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This work aims to study microstructural features, phase composition, topology, surface potential, and the
biodegradation performance of Mg-4Zn-1Ca-based alloys whose melts were ultrasonically (US) treated and
doped with nanodiamonds (ND). The findings show a correlation between the ratio of the secondary phase
segregated along the grain boundaries and the biodegradation rate in the RPMI-1640 synthetic culture medium.
The fewer CapMgeZng phase fraction, the lower the biodegradation rate. Also, ND doping does not significantly
affect the biodegradation rate. Intriguingly, the latter in the US-treated alloy was found to be noticeably inhibited

due to a smoother topography and the presence of the fewest CapMgeZns phase fraction segregated along the
grain boundaries. Further studies are needed to assess the biodegradable potential of the ND doped alloy, which

melt was ultrasonically treated.

1. Introduction

Implants made of biodegradable alloys are among the attractive
candidates for trauma and orthopedic surgeries. Using these materials
eliminates the need for re-surgery to remove implanted devices after
bone tissue healing.

Magnesium and its alloys are fascinating and promising biomaterials
for their use as biodegradable implants. Their main advantages are
pretty good biocompatibility, mechanical characteristics similar to those
shown by bone tissue, and the ability to be dissolved in physiological
media. Biodegradable magnesium alloys have been extensively studied
for their noted bioresorptive potential compared to traditional bioinert
metals. However, in its chemically pure incarnation, the main drawback
of Mg-based alloys is an excessive degradation rate, leading to a rapid
loss of mechanical integrity before osteogenesis has been finished. In
addition, corrosion is accompanied by an extraordinary gaseous reaction
in vivo, which negatively affects the host tissues and interferes with the
recovery processes [1].
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Given the above, designing and studying various biodegradable Mg-
based alloys for biomedical applications are very pertinent. Alloying,
thermo-mechanical processing, and coating can reduce the biodegra-
dation rate in vivo due to the modified microstructure evident through
grain size changing, lesser porosity, formation of intermetallic constit-
uents and secondary phases, presence of a protective surface layer [2-5].
Also, surface modifications are a typical method for improving corrosion
resistance, which conceals the material without changing its micro-
structure [6,7]. In turn, alloying mainly improves mechanical properties
such as yield strength, ductility, and corrosion resistance [8,9].

Due to adjustable mechanical properties and variable biodegradation
rates, tailored Mg-based alloys with embedded bioactive reinforcing
elements can be considered a new generation of implanted devices [10].
So far, a large number of magnesium implants have been suggested for
the treatment of bone injuries in humans and animals, including blocks,
nails, screws, wires, plates, etc. [11].

Mg alloys are much more plastic than bioceramics, mechanically
stronger than biopolymers, and have preferential biodegradation
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compared to other biomaterials [1,12]. Magnesium is a common min-
eral existing in the body, playing one of the most crucial roles in bone
health, and it can also stimulate and maintain osteogenetic processes
[13]. And eventually, Mg is now considered to be the best hope for
trauma and orthopedic applications [4].

In the context of a biodegradable material, its predominant constit-
uents should be those that can be metabolized in vivo with appropriate
decomposition rates and without releasing of toxic reactants. Mostly,
these elements are magnesium, zinc, and calcium [14].

Decomposition products stemming from the electrochemical corro-
sive reaction of Mg alloys can be excreted through metabolism [15].
Magnesium is known to have mechanical properties similar to those
demonstrated by the cortical bone. The elastic modulus of magnesium is
41-45 GPa, with a density of about 1.74 g/cm3, and the yield stress gap
varies within 65-100 MPa [16]. While the density of the cortical bone is
about 1.8-2.1 g/cm3, the elastic modulus is within 15-25 GPa, and the
yield stress is within 130-180 MPa. The mechanical properties of pure
magnesium are significantly lower than those of Ti-based alloys for
biomedical applications [17], as well as biodegradable Zn- or Mn-Fe--
based alloys [18,19].

