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Abstract

Previous work indicated that long-period stacking ordered (LPSO) phase and/or y’ in rare earth containing Mg biomaterials had contra-
dictory mechanisms responsible for their degradation in less complex or standard salt media, such as 0.9 % NaCl solution. They needed to be
further investigated in a more realistic simulated body fluid (SBF). The present work investigated the influence of the amount and types of
intermetallics on the degradation behavior of as-cast Mg-xDy-Zn (x = 5, 10, 15 wt.%) alloys using immersion test in Dulbecco’s modified
Eagle’s medium (DMEM) + Glutamax together with 10 % Fetal bovine serum (FBS) under cell culture conditions. It was revealed that the
existence of intermetallics exhibited different effects on the degradation behavior of alloys. At the early stage of immersion, Mg-10Dy-1.5Zn
alloy suffered the most serious degradation among these three alloys, owing to its more severe micro galvanic corrosion. With the immersion
proceeding, the degradation rate of Mg-5Dy-1.5Zn alloy consistently increased because of the scattered distribution of few intermetallics. In
contrast, the continuous network structure of intermetallics and a compact degradation layer provided protection from further degradation for
Mg-10Dy-1.5Zn and Mg-15Dy-1.5Zn alloys. In the as-cast Mg-5Dy-1.5Zn alloy, only small amount of intermetallics composed of W, y' and
18R LPSO phases acted as galvanic cathodes, accelerating its degradation. With Dy content increasing to 10 and 15 wt.%, large amounts of
intermetallics including 18R LPSO and dense y' phases were formed, which on the other hand can serve as a continuous network barrier
to retard degradation propagation. Finally, the good adhesion and proliferation of the Human umbilical cord perivascular (HUCPV) on the
surface of the Mg-10Dy-1.5Zn and Mg-15Dy-1.5Zn alloy indicated their good biocompatibility.
© 2025 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/)
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1. Introduction its alloys which are biodegradable can be used as a tempo-

rary bone implant because of its good biocompatibility and

Biodegradable implants have appeared as a valuable al-
ternative in orthopedics over the past 2 decades and is pro-
jected to advance further in the coming years [1]. They re-
duce patients’ pain, health risks and economic burden due to
the avoidance of second surgery [2,3]. Magnesium (Mg) and
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closer density (1.74-2.0 g/cm?), elastic modulus (41-45 GPa),
tensile yield strength (120-180 MPa) and compressive yield
strength (65—100 MPa) to those of natural bone [4]. Pure mag-
nesium itself features unfavorable mechanical properties and
corrosion resistance, which can affect implant stability and
quickly change local chemical environment leading to cell
death [5,6]. One way to promote its applications as implants
is alloying with other elements to balance its degradation and
mechanical properties [7—10]. Unfortunately, intermetallics
can precipitate in most Mg alloys after alloying [11,12] and
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can greatly affect the subsequent micro galvanic corrosion.
These intermetallics either act as a galvanic cathode to accel-
erate the degradation of matrix [13], or as a anode to dissolve
priority [14]. The degradation of Mg alloys depends on the
distribution, size and amount of these intermetallics [15].

Rare earth containing alloys such as Mg-Gd-Zn and Mg-
Dy-Zn alloys show promising applications as implants ow-
ing to their high mechanical properties and biocompatibil-
ity [16,17]. The existence of long-period stacking ordered
(LPSO) phase in their matrix can largely influence their cor-
rosion resistance, especially their amount and distribution. For
examples, in the Mg-Gd-Ni alloys [18], the 18R LPSO phase
acts as a cathode. When its amount is low, the corrosion of
Mg matrix is accelerated in 3 wt.% KCIl solution. Conversely,
a higher volume fraction 18R LPSO contributes to the forma-
tion of continuous corrosion barriers, which could reduce the
degradation rate of Mg matrix [18]. Nevertheless, in the Mg-
Zn-Y alloy, least volume fraction of 18R LPSO phase showed
the best corrosion resistance in the 0.1 M NaCl solution [19].

Besides the 18R LPSO phase, the lamellar structure, gen-
erally accompanying with 18R LPSO phase [20,21], also play
an important role in the corrosion of Mg alloys. Such lamel-
lar structure can be the intermetallics, like y’ phase with a
single unit cell height and an atomic stacking sequence of
ABCA after melting or short-time low-temperature homoge-
nization [13,22], or like lamellar 14H-LPSO phase has two
ABCA-type building blocks after high temperature homoge-
nization treatment [23]. In addition, the lamellar structure can
be clarified as stacking faults (SFs). They are small ribbons,
generally belonging to the intrinsic stacking faults 12 that is
bounded by two Shockley partial dislocations [24]. The ef-
fects of lamellar structure on the corrosion behavior have been
reported by different works. In the Mg-Er-Ni [13] and Mg-
Gd-Ni [18] alloys, the existence of the higher proportion of
lamellar 14H LPSO and/or y' phases lead to the higher cor-
rosion rate in the 3 wt.% KCI solution [13,18]. Thus, these
lamellar second phase were regarded as cathode which could
accelerate the corrosion behavior of Mg alloy [25-27]. In the
Mg-Er-Zn [28] and Mg-Ho-Zn alloys [29], SFs were pref-
erentially dissolved in the simulated body fluid (SBF) solu-
tion. They acted as the local anodes compared to the Mg
matrix, thus protecting Mg matrix. Further, the SFs in the
Mg-Er-Zn-Zr showed anode potential which was verified by
experiments [20,30].

