloys a) ZX11, b) ZX21, and c) ZX41.

(a) ZX11 (b)

ZX 21 (c)

Figure 4. Slices of the reconstructed 3D volume obtained via SR-uCT of the secondary phases: (Mg,Zn),Ca and CazsMg,Znys_,,4.6 <x < 12, of the alloys

a) ZX11, b) ZX21, and c) ZX41.

leads to an increased interface between the matrix and the
(Mg,Zn),Ca phase. In the lower right corner of the surface view
from the subvolume in Figure 3c, this (Mg,Zn),Ca area-like struc-
ture even forms a kind of cone (see red circle), which extends into
the matrix and provides a potential widespread material suscepti-
bility to a corrosion attack due to the ignoble nature of the
(Mg,Zn),Ca phase.

Adv. Eng. Mater. 2021, 23, 2100157 2100157 (5 of 11)

3.2. Microstructural Characterization of Mg—Ca-Zn Alloys after
Quasi In Situ Immersion

Figure 5 shows the visualized volumes of the SR-pCT investiga-
tions of ZX11, ZX21, and ZX41 before and after the quasi in situ
immersion experiments for 8h and a total of 24h in the
HBSS electrolyte. ZX11 exhibits the most pronounced corrosive

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Initial Condition

8 h immersion

24 h immersion

IO.S mml

Figure 5. Visualization of the reconstructed 3D images of ZX11, ZX21, and ZX41 in the a—c) initial condition, d—f) after 8 h immersion, and g-h) after a

total of 24 h quasi in situ immersion in HBSS.

damage after an immersion time of 8h among investigated
alloys. The corrosion products form a relatively thick and
voluminous layer over the entire surface of the specimen.
In contrast, after the same immersion time, ZX21 shows almost
no macroscopically visible corrosion phenomena with associated
corrosive products. ZX41 exhibits a locally strong, limited
selective corrosive attack with the associated accumulation of cor-
rosion products after the same immersion time. Moreover, the
observed trend becomes even more pronounced after a total
immersion time of 24h for all investigated alloys. The corro-
sion products of ZX11 form a continuous and even more volumi-
nous layer on the whole surface of the specimen after 24 h; thus,
the microstructure of the secondary phases is not visible from
outside.

Slices (Figure 6) of the previously presented volumes exhibit
even more detailed formation of heterogeneous electrode
processes and the formation of corrosion product layers.
It is evident that the corrosion attack is significantly localized
for ZX11 compared to ZX21 and ZX41 after a quasi in situ

Adv. Eng. Mater. 2021, 23, 2100157 2100157 (6 of 11)

immersion time of 8 h and a total of 24 h. Furthermore, a mech-
anistic change in the microstructure-dependent corrosion pro-
cess is assumed for ZX21 compared to ZX41 because ZX21
shows rather uniform and less pronounced heterogeneous cor-
rosion reactions.

Additional 2D SEM investigations of ZX11, ZX21, and ZX41
for 2h immersion in HBSS (Figure 7) were conducted to gain a
deeper insight into the corrosion initiation mechanism. Similar
to the 3D SR-uCT investigations, the 2D SEM cross-sections
revealed that ZX11 forms the most voluminous corrosion prod-
uct layer at the surface in comparison to ZX21 and ZX41. This
voluminous corrosion product layer is also related to a more pro-
nounced localized corrosion. However, even the Mg—Ca—Zn alloy
with the highest Ca and Zn contents occasionally shows the
formation of a voluminous corrosion product layer as a conse-
quence of pronounced heterogeneous anodic electrode processes
on the surface, in addition to a rather homogeneously distributed
local corrosion attack. Surprisingly, ZX21 revealed merely a par-
tially detectable corrosion product layer by the 3D synchrotron

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 6. Slices through the 3D volumes of Figure 5 for ZX11, ZX21, and ZX41 in the a—c) initial condition, d—f) after 8 h immersion, and g—h) after a total

of 24 h immersion in HBSS.

Figure 7. Scanning electron micrographs of the microstructure of ZX11,
ZX21, and ZX41 after immersion for 2 h in HBSS.

phase contrast tomography investigations shown in Figure 6, as
well as in the SEM examinations shown in Figure 7, after an
immersion time of 2 h. An almost uniformly distributed hetero-
geneous electrode process was observed, which led to a homoge-
neous diameter loss as well as to the homogeneous formation of
a corrosion product layer on the surface.