Zinc is the most abundant and recognized as one of the vital nutrients
in the body. Therefore, it is safe and permissible for biomedical appli-
cations. Alloying pure magnesium with zinc decreases the biodegrada-
tion rate and increases the mechanical properties of resulting Mg-based
alloys [18]. The highest value of solute Zn in Mg can reach 6.5 wt%.
Solid solution effects on the hardness and flow stress have been studied
earlier [20]. A strength increase in alloying with zinc is attributed to
solid solution hardening, resulting from the higher shear stress for the
basal planes of the Mg crystal lattice. One limiting factor appears to be
cracking and micropores upon solidifying of the melt with a Zn-related
fraction increase in the alloy.

Calcium is the main structural element of the trabecular bone and
plays a crucial role in cellular interactions, sustaining their signaling
functions [21]. The solubility level of Ca in Mg is far fewer, reaching
about 1.34 wt%. Increasing the ratio leads to the Mg,Ca phase being
segregated along grain boundaries, drastically embrittling the alloy
[22]. Alloying with calcium changes the stress-strain behavior due to
solid solution and precipitation hardening. Several studies demonstrate
that calcium reduces the average grain size of magnesium, which has a
beneficial effect on its mechanical properties [23,24].

Some technical modalities, including ultrasonic, vibration, or me-
chanical treatments, are known to aim at homogenizing and degassing
the melt [25,26]. Some papers report that introducing small amounts of
nanoparticles increases strength and ductility simultaneously [27]. The
high mechanical properties of the diamond allow the use of its nano-
particles as a reliable hardening agent of the matrix, where its small
amount contributes to increasing the mechanical performance of alloys
[28]. In addition, nanodiamond particles contribute to the higher
biocompatibility level of magnesium alloy in contact with living or-
ganisms [29].

The ternary Mg-Zn—-Ca composition is very encouraging for the
current medical industry. Magnesium alloys doped with Zn (3 wt%) and
Ca (1 wt%) have been reported to indicate high bioinertness, tolerable
mechanical characteristics, and reasonable biodegradation performance
[30]. The ultimate strength is 160 MPa with a relative elongation of 8%.
The biocorrosion rate in the ternary system decreases gradually in
increasing the Zn content up to 3 wt%, followed by a surge occurring in
varying the Zn content within 5-9 wt% [31]. Notably, the Mg-4Zn-1Ca
alloy indicates low mechanical characteristics, whereas its biodegrada-
tion rate seems appropriate for clinical applications [32]. Considering
the current data reported in numerous studies, one may infer that issues
addressing Mg-based alloys with high mechanical characteristics,
showing tailored and controllable biodegradation rates, have come to
the fore. Therefore, as we faced with the matters, this study aims to
improve the characteristics of the baseline Mg—4Zn-1Ca alloy, custom-
izing it by two suggested routes — (i) ultrasonic treatment of the melt and
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(ii) doping the melt with diamond nanoparticles. We explored the
topography and macro-/microstructure features, together with an
assessment of in vitro decomposition potential using the RPMI-1640
synthetic culture medium.

2. Materials and methods
2.1. Alloy preparation

We used pure magnesium (99.9%), metallic zinc (99.9%), and cal-
cium (99.9%) as starting materials. For a comparative assessment, three
alloys were prepared as follows:

#1 — baseline Mg-4Zn-1Ca;
#2 — (Mg—4Zn-1Ca)ys ultrasonically treated (US);
#3 - (Mg-4Zn-1Ca)np doped with diamond nanoparticles (ND).

To homogenize the chemical composition of the alloys after cooling,
annealing at 300 °C for 6 h was performed, followed by cooling in the
furnace.

2.1.1. Alloy # 1 (Mg—4Zn-1Ca)

2 kg of pure magnesium was placed in a steel crucible and melted in
the supplied argon flow atmosphere. To melt the alloy, an open-type
muffle furnace was used for easy access and controlling the melt.
Argon flow was supplied during the entire melting process. Reaching
720 °C, zinc was introduced using a mechanical mixer at a rotation
speed of 1200 rpm until complete dissolution, pursuant to the procedure
described in Ref. [33]. Afterward, the melt was held at 720 °C using a
steel bell method [34] with subsequent calcium addition, using the same
mechanical mixer for 20 s, and downpoured into the mold.