Although the influence of 18R LPSO and lamellar structure
on the corrosion behavior of Mg alloys has been investigated,
a complicated immersion environment could introduce their
distinct corrosion behaviors [31,32]. Therefore, it’s necessary
to explore the detailed effects of distribution, volume fraction
and microstructure of 18R LPSO and/or lamellar structure on
the degradation behavior of the biodegradable materials un-
der cell culture condition. Our previous work showed that Dy
element plays a crucial role in adjusting the intermetallics mi-
crostructure, thus influence the degradation behavior of Mg-
Dy alloy largely [33-38]. To introduce the 18R LPSO phase
and/or lamellar structure in Mg-Dy-based alloys, Zn element
was added to the Mg-Dy system.

Previous investigations on the corrosion behavior of Mg-
Dy-Zn alloy were limited. Bi et al. [39]. found that as-
cast Mg-2Dy-0.5Zn (at.%) alloys with large amounts of 18R
LPSO and Mg,Dy phase was less resistant to corrosion in
3.5 wt.% NaCl solution, as compared to the alloys with
lower volume fraction of fine and homogeneous distribution
Mg,4Dys. In this alloy, the existence of 18R LPSO shows
relative detrimental corrosion compared to that of 14H LPSO
phase [40]. Unfortunately, these investigations only used the
simple electrolyte NaCl. Moreover, the effects of intermetal-
lic amount on the degradation of Mg-Dy-Zn alloy are also
unclear. Therefore, the present work investigated the degra-
dation of as-cast Mg-xDy-1.5Zn (x = 5, 10, 15 wt.%) al-
loys in a more realistic Dulbecco’s modified Eagle’s medium
(DMEM) + Glutamax together with 10 % Fetal bovine serum
(FBS) under cell culture conditions. The biocompatibility of
Mg-10Dy-1.5Zn and Mg-15Dy-1.5Zn were also evaluated, to
prove the potential medical application.

2. Experimental
2.1. Material preparation

Mg-xDy-1.5Zn (x = 5, 10, 15 wt.%) (designated as ACS,
ACI10 and ACIS5, respectively) were prepared using direct
chill casting process in a permanent mould [41]. High-Purity
Mg (99.94 wt.% Magnesium Electron, Manchester, UK) was
molten in a mild steel crucible under a protective atmosphere
(Ar + 2% SFg). Pure Zn, pure Dy were then added into the
melt at 750 °C. The melt was stirred for 30 min at 200 rpm
and then poured into a mold preheated to 680 °C covered
with a mould release agent (boron nitride). The filled cru-
cible was held at 680 °C for 15 min with steady stream of
gas protection. Finally, the melt was solidified by lowering
the crucible into cooling water at a rate of 10 mm/s. When
the crucible was fully immersed, it was kept in the cool-
ing water for 10 s and then removed it from water tank.
The actual chemical compositions of alloys were measured
by Inductively coupled plasma - Optical Emission Spectrom-
etry (ICP-OES, Spectro Analytical Instruments GmbH, Kleve,
Germany) and spark spectrometer (spark OES, Spectro Ana-
lytical Instruments GmbH, Kleve, Germany).

2.2. Microstructural characterizations

Specimens for microstructural observations were ground
with silicon carbide emery paper up to 2500 grit, followed
by polishing with 1 pm diamond suspension (Cloeren Tech-
nology GmbH, Niederkriichten, Germany) and oxide polisher
suspension (OPS, Industrieservice Siegmund Bigott, Kaarst,
Germany). After chemically etched in a solution of 8 g picric
acid, 5 mL acetic acid, 10 mL distilled water and 100 mL
ethanol, their microstructures were characterized by opti-
cal microscope (LEICA DMLM, Leica Microsystems Wet-
zlar GmbH, Wetzlar, Germany). The average grain size was
determined using the linear intercept methods with Analy-
SIS pro. The volume fraction of intermetallics was statisti-
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cally determined from regions captured by backscattered elec-
tron (BSE) micrographs using ImageJ software. The struc-
tures of second phases were determined by X-ray diffrac-
tion (XRD) on a diffractometer (D8 Advance, Bruker, Karl-
sruhe, Germany) equipped with Cu Ka. The diffraction pat-
terns were collected by step scanning from 10° to 80° angle
with a step size of 0.02°/s. Transmission electron microscopy
(TEM, Thermo Fisher Scientific GmbH, Waltham, USA) and
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) were per-
formed using FEI Titan Themis operating at 300 kV. TEM
foils were prepared by mechanical grinding to a thickness of
approximately 60 pm and then ion-polished to perforation
using a Gatan Precision Ion Polishing System (GATAN 695).
Thermodynamic predictions were performed using Theromo-
Calc software (Thermo-Calc Software AB, Stockholm, Swe-
den) with the database 2024a.