Adv. Eng. Mater. 2021, 23, 2100157 2100157 (7 of 11)

A characteristic SEM-EDS cross-section of the microstructure,
including all three phases, namely a-Mgss, (Mg,Zn),Ca, and the
coexisting CazMg,Zn;s_,, 4.6 <x <12, phase of ZX21 after
immersion up to 2 h in HBSS is shown in Figure 8. It is evident
that anodic corrosion processes lead to local dissolution of the a-
Mgss and (Mg,Zn),Ca coexisting with the CazMg,Zn;s .,
4.6 <x<12, phase and subsequently to the formation of a
magnesium—calcium-based oxide or hydroxide. In addition, an
accumulation of magnesium, calcium, carbon, and phosphorus
was observed above the oxide close to the Mg—Ca—Zn alloy/elec-
trolyte interface. Anodic dissolution of zinc-rich regions near the
surface, in particular the ternary CasMg,Zn;s_,, 4.6 <x<12,
phase, could not be observed by SEM—-EDS, due to its limited
resolution.

4. Discussion

4.1. Influence of Alloying Elements on 3D Microstructural
Architecture of As-Cast Mg—Ca-Zn Alloys

The specific corrosion mechanisms of low-alloyed Mg—Ca—Zn
alloys strongly depend on the local chemical composition and
the 3D microstructural architecture, comprising the type,

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 8. SEM-EDS images of ZX21 after corrosion for 2 h in HBSS.

fraction, morphology, distribution, connectivity, and interfaces of
different phases. Therefore, analysis of these microstructural
features is of significant importance and was therefore of major
focus in this study. Previous studies of low-alloyed Mg-Ca-Zn!""]
revealed an enrichment of Zn and Ca in a-Mggg with increasing
alloying element content. Furthermore, it was reported that when
the Zn/Ca ratio is less than 1.2 or 1.4, a microstructure with three
phases, comprising the primary a-Mgss phase, the secondary
(Mg,Zn),Ca phase, and the Mg—Ca—Zn phase, is formed, whereas
at Zn/Ca ratios above 1.2, only two phases are formed, namely, the
o-Mggs phase and the secondary Mg-Ca-Zn phase.>**%3%
However, the exact composition of the ternary Mg-Ca—Zn
phase remains controversial. Formation of Ca;Mg,Zn;s_,,
46<x<1219  of CazMg62n3,[37‘3941] CazMgSZnSHZ’“],
Ca;MgsZny3,*Y or IM1-4** has been proposed.

The current study confirmed the formation of a-Mgss,
(Mg,Zn),Ca, and CasMg,Zn;s_,, 4.6 <x<12, in as-cast ZX11
with a Zn/Ca ratio of 0.82, by 2D and 3D methods. However,
a Zn/Ca ratio of 1.84 for as-cast ZX21!"1 and for as-cast ZX41 also
revealed formation of a-Mgss, (Mg,Zn),Ca and CazsMg,Zn;s_,,
4.6 <x<12, which contradicts calculations of the ternary
Mg—Ca—Zn phase diagram"®® as well as previous observations
reported by Zhang and YangP®®! on cast Mg-Zn-Mn—Ca alloys.

Adv. Eng. Mater. 2021, 23, 2100157 2100157 (8 of 11)

P Kal
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However, the investigations of Li et al.*”) on as-cast low-alloyed
Mg-Ca—Zn with a Zn/Ca ratio of 1.9 are in good agreement
with this current study and confirm the formation of two second-
ary phases in addition to primary magnesium. In contrast,
a microstructure consisting exclusively of a single secondary
Ca;MgeZn; phase has been reported at a significantly higher
Zn/Ca ratio of 6.3.*”) These controversial observations indicate
a non-negligible influence of the casting process parameters, such
as melting temperature and cooling rate, on the precipitation
sequence, which must be taken into account in further investiga-
tions on the solidification of Mg-Ca—Zn alloys.