2.1.2. Alloy # 2 (Mg-4Zn-1Ca)ys

The melting procedure was the same as above; however, before
downpouring, the melt was ultrasonically treated (US). Ultrasonic
treatment was carried out using a magnetostrictive water-cooled trans-
ducer with a power of 4.1 kV and a frequency of 17.6 kHz for 60 s.

2.1.3. Alloy # 3 (Mg-4Zn-1Ca)np

Nanodiamonds (ND) depicted in Fig. 1,a were obtained by detona-
tion synthesis, as reported by Vorozhtsov et al. [35], and doped with
iron, using a planetary mill. The granulometric ND histogram is repre-
sented by a unimodal particle size distribution indicated in Fig. 1,b. The
mean size of spherical-type particles was 7 nm, whereas the min and
max size was 1 nm and 18 nm, respectively.

ND were introduced into the melt through an Mg-ND master alloy.
ND were mixed with magnesium micropowder (99.9%) in ethanol for
20 min using an ultrasonic bath to obtain a homogenized Mg-5%ND
mixture. To obtain a master alloy from a prepared powder mixture, the
method of shock-wave compaction was used, as described in Ref. [35].

The Mg-5%ND master alloy was then admixed with the alloy #1 melt
at 710 °C, using a mechanical mixer for 60 s, until its complete dis-
solving. Afterward, the melt was downpoured into a steel mold with the
dimensions of 200 x 100 x 10 mm (height x width x thickness). The
solidification process of the molten metal was accompanied by simul-
taneous vibration using a vibrostand, on which the steel mold was
securely attached, with a frequency of 60 Hz and an amplitude of
0.5 mm. The schematic view of the melting procedure related to alloy
#3 is outlined in Fig. 2.

2.2. Methods

ND were explored using a transmission electron microscope (Philips
CM30). The elemental composition of the alloys was investigated using a
sequential X-ray fluorescence wave-dispersive spectrometer (Shimadzu
XRF-1800). The quantitative phase analysis was performed using an X-
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Fig. 1. TEM image (a) and granulometric histogram (b) of ND.
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Fig. 2. Schematic view of alloy #3 fabrication route: (1) Mg melt in Ar shielding atmosphere, (2) mechanical mixer, (3) master alloy, (4) furnace, (5) steel mold, and

(6) vibrostand.

ray diffractometer with filtered CuK-a radiation (Shimadzu XRD-6000,
20 = 20-80°, 10 s exposure).

Metallographic analysis was performed using an optical microscope
(Olympus GX71) and a scanning electron microscope (TescanVega II
LMU). The structure of the cast materials was studied after standard
metallographic grinding followed by polishing without etching. The
average grain size was determined by the secant method according to
the ASTM 112-13 standard based on at least 600 measurements for each
state. The specific area ratio, occupied by the matrix and secondary
phases, was analyzed using ImageJ, open-source software for scientific
image visualization, processing, and analysis.

Elemental analysis was performed on a Tescan MIRA III LMU,
Schottky cathode scanning electron microscope equipped with an Ox-
ford Instruments Ultim Max 40 energy dispersive X-ray spectrometer
(Oxford Instruments, High Wycombe, UK). Scanning was performed at
an accelerating voltage (HV) of 20 kV.

The topography and electrochemical potential distributions of the
sample surface were carried out by atomic force microscopy using an
NT-MDT scanning probe microscope with a SOLVER HV vacuum
chamber in a semi-contact mode.