Degradation layer and their morphology were observed
by scanning electron microscope (SEM, Tescan Vega3 SB,
Brno, Czech Republic) equipped with an energy dispersive
spectroscopy (EDS). The cross-sectional micrograph of lamel-
lae structure for EDS analysis were prepared using focused
ion beam (FIB, Tescan LYRA3) in-situ lift-out technique. To
decrease the damage during ion beam thinning and polish-
ing, a platinum protective layer was deposited on the surface
of degradation product. Laser scanning confocal microscope
(LSM 800, ZEISS, Oberkochen, Germany) with 20 x objective
was used in air to characterize the morphology and roughness
of the degradation surface. These degraded surfaces were then
analyzed by the surface imaging and analysis software Con-
foMap® ST (Digital Surf, Besancon, France).

2.3. Localized volta potential difference distribution

Scanning kelvin probe force microscopy (SKPFM) was
performed to measure differences in volta potential fluctuation
of different microstructure area of each sample by an atomic
force microscopy (NanoWizard 4, JPK Instruments AG, Ger-
many). The used cantilever (Budgetsensors Multi75E-G) was
coated with Cr/Pt for conductivity and possessed a resonance
frequency of 75 kHz and a force constant of 3 N/m, respec-
tively. Data analysis was adapted by JPK Data Processing
software (JPK Instruments AG, Version 6.4.12). The speci-
mens for SKPFM were prepared with the same method used
for OM observations. Their measurements were conducted
immediately so that their possible oxidation could be avoided.

2.4. Immersion test

Weight loss tests were performed in DMEM+Glutamax
((+) 4.5 g/L D-Glucose, (+) Pyruvate, Life Technologies,
Darmstadt, Germany)) together with 10% FBS (PAA Labo-
ratories, Linz, Austria) and 1% Penicillin Streptomycin (Pen-
Strep) under cell culture conditions (37 °C, 20% O,, 5%
CO;, 95% relative humidity) in the incubator (Fig. 1(a)).
According to the standard ISO 10993-12 (2008), the sam-
ples were immersed in the medium at a ratio of 10 mL/g

(medium/sample). Disc samples with a diameter of 9 mm
and a height of 1.5 mm were machined from the as-cast in-
gots. They were ultrasonically cleaned by n-hexane, acetone
and 100% ethanol, and then sterilized in 70 % ethanol and
dried. Six samples were duplicated for each alloy. A mini-
mum of four specimens was statistically used for degradation
rate analysis. During immersion, the medium was renewed
each 2-3 days. The medium was collected for measuring the
pH value (measured using a SENTRON ARGUS X pH-meter,
Fisher Scientific GMBH, Schwerte, Germany) and osmolality
(measured using a Osmomat 030, Gonotec, Berlin, Germany).
The medium without specimens served as a control. After im-
mersion, the degradation products on the sample surface were
removed by immersing in chromic acid (180 g/L chromium
(VD) oxide in ultrapure water, VWR international, Darmstadt,
Germany) for 10 min at room temperature. Then these sam-
ples were rinsed in ultrapure water and 100 % ethanol. After
being dried, the weights of samples were determined. The av-
erage degradation rate (DR) and degradation depth (Ah) were
calculated using the following Eqgs. (1) and (2) [42]:

k x Am
DR = (D
Ap = A )
-

Where k is a constant (8.76 x 10* ensuring DR is in
mm/y), Am is the observed mass loss (g), A is the surface
area (cm?), t is the immersion time (h), and p is the density of
alloy (g/cm?®). The actual densities of as-cast alloys were mea-
sured according to Archimedes’ principle using 100 % ethanol
as a fluid and a balance for weighting [11].

2.5. Cell culture

The samples were pre-incubated in complete DMEM un-
der cell culture condition for 24 h to obtain a relatively sta-
ble surface after the first burst of degradation with adsorbed
serum proteins for improved cell adhesion (Fig. 1(b)). The
glass substrate was used as a control group. Then, the hu-
man umbilical cord perivascular (HUCPV) cells (HUCPV
cells are mesenchymal stem cells (MSC) with a high pro-
liferation rate and strong potential for differentiation into an
osteogenic phenotype [43,44]) were seeded with amount of
1 x 10* cells on the Mg alloys and glass surface (in be-
forehand agarose coated the bottom of wells, 12 well plate).
After allowing the cells to adhere for 30 min at room temper-
ature, 2 mL of fresh culture medium were added to each well,
and sample plates were transferred to incubator (37 °C, 20%
0;, 5% CO,, 95 % relative humidity). Medium was renewed
at each 2-3 days. After incubation of 7 days, the cell via-
bility was evaluated by live/dead staining (Live/Dead Viabil-
ity/Cytotoxicity Kit, Life Technologies, Darmstadt, Germany).
Before staining, removing the old medium and washing carri-
ers with fresh cell specific media without FBS, then removing
the wash medium. After staining for 20 min in medium con-
taining 1.6 WM Calcein AM, 2 puM ethidium homidimer-1
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Fig. 1. Experimental flowchart of (a) immersion test and (b) cell seeding under cell culture conditions.

and 0.5 pg/mL Hoechst 33342, the staining solution was re-
moved and replaced with cell media without FBS. Finally,
the samples were examined with a fluorescent microscope
(Eclipse Ni-E, Nikon, Diisseldorf, Germany) using a fluores-
cein isothiocyanate filter (excitation: 465495 nm, emission:
515-555 nm) for living cells and a Texas Red filter (excita-
tion: 540-580 nm, emission: 600-660 nm) for dead cells. The
cell viability was quantitatively evaluated by counting nuclei
using ImagelJ software (v. 1.53e, NIH, USA).