Considering in addition the influence of the total alloying
element concentrations on the secondary-phase formation, this
study shows that an increasing Zn content leads to a higher vol-
ume fraction of the Ca;Mg,Zn;s ,, 4.6 <x <12 phase and a
lower volume fraction of the (Mg,Zn),Ca phase. This is assumed
to be correlated with the mixing enthalpy between Zn and Ca,
which was reported to be —22kJ mol ™" larger compared to Zn
and Mg or Ca and Mg.1**! Therefore, the formation of the ternary
phase in comparison with the (Mg,Zn),Ca phase becomes more
likely with increasing Zn content.l*”!

The current investigations revealed that the solidification
of low-alloyed Mg-Ca—Zn is accompanied by an increased

© 2021 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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formation of an additional eutectic microstructure with increas-
ing Zn content. Previously published transmission electron
microscopy (TEM) investigations by Li et al.’”) confirmed that
the observed eutectic microstructure is composed of a-Mgss
and Ca,MgsZn; and that this is related to the greater diffusivity
of Ca in Mg.***’! Therefore, it is assumed that the observed
seam of CasMg,Zn;s_,, 4.6 <x <12, surrounding the eutectic
a-Mggs in as-cast ZX21 and ZX41 is also strongly related to
the preferred diffusion processes of Ca in a-Mggs. This may lead
to the formation of an increased number of eutectic junctions
and in an increase in the width and fraction of the secondary
phases for ZX41. However, not much was known until now
about the 3D morphology and the total and single volume
fraction of the secondary phases as well as the continuity of
the network formed by the secondary phases of as-cast
low-alloyed Mg—Ca—Zn.

In this work, the utilization of SR-uCT analysis has made it
possible to perform a quantitative analysis of the volume phase
fraction of the individual secondary phases as well as for the total
secondary phases of low-alloyed Mg-Ca-Zn. A significant
change of the volume phase fraction of the (Mg, Zn),Ca phase
from about 14%y, to 1%y, was observed for ZX11 and ZX21 by
increasing the Zn content by only 1wt%, while changing the
Zn/Ca atomic ratio from 0.82 to 1.84. This is attributed to the
mentioned larger mixing enthalpy between Zn and Ca compared
to Zn and Mg or Ca and Mg. Surprisingly, a constant Zn/Ca
atomic ratio of 1.84 and a two times higher Ca and Zn content
in ZX41 compared to ZX21 revealed a disproportional factor for
the (Mg,Zn),Ca volume phase fraction. In addition, a significant
growth and formation of a coherent area structure of the
(Mg,Zn),Ca phase, which resulted in an increased interface
between the primary a-Mgss and the (Mg,Zn),Ca phase, was
observed for ZX41. This accelerated growth, driven by the pre-
ferred diffusion of Ca in Mg, is assumed to change the propor-
tionality that would potentially be expected if Zn and Ca contents
were doubled. However, the higher number of (Mg,Zn),Ca
nucleation sites is assumed to result in a higher amount of about
11%yo CasMg,Zngs_, 4.6 <x <12, phase in ZX41 in compari-
son to about 7%y, observed in ZX21.

2D imaging methods were previously used to show that the
total fraction of the secondary phases increases with increasing
zinc and calcium content.'” The nondestructive 3D evaluation of
the investigated Mg—Ca-Zn alloys revealed a significantly differ-
ent picture compared to the assumptions obtained by 2D analysis
regarding the dependence of the total phase fraction on the Ca
and Zn content. The results show only a proportional increase
from about 8%y, to 14%y,; of the total volume phase fraction
of the secondary phases with the proportional increase of the
Ca and Zn content at a constant Zn/Ca atomic ratio. At much
lower Ca and Zn contents investigated for ZX11, a high total vol-
ume phase fraction of the secondary phases of about 14.3%y,,,
similar to ZX41, was observed.

A continuous 3D network of secondary phases was observed
in all the studied alloys. This is in contradiction to the 2D obser-
vations of a semicontinuous network, which becomes continu-
ous with increasing Zn content and underlines the high
significance of the performed SR-pCT investigations.
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4.2. Influence of 3D Microstructural Architecture and Local
Chemical Composition on the Corrosion Mechanism of As-Cast
Mg-Ca-Zn Alloys