To evaluate the biodegradation performance, the prepared cubic
samples (10 x 10 x 10 mm3) were immersed and dissolved in vitro
under simulated conditions similar to aseptic inflammation, which
usually occurs after implantation and is accompanied by the accumu-
lation of biological fluids in the host tissue. Prior to the standard im-
mersion test, all samples were dry-heat sterilized at 180 °C for 1 h. To
assess the biodegradation rate, samples were immersed in a synthetic
culture medium RPMI-1640 with a low content of micronutrients, (g/L)
5.9 NaCl; 0.4 KCl; 0.8 NagP207; 0.1 Ca (NOs); 2.0H20, 0.049 MgS04, 4.5
p-glucose, amino acids and vitamins (Sigma-Aldrich, USA), at 37 °C for a
week, using a 6-ml vial for each sample, according to ISO 10993-5.
Samples were then taken out in a week and air-dried at 22 °C for two

weeks to record the change in sample weight. The mass of the samples
was measured using a high-accuracy analytical balance, VM-II (the
standard deviation - 0.023 mg).

3. Results

Chemical analysis of the distributed elements indicates the presence
of Zn (about 4 wt%) and Ca (about 1 wt%) in all the alloys cast (Table 1).
Alloy #2 contains the highest amount of aluminum with the least
amount of calcium. This fact may be due to the applied ultrasonic
treatment for 60 s, when Ca partially burns out and is trapped by
forming slags.

Analyzing X-ray diffraction patterns indicates that all alloys consist
of pure magnesium and a secondary CapMgeZng phase having a hexag-
onal crystal lattice (Fig. 3,a). Ultrasonic treatment and ND doping
influenced the matrix and secondary phase distribution in the melt. The
lowes fraction of CayMgeZns is seen to be in alloy #2. Note there are the
redistributed intensities of reflections from the (002) and (110) planes
belonging to the matrix phase in alloy #1 with the preferred orientation
of <100> compared to those in alloys #2 and #3. The lattice parameter
a, the unit cell volume V, and the c/a ratio of the matrix phase decrease
after ultrasonic treatment and increase after ND doping, as summarized
in Table 2.

Microstructural studies made by the SEM instrument in combination
with X-ray spectral microanalysis allowed us to identify both the matrix
and secondary phases that segregated along the grain boundaries
(Fig. 4). The average grain size is seen to vary from 40 pm to 42 pm for
all alloys (Fig. 4). Both ultrasonic treatment and ND doping do not
contribute significantly to microstructural changes. ND doping reduced
the maximum grain size from 153 pm to 135 pm, whereas the average
grain size decreased from 41.5 pm to 40 pm for alloys #1 and #3.
Visually, according to SEM micrographs and X-ray structural analysis,
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Table 1
Chemical composition of the studied alloys, wt.%.
Alloy Mg Zn Ca Si Al Fe
#1 Mg-4Zn-1Ca 94.7 £ 0.06 4.0 + 0.07 1.0 £ 0.02 0.12 £ 0.01 0.04 £+ 0.05 0.03 £ 0.01
#2 (Mg-4Zn-1Ca)ys 94.4 £ 0.04 4.22 + 0.08 0.96 + 0.03 0.16 £+ 0.03 0.1 £ 0.02 0.04 £ 0.02
#3 (Mg-4Zn-1Ca)np 93.6 + 0.05 4.7 + 0.07 1.3 £0.04 0.17 £ 0.04 0.02 + 0.01 0.02 £ 0.01
@ Table 2
L S o~ Mg Data received from X-ray diffraction analysis.
N2} o= I\q g()(’ £1:LI]3 Phase Volume lattice parameter @A) CSR, Lattice
E 8 fraction, % and unit cell volume nm distortion,
L — = (A% Ad/d
Alloy #1 (Mg-Ca-Zn)
Mg 94 a = 3.2081, c = 5.2117, 60 151072
V = 46.4522, ¢/
a=1.6245
MgeCasZns 6 a=10.0236, c =9.6067, 40 1.410°°
V = 835.8961, c/
a = 0.9584
Alloy #2 (Mg-4Zn-1Ca)ys
Mg 97 a = 3.2061, c = 5.1731, 51 2.3.1072
V =46.0503, ¢/
_.2*- L A||Oy #3 a=1.6135
D MgeCasZns 3 a=10.3415,c =9.6764, 50 1.6:107°
. - V = 896.2136, c/
o L a=0.9357
(e Alloy #3 (Mg-4Zn-1Ca)np
- Mg 93 a=3.2090, c = 5.2101, 49 1.81073
- V = 46.4639, ¢/
a=1.6236
MgeCasZng 7 a=10.3213,¢c=9.3373, 53 1.0-10°3