2.6. Statistical analysis

All data were calculated as the average of at least three
samples as technical replicates. The error bars were plotted

based on the standard deviation. One-way analysis of variance
(ANOVA) on ranks with Dunn’s multiple comparison post hoc
tests was adapted.

3. Results
3.1. Chemical composition

The actual chemical composition of as-cast Mg-Dy-Zn al-
loys are listed in Table 1. Due to the evaporation of raw
material under the cast process, the actual chemical composi-
tion of Dy and Zn were lower than nominal composition. as
listed in Table 1. The contents of impurities Fe, Ni and Cu
are below the tolerance limits [45,46].
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Table 1

Actual chemical compositions of alloys (wt.%).

Alloys Dy Zn Fe Cu Ni Ca Mn Al Si Be Mg
AC5 4.51 1.39 0.0024 0.0008 0.0008 0.0026 0.0009 0.0063 0.0043 <0.0001 Balance
AC10 9.20 1.35 0.0031 0.0013 0.0008 0.0052 0.0009 0.0062 0.0098 0.0001 Balance
AC15 13.89 1.44 0.0043 0.0019 0.0007 0.0082 0.0010 0.0066 0.0145 0.0002 Balance

A 5% A AT y 2 b
(g) Zn (h) 12 volume fraction
AC15 92.2 7 08 Dy -— grain size
Mg 5 <10 500
e & z
S 9 ~ E
€= 8 Y =
AC10 95.5 405 £3 400 3
EES 5
SE &
L 300
ACS5 97.2 1.9 0.9
2
200
3 87 90 93 96 99 102 105 108 s 0 =

Element composition (wt. %) Content of Dy (wt. %)

Fig. 2. OM and BSE microstructural images of (a and d) ACS, (b and e)
ACI10, (c and f) AC15 alloys, together with measured (g) composition of Mg
matrix, (h) volume fraction of intermetallics and grain size.

3.2. Microstructural characterizations

The microstructures of as-cast Mg-Dy-Zn alloys with their
volume fraction and grain size are shown in Fig. 2(a—g). The
content of Dy increases in matrix when adding Dy from
5 wt% to 15 wt.% (Fig. 2(g)), indicating that its solubil-
ity in matrix became higher and higher. The intermetallics
were observed in the interdendritic space (Fig. 2(a—c)). BSE
observations showed similar results to that depicted by OM
(Fig. 2(d-f)). The lamellar structure was observed around the
bulk phase in the AC10 and AC15 alloy (magnified BSE im-
age in Fig. 2(e and f)). The morphologies obtained by BSE
demonstrate that the amounts of intermetallics increases from
2.6 £ 0.5% in the ACS alloy to 10.7 £ 1% in the AC15 alloy
(Fig. 2(h)). Meanwhile, the grain size of as-cast Mg-Dy-Zn
alloy significantly decreased. Among these three alloys, AC15
alloy has the smallest grain (Fig. 2(h)).

Fig. 3 shows TEM characterizations of second phase in
these Mg-Dy-Zn alloys. The selected area electron diffraction
(SAED) demonstrates the presence of «-Mg and W phase
(Mg3Dy,Zn3) with body-centered cubic (BCC) structures in
ACS alloy (Fig. 3(a)). Although W phase was not detected
by TEM in the AC15 alloy, the combination of previously re-
ported study [39] and the morphology observation from BSE
imaging demonstrate that a negligible amount of W phases

exist (marked by red arrows in Fig. 2(e and f)). In addition,
a bulk second phase was observed in both AC5 and ACI15
alloys. It was identified as 18R LPSO phase (Fig. 3(b—c, e,
g)). Around the 18R LPSO phase and in the interdendritic
space dense lamellar structure distributes. It was determined
as y' phase composing the single ABCA building block by
HADDF-STEM [22,47,48] (Fig. 3(d and h)). Both the 18R
LPSO phase and y' exhibit the same crystal orientation in-
side the grain.

3.3. Degradation properties

3.3.1. Localized potential difference distribution of second
phases

ACS and AC15 alloys were selected for SKPFM measure-
ments since in these two alloys 18R LPSO phase is the dom-
inant. While in ACS5 alloy both 18R LPSO and W phase are
dominated. The AFM height mapping vaguely shows the sig-
nal for 18R LPSO phase in ACS5 alloy (Fig. 4(a)). In contrast,
the volta potential difference map clearly display the contrast
difference between the second phase and matrix. Both 18R
LPSO and W phases are brighter than Mg matrix (Fig. 4(b)).
Further line-profile analysis (Fig. 4(c)) illustrates that the 18R
LPSO phase showed a lower volta potential difference than
the W phase. In the AC15 alloy the 18R LPSO phase has also
a higher volta potential difference than the matrix (Fig. 4(e)).
Its volta potential is higher in comparison with the matrix
(Fig. 4(f)). Apparently, in these two alloys the second phases
have a nobler volta potential than matrix. As indicated by
Fig. 4(c and f), the volta potential difference of W phase
with Mg matrix stands at approximately 250 mV for ACS
alloy, while the 18R LPSO phase at about 150 mV for ACS5
alloy and 175 mV for AC15 alloy.

