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Abstract: The development of magnesium (Mg) based biodegradable implants for temporary
applications in biomedical engineering is a prospective research area. Recently, several new Mg alloys
and composites were developed, and their efficacy as implant materials to manufacture temporary
implants was assessed. Developing composites facilitates taking advantage of the diversified properties
from the constituting phases in a single material. Hence, in the present study, cerium dioxide (CeO,)
particles were added to Mg-1% Zn alloy with different fractions of the reinforcement through a stir
casting route to experimentally investigate the in vitro degradation behavior in simulated environmental
conditions. No impurities or formation of intermetallics were identified from the X-ray diffraction
(XRD) studies and microstructural investigations. The presence of more CeO- led to grain refinement
(from 165 + 12.3um to 105 % 7.1um). The phases on the surface of the samples from the in vitro
immersion study were assessed by XRD and scanning electron microscopy and observed that the
composite with higher CeO, has more mineral phases compared with the base alloy and the other
composites. From the weight loss measurements, lower weight loss was observed for the composite
with 2% CeO,. With the increased content of CeO- up to 4%, the weight loss was marginally increased,
which is attributed to the combined effect of increased galvanic corrosion and decreased degradation
due to the deposited mineral phases. The results suggest the potential of adding CeO, to Mg-1%2Zn alloy
to tailor the degradation for temporary implant applications.
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1. Introduction

Developing new magnesium (Mg) alloys and composites grabbed the attention of
several research groups in biomedical engineering for the past two decades as potential
candidates for manufacturing temporary implants [1]. Mg exhibits excellent biocompatibility
and non-toxicity when used as a biomaterial. However, rapid degradation is an issue with Mg
implants, which has been the field of interest of materials scientists for the past two decades to

develop new technologies to counter the limitations of Mg implants [2]. In this connection,
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several Mg alloys with principal alloying elements, such as Zn, Al, Zr, Sr, Ca, Si, Mn, Nd, Y,
La, Gd, etc., have been widely studied for implant applications [3, 4]. On the other hand, adding
biocompatible ceramic phases into a suitable Mg alloy brings additional advantages in
promoting the life span of the implant to achieve wide acceptability by the local host for longer
durations in the physiological environment [5]. Hydroxyapatite (HA), tricalcium phosphate
(TCP), MgO, CNTs, Al203, SiO2, and TiO2 are a few examples of reinforcing phases used to
develop Mg composites for bio-implant applications [6-10]. Zn is an essential micronutrient
for regulating metabolic activities in the human system. Zn also exhibits a non-toxic nature
when used in lower concentrations and helps to promote cell growth [11]. Zn dissolves in Mg
at room temperature to form solid solution grains. However, the solubility of Zn is limited to
less than 1% in the binary alloy of Mg and Zn [12]. Excess amounts of Zn in Mg more than the
solubility limit lead to hard and brittle intermetallics [13]. Hence, limiting the content of Zn to
lower values in Mg-Zn binary alloys for medical implant applications is suggested.

Recently, interest in cerium oxide (CeOz2) particles has been gradually growing due to
their wide usage in several medical applications, including drug delivery, regenerative
medicine, bio-coatings, biosensors, tissue engineering, etc. [14-16]. It has been widely reported
that CeOz2 can help promote cell growth and proliferation and quick wound healing [17-19].
From the works of Kalyanaraman et al. [20], the toxicity of CeOz2 is negligible, similar to many
ceramic-compatible materials, and as a biomaterial, CeO2 has more potential to be used to
develop new material systems. It was observed that CeO:2 has been incorporated into different
polymers, and nanocomposites have been developed to improve their mechanical and thermal
properties [21]. Furthermore, as a coating material, several surfaces were coated with CeO,
and several surfaces were coated with CeO2, and enhanced surface properties have been
achieved [22]. However, the literature on developing biomedical Mg composites dispersed with
CeO:z is insufficient. In particular, developing Mg-1%2Zn composites dispersed with CeOz2 is
lacking. Hence, in the current work, Mg-1%2Zn alloy has been selected as the base alloy, and
composites were developed by dispersing different fractions of CeO:z to study the effect of
CeO2 presence on the in vitro degradation by conducting immersion studies.