Alloy #2

s Alloy #1

30

20 40 30

20, deg.

Fig. 3. X-ray diffraction patterns of the studied alloys.

60 70 80

nanodiamond particles were not identified, which is inferential evidence
of missing ND large agglomerations.

The specific area occupied by the matrix and secondary phase was
analyzed and tabulated for all alloys using the ImageJ software
(Table 3). The CagMgeZns phase is red-marked in SEM micrographs. The
matrix phase predominates, occupying the area from 91.76% to 96.26%,
whereas the secondary phase area ranges from 3.74% to 8.24%. In alloy
#2, the secondary phase occupies a fewest area.

Element maps depicted in Fig. 5 show the presence of Ca, Zn, and Mg
distributed along the grain boundaries. The EDS analysis confirms that
the calculated composition is very similar to that detected in the samples
(Table 4). The composition of grains represents a solid solution of zinc in
magnesium, including areas of pure magnesium, whereas the phase
traced along the grain boundaries can be regarded as Ca;MgsZns
(Table 5). Calcium turns out to be not contained in the matrix phase
since it was detected only in the secondary phase segregated along the
grain boundaries. The Zn content in the matrix phase decreases from
1.49 at.% to 0.63 at.%, which accords well with its increase in the sec-
ondary phase. Above, the latter’s area was found to increase from 3.74%
to 8.24% (see Table 3).

V = 861.4315, ¢/
a = 0.9047

To assess the biodegradation performance, the samples were tested
in vitro under conditions similar to aseptic inflammation. The starting
and final masses of the samples after a week’s in vitro test are summa-
rized in Table 6. Analyzing the results obtained, we can note that all the
samples have a decrease in mass by 6-7% in seven days, except alloy #2.
The mass loss in this sample is 18.3 and 23 times less than that in alloys
#1 and #3, respectively. Comparatively, the volume fraction of the
CapMgeZns phase along the grain boundaries in alloy #2 is twice as less
than in alloy #1 and #3. In this context, a correlation between the
volume fraction of the secondary phase and the mass loss during in vitro
testing is obvious. The rationale for the tangled behavior and noted
correlation is believed to stem from the nature of the biodegradation of
Mg-based alloys, and this phenomenon requires much more
examination.

According to AFM data, alloy #2 has the smoothest topography than
other alloys. There is slight roughness ranging from 0.01 pm to 0.03 pm
(Fig. 6,d-f), including solitary prominences up to 0.44 pm.

It’s evident that the baseline alloy contains more inclusions up to
0.24 pm in size, while an average size varies from 0.02 pm to 0.1 pm
(Fig. 6,a-c). The surface topology in alloy #3 turned out to be qualita-
tively comparable to that found in alloy #1 (Fig. 6,g-i). Nevertheless,
alloy #3 indicates a more homogeneous structure, which can be
addressed to a uniform ND distribution.

Biodegradation of Mg-based is associated with electrochemical pro-
cesses evolved in an electrically conductive environment contacting
with the surface and is triggered by the electrode potential difference
between the matrix and secondary phase(s), in our case, CagMggZns. The
AFM study shows that the surface potential of the matrix phase is equal
to an average value of +1.95v, which is higher than that measured for
the secondary phase, which is +1.75v (Fig. 7). That being the case, the
matrix phase oxidizes much faster than CayMgeZns. Definitely, the less
area occupied by the CapMgeZng phase in alloy #2 may result in a slow
biodegradation rate. Notably, the maximum surface potential of alloy
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Fig. 4. SEM micrographs and grain size distribution in the studied alloys: #1 (a), #2 (b), and #3 (c).