3.3.2. Degradation rates

Fig. 5(a) shows the degradation rate of as-cast Mg-Dy-
Zn alloys under cell culture conditions. At the early stage of
immersion (1 day), AC10 alloy exibits the most detrimental
degradation. Although the amount of intermetallics in AC15
alloy is higher than that in other alloys, its degradation rate
keeps low and even less than that of AC5 alloy where the
amount of intermetallics is the lowest. At the later stage of
immersion (7 and 14 days), the degradation rate of AC5 alloy
consistently increases while the degradation rate of AC10 and
ACIS alloys keeps realatively stable. It even reduces to the
lower after long immersion for 14 days. After immersion for
14 days the degradation rate of AC15 alloy is only 0.10 mm/y.
It is much lower than that of ACS5 alloy with a value of
1.01 mm/y.
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The mean degradation depth was further calculated
(Fig. 5(b)). It continuously increases with immersion continu-
ing. At the early stage of immersion (1 day), the mean degra-
dation depth of these three alloys have little difference. With
the immersion proceeding (7 days), AC10 and AC15 alloys
have close degradation depth, while ACS5 alloy has a much
higher degradation depth. When the immersion time reaches
to 14 days, AC15 alloy still has a lower degradation depth
than AC10 alloy. Its increment of degradation depth is small
even after immersion for long time with 14 days. In con-
trast, the degradation depth of ACS alloy increases largely. It

exhibits a remarkable difference with other two alloys after
long-term immersion.

The increase of pH and osmolality value was measured
during each change of fresh medium (Fig. 5(c—d)). At the
beginning of degradation, the increase of pH and osmolal-
ity is large for AC10 and AC15 alloy. The higher increase
in pH value of AC10 at the 1 day of immersion indicates
more OH™ release caused by extensive Mg matrix dissolu-
tion. With the immersion time increasing, they decrease till
about 7 days. After immersion of 7 days, they rise stablely.
Both the increments of pH and osmolality for ACS alloy ex-
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Table 2
Elemental compositions at the selected points in Fig. 6.

Analyzed position Elements (at.%)

(6] C Dy Ca P Mg
P1 59.31 1152 041 1.02 1.71 Balance
P2 37.02  9.83 0.31 0.80 1.32  Balance

hibit a continuous increase with immersion proceeding. The
overall changes of pH and osmolality are in agreement with
that of degradation rate (Fig. 5(a)).

3.3.3. Morphological characterizations of degradation layer

BSE images of sample surfaces after immersion are shown
in Fig. 6(a-1). The cracks were observed on the surface
of samples. Their occurrence is due to the dehydrating
when taking samples out from the immersion medium to
air. For the ACS5 alloy, the surface of degradation layer
shows the different contrasts at the early stage of immer-
sion (Fig. 6(a)). The darker region with wider degradation
cracks (indicated as P1 in Fig. 6(a)) contains high contents
of O, Ca, P and C (Table 2), demonstrating the formation of
more calcium-phosphate and carbonate particles when com-
pared with brighter area (indicated as P2 in Fig. 6(a)). As
for AC10 and AC15 alloys, the network structure, which was

formed by 18R LPSO and y’, was hardly corroded after im-
mersion for 1 day. Even with the immersion proceeding to
14 days, no severe degradation was observed at the surface
of interdenritic region (Fig. 6(e—f)). The distribution of net-
work structure is uniform and its height consistent (Fig. 6(k
and 1)). In contrast, after immersion for 14 days the degra-
dation surface of ACS5 alloy exhibited different contrast. It is
inhomogeneous with different heights due to the severe local
corrosion around intermetallics.

The cross-sectional BSE observations with chemical ele-
ment mapping were conducted from those samples immersed
in DMEM + 10 % FBS medium for different time (Fig. 7). It
can be seen that Dy exists in the degradation layer for all three
alloys. This is in agreement with the EDS analysis shown in
Fig. 8. After immersion from 1 day to 14 days Ca and P ele-
ments were enriched at the surface of degradation layer, indi-
cating that the phosphate and calcium-phosphate were formed
there. The formation of such a compact P/Ca-rich layer could
inhibit the penetration of crossive ions in the DMEM+10 %
FBS medium [49]. In addition, the determination of O, C,
Ca, P and Mg elements revealed the formation of calcium-
phosphate products and/or carbonate salts in the degradation
layer [11]. Due to the existence of network structure in the
ACI10 and AC15 alloys non-continuous degradation layer can
be found (Fig. 7(c—f)). In contrast, in the ACS5 alloy severe
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Fig. 6. (a-1) BSE images showing the surface morphologies of degradation layers of as-cast Mg-Dy-Zn alloys for different time. The topography of samples
were obtained by laser confocal scanning after removing the degradation products, (g—i) 1 day and (j-1) 14 days.
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Fig. 7. Cross-sectional BSE micrographs and corresponding elemental mappings of (a and b) ACS5, (¢ and d) AC10, (e and f) AC15 alloys exposed to
DMEM+10% FBS under cell culture conditions for 1 day, 7 days and 14 days.

local corrosion happened leading to the embedding of the
isolated intermetallics into the growth of degradation layer
(Fig. 7(b)).