The SR-uCT images showed that different 3D microstructural
architectures, consisting of different total volume fractions of
the secondary phases and volume fractions of the single second-
ary (Mg,Zn),Ca and Ca;Mg,Zn;s_,, 4.6 < x < 12, phases, mor-
phologies, network continuity, and interfacial properties of
secondary phases, lead to different corrosion mechanisms. It is
known that the corrosion initiation and growth depend strongly
on the electrochemical activity of the present phases in low-
alloyed Mg—Ca—Zn. It was reported that the electrochemical
activity increases in the order Mg,Ca > a-Mg > Ca;Mg,Zn;s_,,
4.6 <x<121 Therefore, the corrosion mechanisms of
Mg-Ca-Zn alloys were associated with the formation of micro-
galvanic elements in conjunction with heterogeneous electrode
processes where, e.g., (Mg,Zn),Ca starts to dissolve and is
therefore assumed to initiate the corrosion process. Further,
it was reported that the formation of a (Mg,Zn),Ca phase at
high Zn content will decrease the corrosion rate by increas-
ing the electrochemical potential close to a-Mgss.'”! The
CasMg,Zn;s_,, 4.6 <x <12, phase in contrast is assumed to
act either as a corrosion accelerator or barrier during the disso-
lution of (Mg,Zn),Ca and a-Mgss, depending on the continuity
of the secondary phase network obtained by the ternary
phase.'?% However, in addition to the electrochemical activity
of the present phases, the 3D microstructural architecture as
well as the dynamically changing corrosion reactions with time
have to be considered to describe the specific corrosion
mechanism.

The SR-uCT investigations of ZX11 revealed the strongest
localized corrosion attack as well as the formation of a thick
and voluminous corrosion product layer after 24 h immersion
time in HBSS compared to ZX21 and ZX41. The 3D investiga-
tions of ZX11 revealed a volume phase fraction of about 14%y,;
of a continuous (Mg,Zn),Ca network, which is assumed to act as
a corrosion initiation site, followed by the dissolution of the adja-
cent magnesium matrix. It was reported®” for nanocrystalline
Mg-0.3 wt% Ca-1.0wt% Zn (ZX10) that the Mg,Ca phase or
(Mg,Zn),Ca itself is assumed to act as the initiation site by a
dealloying mechanism.? Therefore, Ca will dissolve first fol-
lowed by Mg from the (Mg,Zn),Ca phase. In general, these
assumptions should lead to a homogenously distributed local-
ized corrosion attack within short immersion times. This is in
contradiction to the accelerated locally distributed heterogonous
corrosion reactions with the formation of deeper corrosion dam-
age of ZX11 compared to ZX21 and ZX41. This is assumed to be
related to the additionally formed CasMg,Zn;s _,, 4.6 <x<12.
Despite its low volume phase fraction of 0.4%y,,, the phase acts
as additional cathodic element. Thus it adds to creating a
microgalvanic element, increasing locally the driving force for
the dissolution, of the coexisting (Mg,Zn),Ca phase and/or
the adjacent a-Mggs.

The present study reveals that the alloys ZX21 and ZX41
exhibit a significant change in the 3D microstructural architec-
ture compared to ZX11. The SR-pCT investigations show no
significant formation of a corrosion product layer and a more
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uniform heterogeneous corrosion process for ZX21 compared to
ZX41. The cross-sectional changes, evident in the slices of the
visualized volume after quasi in situ immersion up to 8 h and
a total of 24 h, as well as the SEM studies after 2 h of immersion,
are smaller for ZX21 than for ZX41. Furthermore, the 3D visu-
alization of the secondary phases shows the coexistence of (Mg,
Zn),Ca and CasMg,Zn;5_,, 4.6 <x <12, within a continuous
network for both alloys. In addition, a smaller size of the second-
ary phases as well as a higher volume fraction of 3.5%y,; of the
rod-shaped (Mg,Zn),Ca phase in ZX21 compared to the coherent
plate like (Mg,Zn),Ca phase with a volume fraction of 1.1%y, in
ZX41 was observed. Therefore, it may be concluded that the het-
erogonous corrosion process is also dependent on the size, dis-
tribution, and morphology of the (Mg,Zn),Ca phase influencing
the fraction of interfaces between the binary phase and the
(X-Mgss.