Table 3
Specific area calculated by the ImageJ software, %.

Alloy Matrix phase (Mg) Secondary phase (CazMgeZns)
#1 (Mg-4Zn-1Ca) 92.94 7.06
#2 (Mg-4Zn-1Ca)ys 96.26 3.74
#3 (Mg—4Zn-1Ca)np 91.76 8.24

#2 turned out to be around +2.1v, which is much higher than that
recorded in alloy #1 (+0.75v) and #3 (+1.27v), respectively. In the
AFM study, alloy #2 has the smallest surface roughness; next is alloy #1,
and alloy #3 is slightly less pronounced in terms of roughness (see
Fig. 6). It is important to point out that the associated biodegradation
rate increases from 0.3% to 7.6% in 168 h in the same sequence.

4. Discussion

To comprehensively understand biodegradation processes evolving
in vivo, we need to consider the typical chemical reactions that occur
during the microgalvanic corrosion of Mg-based alloys in a biological
environment. Upon contact with body fluids, Mg oxidizes to metal cat-
ions under the anodic reaction described by expression (1). Free elec-
trons are consumed by the cathodic reaction through electrochemical
water splitting, according to expression (2). These redox reactions occur
randomly over the entire surface where the galvanic bond occurs due to
the different potentials arising between the metal matrix and interme-
tallic/secondary phases or grain boundaries. The bio-environment is
very aggressive. Even though magnesium is concealed with a passivating
film, consisting mainly of Mg(OH),, as expression (3) says, due to the

high content of chloride ions in the bioactive medium, the protective
layer can be demolished with the appearance of pitting corrosion foci.

M — M n+ + ne — anodic reaction (1)
2H20 + 26 — H2 +20H ~ - cathodic reaction (2
M 244nOH —M(OH)n — Passivating film formation 3)

According to its chemical composition, the RPMI-1640 synthetic
culture medium contains the following cations Ca?", Mg?*, Zn?*, K™,
Na™, and anions NO;, SO%~, P,04~, Cl™, resulting from the potential
electrochemical reactions. Therefore, the following complementary re-
actions can be expected, which were reported by Li et al. [36]:

Mg + H,0 — Mg(OH),| + Hy 1 Mg** + CO> —MgCO0s]

Mg(OH), + CI~ - MgCl, + OH™ HyPO] | H,PO;” + OH™ — PO;” + H,0

OH™ +HCO; - COY™ + H,0 Mg** + PO} —=Mgy(PO.),|

Ca** + CO;™ - CaCO0s| Ca™ + PO;”—Ca(POy),l

The spectrum of electrochemical reactions indicates an intricate
process of Mg biocorrosion as a system where very little is controllable,
which means that the volume fraction of the CapMggZng phase, in this
context, plays a pivotal role in promoting the biodegradation rate.
Secondary phases segregated along the grain boundaries form extra
galvanic pairs, facilitating the biocorrosion reaction [20,37]. Besides,
the length of the grain boundaries affects biodegradation. ND doping
leads to as many crystallization nuclei. The latter, in turn, obviously
produce grains of smaller size, whereas the grain boundaries seem to
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Fig. 5. Element distribution maps and SEM images of the studied alloys: #1 (a),
#2 (b), and #3 (c).

Table 4
EDS analysis data on the studied alloys, at.%.

Alloy Mg Ca Zn Total, at. %
#1 (Mg-4Zn-1Ca) 96.98 0.87 2.14 100
#2 (Mg-4Zn-1Ca)ys 97.31 0.89 1.8 100
#3 (Mg—4Zn-1Ca)np 96.7 1.03 2.27 100
Table 5

Elementary analysis of the matrix (Mg) and secondary (Ca,MgeZn3) phase in the
alloys, at.%.