The degradation layer was further analyzed by EDS and
XRD. The Ca content, Ca/P ratio and Dy content in the sur-
face degradation layer after different immersion durations are
shown in Fig. 8. At the earlier stage of immersion, the con-

tents of Ca and Dy at the outer degradation layer of AC10
alloy are higher than that of other alloys. More Ca-Dy con-
tained degradation products can be formed in the AC10 alloy
at the early stage of its immersion suggest extensive matrix
dissolution and accelerated reaction kinetics. With the degra-
dation proceeding, the content of Ca in the outer degradation
layer increases for all the alloys. Among them, ACI15 alloy
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Fig. 8. Evolution of Ca content, Ca/P ratio and Dy content in the degradation
layers with immersion time.

has the highest content of Ca in the surface of degradation
layer, then followed by AC10 and ACS. All alloys maintain
the stable Dy content in the outer degradation layer even when
the immersion time is increased from1 day to 7 days. After 14
days of immersion, AC5 alloy still exhibits stable content of
Dy in the degradation layer. However, in the degradation lay-
ers of AC10 and ACI15 alloys, the content of Dy increased.
Especially, it increases by 4 times, from 0.64 at.% to 2.71
at.%, for the AC15 alloy with the immersion time from 1
day to 14 days. Thus, more protective Ca-Dy contained com-
pounds were formed in the degradation layer of AC15 alloy
after it was immersed for 14 days. In addition, at the outer
degradation layers of these two AC10 and ACI15 alloys, the
Ca/P ratio also monotonously increases with the immersion
time. In contrast, Ca/P ratio in the degradation layer ACS al-
loy shows a quite different evolution with immersion time. It
has a “V” shape, i.e., first decreases and then increases.

Fig. 9 demonstrates the surface characterisations of as-cast
Mg-Dy-Zn alloys after immersion for 1, 7 and 14 days by
XRD. The characteristic peaks of as-cast alloys corresponding
to W phase, 18R LPSO phase and «-Mg are agreement with
that observed by TEM [50]. Due to the thin degradation layer,
only few apparent characteristic peaks are observed for the
degradation product of AC5 alloy. These peaks correspond to
CaCO3; (JCPDS No 41-1475).

e a-Mg
¢ LPSO

v W
A CaCo;

14 days
[ ]

AC15 oo
—\\V\\.«J‘J‘. $ ? |
WY A 'M‘J e o

M
| 1 day

M

Intensity (a.u.)

7 days
S~
1d
A, ay
matrix
v v -

10 20 30 40 50 60 70 80
20(°

Fig. 9. XRD patterns of degradation layer after 1 day, 7 days and 14 days
of immersion for the as-cast Mg-Dy-Zn alloys.

3.4. Cytocompatibility

The composition of degradation layer and environment of
medium significantly influence cell adhesion and its viabil-
ity [33]. The fast degradation rates can hinder the early cell
adhesion on the sample surface. Consequently, the signifi-
cantly increased degradation rate of the ACS alloy, which re-
sults in a pH environment unfavorable for cell adhesion and
survival (Fig. 5). Thus, it was excluded in cell experiments.
Fig. 10 presents live/dead staining images of HUCPV cells af-
ter 168 h of incubation. Compared to the control group, most
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Fig. 10. Live/dead staining fluorescence images of HUCPV on the (a and
b) glass substrate, (c and d) AC10 and (e and f) AC15 alloys samples after
their incubation for 7 days.

of cells proliferate well and uniformly on the sample sur-
face for AC10 and AC15 alloys. As shown in Table S1, both
AC10 and AC15 alloys maintained cell viability above 70 %
at 168 h, indicating their non-cytotoxic based on ISO 10993-5
standards [51]. While AC10 showed slightly lower cell via-
bility than AC15, this may be attributed to minor experimen-
tal variations such as local pH fluctuation or inconsistencies
in surface preparation, which can influence cell response in
long-term cell seeding assays. Furthermore, Table S1 also pro-
vides a comparison with literature-reported viability values of
other Mg alloys, including Mg-Zn [52], Mg-REs [33,53,54],
Mg-Zn-Zr-Mn [51] systems, which typically show cell via-
bility in the range of 70 %—90%. The widely used WE43
alloy exhibits cell viability 75 %—95 % under similar condi-
tions [55,56]. These comparisons demonstrate that the AC10
and AC15 alloys possess acceptable biocompatibility. Thus,
the lack of severe cytotoxicity in alloys indicates that up to
15 wt.% Dy content, the Mg-Dy-Zn alloys remain acceptable
for biocompatibility.