The accelerated uniformly distributed heterogeneous
corrosion reactions for ZX41 compared to ZX21 are dependent
on the higher volume phase fraction of the continuous
CazMg,Zn;s_,, 4.6 <x <12, network, partially coexisting with
the (Mg,Zn),Ca phase. Recently, TEM studies on the dissolution
ability of the isolated nanocrystalline IM1 phase in Mg—0.25 wt%
Ca-1.5wt% Zn were published.”®*® This dissolution behavior
was related to a cathodically polarized dealloying mechanism,
which causes a preferential dissolution of Ca and Mg. The
retained Zn was assumed to be embedded in the corrosion layer.
After further dissolution of the retained Zn, a redeposition
on the corroding surface was proposed. This may lead to local
acceleration of corrosion reactions in addition to the secondary-
phase-driven corrosion mechanisms. The SEM-EDS measure-
ments of the exemplarily shown ZX21 after 2h immersion
time did not confirm this observation. Further investigations
are currently in progress. In addition, ZX41 exhibits coherent
area structures leading to a distinctly increased interface
between the magnesium matrix and the (Mg,Zn),Ca phase.
Specifically, the additional formation of cone-like interfaces
between (Mg,Zn),Ca and a-Mgss provides an additional mate-
rial susceptibility to a localized corrosion attack, which was also
observed for ZX41 in contrast to ZX21.

However, recent results"**! showed that ZX11 exhibits the
lowest mass loss after an immersion time of 5 days in HBSS
among the same alloy compositions, which seems to be in con-
tradiction to the 3D synchrotron microstructural investigations
for shorter immersion times. This change in the corrosion
mechanism with time is attributed to the additional formation
of a chemically complex corrosion product layer revealed by
SEM-EDS. The observed formation of a phosphorus-rich top
layer followed by a carbon-rich and oxygen-rich layer may result
in speed-limiting corrosion reactions, which will in addition
change the local electrolytic composition and pH conditions.
This likely contributes to the low corrosion rate observed for
ZX11, as well as to the accelerated corrosion rates of ZX41
and ZX21 for longer immersion times.

5. Conclusion
The analysis of the chemistry and the 3D microstructural archi-

tecture and their influence on the corrosion mechanism of
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low-alloyed biodegradable Mg—-Ca—Zn alloys was studied by
SR-uCT after quasi in situ immersion in HBSS for short times.
The results can be summarized as follows: 1) The 3D visualiza-
tion and the slices through the microstructural architecture of
as-cast ZX11, ZX21, and ZX41 revealed for the first time the for-
mation of 3D continuous interconnected networks of coexisting
secondary phases, namely, (Mg,Zn),Ca and CasMg,Zn;s_,,
4.6 <x<12. 2) The formation of the highest volume fraction
of (Mg,Zn),Ca was observed for ZX11 compared to ZX21 and
ZX41. This is assumed to relate to the mixing enthalpy among
Zn, Ca, and Mg. A change in the 3D morphology by a significant
growth of the secondary phases and the formation of a partially
increased interface between the primary a-Mgss and the
(Mg,Zn),Ca phase were observed for ZX41 compared to ZX21.
This accelerated growth is assumed to be driven by the preferred
diffusion of Ca in Mg. 3) The SR-uCT investigations of ZX11
revealed the strongest localized corrosion attack as well as the
formation of a thick and voluminous corrosion product layer
after 24 h quasi in situ immersion time in HBSS compared to
ZX21 and ZX41. This is associated with the high volume fraction
of the less noble (Mg,Zn),Ca phase compared to a-Mgss and
CasMg,Zn;s_,, 4.6 <x <12, which leads to strong heteroge-
neous corrosion reactions. 4) No significant formation of a cor-
rosion product layer and a more uniform heterogeneous
corrosion process was observed for ZX21 compared to ZX41.
It is concluded that the heterogeneous corrosion process of
ZX21 depends strongly on the smaller size, more homogeneous
distribution, and thinner morphology of the (Mg,Zn),Ca
phase influencing the relative fractions of interfaces between
the binary phase, the a-Mgss, and the morphology of the ternary
phase. 5) The accelerated uniformly distributed heterogeneous
corrosion reactions for ZX41 compared to ZX21 are dependent
on the higher volume phase fraction and of the continuous
CasMg,Zn;s_,, 4.6 <x <12, network, partially coexisting with
the (Mg,Zn),Ca phase. Additional locally distributed heteroge-
neous corrosion reactions are associated with the additional
formation of cone-like interfaces between (Mg,Zn),Ca and
(X-Mgss.
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