Alloy Mg Ca Zn Total
Matrix phase

#1 (Mg-4Zn-1Ca) 99.042 0 0.958 100
#2 (Mg-4Zn-1Ca)ys 98.51 0 1.49 100
#3 (Mg-4Zn-1Ca)np 99.37 0 0.63 100
Secondary phase

#1 (Mg-4Zn-1Ca) 75.44 8.87 15.69 100
#2 (Mg-4Zn-1Ca)ys 73.34 6.455 20.21 100
#3 (Mg-4Zn-1Ca)np 71.34 9.21 19.45 100

have become much longer. From Table 6, the corrosion rate in vitro
expressed in terms of g/h stands at 0.074/168 and 0.081/168 for alloy
#1 and #3, respectively, showing a rise of almost 10%.

Comparing the AFM images related to the surface potential and
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surface topology measured in alloy #3 provides a sufficiently clear un-
derstanding that the electrochemical corrosion reaction is influenced by
both the number of galvanic pairs and, as a subsidiary factor, the surface
roughness. In addressing the AFM images depicted in Figs. 6 and 7, one
may trace the phase along the grain boundary and intrinsic acicular
inclusions allocated in the matrix phase. The authors suggest that the
larger the specific rough surface, the more phases can interact with
electrolytes, resulting in faster decomposition.

Considering alloy #2, the ultrasonic treatment of the baseline
Mg-4Zn-1Ca alloy’ melt has a beneficial effect on expected biodegra-
dation. The lower volume fraction of the secondary CasMgsZns phase
decreased from 6% to 3% therein, leading to the biodegradation term
having increased 18.5-fold. The findings correlate well with the data
reported by other researchers, where the rationale of inhibited decom-
position performance in Mg-xZn-1Ca alloys is also ascribed to the sec-
ondary phase(s) formed during the melt solidification process [38-42].
The corrosion rate increases due to the diverse electrochemical behavior
shown by the a-Mg (cathode) and secondary (anode) phases [39]. The
cathode/anode ratio, in terms of the specific area, affects the corrosion
rate in Mg-based alloys; i.e., a larger area ratio contributes to faster
corrosion [41,42]. Zn addition up to 3 wt% in the Mg-1Ca alloy is
known to improve corrosion resistance due to a decreased volume
fraction of the secondary Mgo,Ca phase [42]. The latter is an interme-
diate product in the synthesis of CagMgesZng; therefore, this secondary
phase in the galvanic system is considered the anode. Since the pitted
surface is highly corrosion-prone, homogenization annealing with sub-
sequent quenching was reported to enhance the corrosion resistance in
the Mg-6Al-1Zn-2Ca and Mg-6Al-1Zn alloy due to improved superfi-
cial microstructure containing micro-pits in lesser quantities [40]. As for
other alloys, e.g., Mg-6Al-1Zn subjected to heat treatment and holding
at 693K for 48 h, B-phases dissolve in the matrix, reducing the number of
pitting corrosion foci and, consequently, a number of galvanic cathodes
[39,43].

The next crucial factor affecting biodegradation performance is the
surface state. Our work demonstrates that the less pronounced surface
roughness, the lower the biodegradation rate. Thus, alloy #2, which
melt was ultrasonically homogenized with subsequent heat treatment at
300 °C for 6 h, has both the smoothest surface and the lowest biodeg-
radation rate compared to those related to alloy #1 and #3 after the
same heat treatment. Exploring the surface topology of the
Mg-6Al-1Zn-2Ca and Mg-6Al-1Zn alloy using an SEM instrument
equipped with an electron probe microanalyzer sheds more light on this
issue [39]. The authors reasonably concluded that the less the arithmetic
mean between the minimum and maximum roughness, the lower the
biodegradation rate, which is consistent with our findings. One of the
implicit objectives of our study was to evaluate whether ND doping the
melt extends the grain boundaries and how much this affects the
biodegradation rate. However, no remarkable changes were noted. Be-
sides, ND doping is known to increase the ultimate strength due to finely
dispersed hardening [44].