4. Disucussion

According to the phase diagram of Mg-xDy-1.5Zn alloys,
the «-Mg phase crystallizes preferentially during the solidi-
fication process (Fig. S1). As the solidification temperature
decreases, LPSO phases and y' phases formed in the inter-
dendritic space, followed by the low-melting-point W phase
[57]. As a result, in the ACS alloy, the coexistence of W,
LPSO and y' phases were observed (Fig. 3(a—d)). With the
increase Dy content, the driving force for the nucleation and

Fig. 11. (a) Dark field image, (b) local magnified image and (c—i) EDS
mapping results of corroded surface for AC15 alloy exposed to DMEM+10 %
FBS under cell culture conditions for 14 days.

growth of the phases is enhanced, the segregation of Dy and
Zn atoms was promoted, further promoting the formation of
LPSO and y' phases in the AC10 and AC15 alloys. Moreover,
the preferential formation of LPSO and y' phase consumed
large amounts of Dy and Zn atoms, leading to the forma-
tion of abundant amounts of LPSO and y' phases and only a
minimal amount of W phase in the AC10 and ACIS5 alloys
[57].

As previously mentioned, the y' phase commonly act as
a cathodic that accelerates the degradation of the Mg ma-
trix [13,18]. However, the y' phase is observed to improve
the corrosion resistance of Mg alloys in the present study.
This apparent discrepancy could be attributed to differences
in the degradation environments. It is well established that
the stronger corrosive ability of the solution, such as sodium
chloride, causes fast galvanic corrosion and simultaneously
destroys the network structure formed by the 18R LPSO and
dense y' phases [58]. However, in the DMEM + 10% FBS
medium, galvanic corrosion leads to a local increase in pH
due to Mg dissolution, which in turn promotes the precipita-
tion of Ca*" and PO4*~ ions from the medium, forming Ca-P
rich compounds [59-62]:

Mg + 2H,0 — Mg*" + 20H™ + H, ¢ 3)

xMg*" 4 yCa®t + zP0,*~ — Mg, Cay (POy), 4)

Importantly, the regular renewal of DMEM + 10% FBS
medium ensures a continuous supply of Ca?™ and PO~
thereby sustaining this protective deposition over time. Such
Ca-P rich compounds layer exhibits superior corrosion resis-
tance compared to conventional magnesium degradation prod-
ucts like Mg(OH),, thereby effectively protecting the underly-
ing network structure [60,62]. As shown in Fig. 11, the EDS
mapping reveals the element distribution of corroded surface
for the ACI1S5 alloy after 14 days of immersion. It can be ob-
served that the lamellar structure area (y' phase) is enriched
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Fig. 12. Schematic illustrations of the (a and b) ACS, (c and d) AC10 and (c and d) ACI15 alloys exposed to the medium for (a—c) 1 day and (b—d) 14 days.

RH: Relative Humidity.

with Mg, along with lower concentrations of Dy and Zn com-
pared with 18R LPSO phase. While significant enrichment of
O, Ca, and P is evident on the surface of both 18R LPSO
phase and lamellar structure. The Ca-P product layer plays
a vital role in corrosion protection by serving as a physical
barrier that limits the penetration of the solution along the
compact y’ phase. This barrier effect reduces the exposure
of the matrix to aggressive ions, thereby suppressing galvanic
corrosion between the y’ phase and the surrounding matrix.
Therefore, the preservation of the network structure by de-
posited surface products (Ca-P rich layer) plays a significant

role in hindering further degradation for the AC10 and ACI15
alloys.

In the degradation product layer, apart from the protective
Ca-P layer, rare earth elements also contribute to the for-
mation of the product layer. Such rare-earth-containing prod-
ucts can inhibit the attack of chloride ions on the Mg matrix
[11,63,64]. Similar rare earth containing product layers are
also observed in this study. The cross-sectional EDS map-
ping of degradation layer shows that the Dy compounds are
enriched in the degradation layer (Fig. 7). Such rich Dy com-
pounds are possible dysprosium oxide and/or dysprosium hy-
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droxide [33,36,65], and could be possible formed by:
2Dy + 3H,0 — Dy,0; + 3H, (5)

2Dy + 6H,0 — 2Dy(OH); + 3H, (6)

Dy,0; is insoluble in water. Due to the low solubility of
Dy(OH); (the solubility products constant (Kg,) of Dy(OH)3
is 1.4 x 10722 [64], which is smaller than Mg(OH), (Kgp:
5.6 x 107'2) ), the concentration of Dy3Jr can reach sat-
uration quickly, leading to the priority precipitation of Dy
hydroxide than Mg(OH), on the surface [63]. These two in-
soluble Dy-containing compounds can inhibit anions (Cl7)
from penetrating the substrate through the medium. Further-
more, the Pilling-Bedworth ratio for Dy,03 is approximately
1.26 [66,67]. which could improve compactness and adhesion
of degradation products and provide protection for the matrix
from further degradation [11]. Therefore, the increase in Dy
content not only promotes the formation of a network struc-
ture but also facilitates the generation of more dense degrada-
tion products, such as Dy,0O3 and/or Dy(OH);3. Such products
further enhance the corrosion resistance of the AC15 alloy.