Combining data published in the literature and our findings, the
authors consider alloy #2-based biomaterials among the most promising
directions for further applied studies if a longer biodegradation term is
presumed. In addition to maintaining the virtue of the encouraging re-
sults, alloy #3, where the melt might be ultrasonically treated and
subsequently homogenized for dissolution of secondary phases in the Mg
matrix, deserves special attention for further exploration and clinical
applications.

5. Conclusions

In summary, this study demonstrates that modifications applied to
the baseline Mg-4Zn-1Ca-based alloy affect both the matrix and surface,
which is of crucial importance in view of the increasing requirements for
higher-level biodegradable implants. Based on the data obtained, the
following conclusions have been formulated:
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Table 6
Sample mass before and after in vitro biodegradation in the RPMI-1640 medium.

Alloy Starting mass (M1), mg After a week in vitro biodegradation test
*Dry weight (M2), mg Weight decrement (M3), mg Weight decrement (M4), % of M1
#1 (Mg-4Zn-1Ca) 1.225 1.151 0.074 6.0408
#2 (Mg-4Zn-1Ca)ys 1.213 1.209 0.004 0.3298
#3 (Mg-4Zn-1Ca)np 1.068 0.987 0.081 7.5843

Note: *M2 - sample mass after one-week biotesting and subsequent two-week drying in the air.
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Fig. 6. AFM 3-D (4, d, g) and 2-D (b, e, h) topographic images and profile of phase inclusions (¢, f, i) traced along the vertical lines marked in 2-D images.

1. X-ray diffraction analysis showed that all the studied alloys consist of 3. There is a correlation between the volume fraction of the Ca;MggZns

the matrix (Mg) and secondary (CasMggZng) phase. Ultrasonic
treatment and ND doping affected the redistribution of the matrix
and secondary phase in the alloy #2 melt, where the fewest volume
fraction of the secondary phase was detected;

. Structural analysis testifies that US treatment and ND doping have
negligible effects on the microstructural features. The average grain
size varies from 40 pm to 42 pm in all the studied alloys.

phase segregated along the grain boundaries and the mass loss dur-
ing in vitro tests using the RPMI-1640 synthetic culture medium. The
fewer this fraction, the lower the biodegradation rate.

. US treatment appears to retard the decomposition rate. Namely, the

latter measured in alloy #2 is almost 20 times slower than that in
others. The in vitro study revealed that the mass of sample #2
decreased by 0.3298%. The rationale for the inhibited



E. Marchenko et al.

Alloy #1 (Mg-4Zn-1Ca)

0748V

0.700

0650
0.600

0550

0.500

0.450

0.400

0.350

0.300
0260

(a)
Alloy #2 (Mg-4Zn-1Ca)ys

1268V
1250

1.200

1.150

1.100

1.050

1.000

0.957

Materials Chemistry and Physics 295 (2023) 126959

075V

026V

xom

189V y[V]
180
6
2 1.60 1.8
L 5\4 )
3 140

020 1-4‘\\|||||\\

" — Profile9

Poftel | | — Pofie 0

e — Profile 11

— Profile3 || prefile 12

— Profiled | | prefile 13

— Profile5 | | — Profile 14

— Profile6 — Profile 15
‘\\IIII\\\’\II\\\\\\

10 20 X [um]

(d)

127V

0.96V

(f)

Fig. 7. AFM 2-D (a, ¢, e) and 3-D (b, f) images of the surface potential distribution; detailed values of the surface potential measured for the Ca;MgeZn3 (1-6) and

matrix (7-15) phase in alloy #2 (d).

biodegradation performance is the reduced specific area occupied by
the secondary CasMggZng phase along the grain boundaries

5. ND doping does not remarkably affect the biodegradation rate.
However, biodegradation turned out to be facilitated by surface
roughness; the higher the latter, the faster the electrochemical
corrosion reaction. Alloy #2 indicated the smoothest surface.
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