To clear illustrate the corrosion mechanism of three alloys,
Fig. 12 presents the schematic illustration of the degradation
process of three Mg-Dy-Zn alloys from 1 day to 14 days.
The degradation behavior of Mg alloys was heavily influ-
enced by the amount and distribution of intermetallics [11].
Large amounts of the W and 18R LPSO phases, which have
obviously nobler potential than the Mg matrix (Fig. 4), could
accelerate the Mg matrix degradation. Given this, the ACS
should degrade slowest and ACI15 fastest according to the in-
termetallics amount (Fig. 2(h)). However, at the early stage
of immersion, the AC15 alloys showed the lowest degrada-
tion rate. This could be attributed to the larger amounts of
intermetallics leading into a lower area of galvanic corrosion
of Mg matrix. In particular, the relatively continuous network
formed by the 18R LPSO and y’ phases may help reduce
the number of micro-galvanic corrosion sites per unit area
and delay corrosion propagation. While for the ACS5 alloy,
the incomplete and discontinuous degradation layer (Fig. 6(a
and g), Fig. 12(a)) indicate that the low content of galvanic
corrosion, but the insufficient barrier effect results in contin-
ued matrix exposure to the corrosive medium. Interestingly,
the AC10 alloy with middle amounts of intermetallics among
these three alloys exhibits the most severe degradation rate.
This is due to the excessive number of galvanic corrosion
formed, combined with an less compact network structure.
As a result, more micro-galvanic corrosion sites are generated
compared to ACS, and the less compact intermetallic distri-
bution leads to greater exposure of the corrodible Mg matrix
surface than in AC15 (Fig. 12(c and e)). At the later stage
of immersion, after the complete degradation of Mg matrix
on the surface of the AC10 and ACI1S5 alloys, the network
structure (blue arrows in Fig. 7) effectively inhibits further
penetration of medium, thus preventing the deeper Mg ma-
trix from further dissolving (Fig. 12(d and f)). This supports
the hypothesis that the morphology and connectivity of inter-

metallics become dominant factors in long-term corrosion re-
sistance. As a result, the AC15 alloy, which contains a higher
amounts of network structure, exhibits a lower degradation
rate than the AC10 alloy after immersion of 14 days. More-
over, the quantity and distribution of the W phase in the AC10
and AC15 alloys (marked by red arrows in Fig. 2(e-f)) have
a limited effect on the degradation rate, primarily due to its
negligible amount. In the AC5 alloy, the scattered distribution
of the intermetallics is insufficient to inhibit the penetration of
degradation medium, leading to the deeper matrix corrosion
(Fig. 12(b)). Meanwhile, the localized galvanic corrosion, in-
duced by the intermetallics, results in an uneven distribution
of the degradation product layer ((Fig. 6(j), Fig. 7(b)), and
triggers the isolation of the intermetallics. This could emerge
as another critical factor contributing to the monotonously
increases of degradation rate. In comparison, for the AC10
and ACI5 alloys, the continuous distribution network struc-
ture maintains their structural integrity, preventing isolation
by degradation layer (Fig. 6(h—i, k-1)). Overall, the primary
factors of intermetallics affecting degradation rates are their
volume fraction at the early stage, while their morphology
and distribution at the later stage. This dual-stage mechanism
highlights the importance of both quantitative and distributed
optimization of intermetallics for improved corrosion resis-
tance.

5. Summary

The influence of intermetallics on the degradation behav-
ior of as-cast Mg-Dy-Zn alloys with different contents of
Dy were investigated by exposing to DMEM + 10% FBS
medium for different durations. The influence of Dy content
on biocompatibility of Mg-10Dy-1.5Zn and Mg-15Dy-1.5Zn
alloys were evaluated. The main conclusions are listed as fol-
lows:

(1) The intermetallics in the as-cast Mg-xDy-1.5Zn (x = 5,
10 and 15 wt.%) alloys consist of W, 18R LPSO and y'
phase. The ACS5 alloy possesses W, 18R LPSO and y'
phases, while the AC10 and AC15 alloy mainly contain
the 18R LPSO and dense y' phases. With the increment
of Dy content, the volume fraction of intermetallics in-
creases.

(2) At the early stage of immersion, the amounts of inter-
metallics act as the main role in affecting the degra-
dation rate. Among these three alloys, the AC10 al-
loy with middle amounts of intermetallics showed the
largest degradation rate at day 1. This could be due to
more galvanic corrosion than AC5 alloy and less com-
pact network structure (18R LPSO + y’ phases) com-
pared with AC15 alloy.

(3) At the later stage of immersion, the morphology and
distribution of intermetallics act as the main role in
affecting the degradation rate. The AC15 alloy with
largest amount of intermetallics showed the lowest
degradation rate. This attributes to the network structure
in it which suppresses further degradation propagation.
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In contrast, in the ACS5 alloy the effect of its scattered
distribution of intermetallics on galvanic corrosion act
as dominant role to continously increases its degrada-
tion rate.

(4) In AC10 and AC15 alloys, the formation of a rich Ca-P
degradation layer on their surface of network structure
prevents the dense y' phases from causing severe gal-
vanic corrosion with Mg matrix, thus preserving the
integrity of the network structure.

(5) Mg-Dy-Zn alloy retains a good biocompatibility with
the Dy content up to 15 wt.%.
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