2. Materials and Methods

Pure Mg billet (99.9%) was purchased from Exclusive Magnesium, India, and pure Zn
powder was procured from Quality Traders, Guntur, India. Nano-CeO2 powder (100nm) was
obtained from Nano-Wings, Khammam. India. Initially, Mg-1% Zn master alloy was produced
through the stir casting route. Then, Mg-1% Zn was used as the matrix material, and the
composites were designed by selecting 1%, 2%, and 4% CeO: reinforcements. Appropriate
weights were measured, added in a graphite crucible in the stir casting furnace, and slowly
heated to 800°C in the protective environment. Then, the liquid mix of the composite was
stirred with the help of a steel propeller at 200 rpm for 10 minutes to ensure the appropriate
mixing of the reinforcements. The composites were named composite 1, composite 2, and
composite 4 for the samples having 1%, 2%, and 4% CeO2, respectively. Microstructural
studies were done by recording the microstructures by polishing and etching the samples. The
samples were subjected to X-ray diffraction analysis (XRD, Bruker, USA) between 20° to 80°
with a scanning speed of 0.1°/s. All the peaks of the XRD patterns were analyzed and indexed
by comparing them to the standard data.
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The degradation behavior of the samples was assessed by in vitro immersion studies
using simulated body fluids (SBF). Immersion studies in SBF provide the typical behavior of
the samples in the physiological environment. Assessing the material's response in SBF can be
useful for understanding the material's performance when exposed to a real-time bio-
environment. Lab-grade chemical reagents (KCIl, NaCl, NaHCOs CaCl2, K2HPO4,
MgCl26H20, and Na2SOs4) were procured from Merck, India to prepare the SBF. The
methodology to prepare the SBF and the concentration of the constituting ions are explained
elsewhere [23, 24]. All the samples of size 10 x 10 x Imm? were prepared for the immersion
studies. Initially, all the samples prepared for immersion studies were subjected to fine
polishing to remove the effect of surface roughness and thoroughly cleaned with distilled water.
Then, the samples were immersed in 50ml SBF in a container maintained at a constant
temperature of 37°C. The sample weights were recorded before being immersed in the SBF for
24h, 48h, and 72h. The change in the pH of the solution was measured every 12h to assess the
change in the solution ion concentration. After immersion studies, the samples were collected
and subjected to morphological studies by scanning electron microscope (SEM, TESCON,
Czech Republic). The surface deposits and corrosion products' elements were assessed
benergy-dispersive X-ray spectroscopy (EDS). The phase analysis of the sample surface was
done by XRD. After immersion studies, the samples were placed in the boiling solution of CrOs
for 30 minutes to dissolve the corrosion products. The weight of the samples was recorded, and
the average % of the weight loss of the samples was calculated and compared.

3. Results and Discussion

The microstructures of the samples are presented in Figure 1. It is clear from the images
that the addition of CeO2 has a marginal effect on reducing the average grain size of the
composites compared with Mg1Zn. Compared with the base alloy (165 *+ 12.3um), composites
were measured with smaller grain sizes. With the increased content of the reinforcement, the
grain size in the composites was further measured as decreased. Compared with composite 1
(122 £ 5.8um) grain size, composite 2 (108 = 6.3um) and composite 4 (105 £ 7.1um) have
smaller grain sizes. The presence of heterogeneous phases in the liquid indeed leads to the
development of more nuclei during the solidification process of metals and alloys. During the
solidification of the Mg1Zn alloy, the added CeO2 acted as nuclei and increased the number of
centers that grew during crystallization. Therefore, more grains are expected to be obtained,
which will result in reduced grain size. The presence of reinforcement can be seen as black
particles in the microstructures of the composites in Figure 1. More such particles can be visible
with the increased content of the reinforcement. The XRD analysis of the samples confirms the
phases present in the composites (Figure 2). All the peaks were identified and confirmed as
solid solution a-Mg. A higher fraction of CeO2 was detected in the composites, as reflected by
the appearance of a few peaks with smaller intensities (composites 4). No new peaks
corresponding to any impurity or development of new phases were observed.

https://biointerfaceresearch.com/ 3of11


https://doi.org/10.33263/BRIAC144.086
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC144.086

Ry S N
NN

=
P o
i = * -M
s . e
- . ‘Ceo:
g ~
B = =
~ o — O
=~ ] S . g = e
3 A — @ o2 (=} = @ —o o
© g | <K S > P
& = * * * k l
.(7.) —- A L. i B
c ]
q, -
T \
— Jk A JL,,.J e

N
o
EaN
o
()]
o
(o]
o

20
Figure 2. XRD patterns of the samples.

The surface morphologies of the samples subjected to 72 immersion are shown in
Figure 3, and the corresponding XRD patterns are shown in Figure 4. The presence of a-Mg,
CeOz2, and magnesium hydroxide phases has been identified from XRD results. The surface
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morphologies of the immersed samples clearly show several corrosion products (Figure 3), and
the EDS analysis also confirms the elements of the phases on the surfaces. The appearance of
Mg and O elements in the EDS spectra is due to the development of a magnesium hydroxide
layer on the sample due to corrosion in SBF. The presence of chlorine (Cl) indicates the
formation of magnesium chloride. Furthermore, Ca and P elements were also observed in the
EDS spectra, indicating the development of Ca-based apatite on the surface from the SBF
solution. For the Mg1Zn sample, globular structures with needle-like morphology appeared.
Figure 5 shows a magnified image of the typical morphology of the surface of MglZn
sample. From the elemental composition (Figure 3(b)), the presence of more CI can be
observed compared with the composites. Usually, in the degradation process of Mg, the
corrosion product of magnesium hydroxide is formed due to electrochemical reactions in an
aqueous environment. The corrosion product (magnesium hydroxide) further protects the Mg
substrate, reducing degradation [25, 26]. However, magnesium hydroxide is unstable in the
presence of chloride ions, leading to the formation of magnesium chloride salt, which appears
as needle-like structures, as observed in the present study.
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Figure 3. Surface morphologies and the corresponding EDS analysis of the samples after 72 h of immersion in
SBF: (a) Mg1Zn; (b) EDS analysis of Mg1Zn; (c) composite 1; (d) EDS analysis of composite 1; (e) composite
2; (f) EDS analysis of composite 2; (g) composite 4; (h) EDS analysis of composite 4.
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Figure 4. XRD patterns of the samples after 72 h of immersion in SBF.
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Figure 5. Surface corrosion product morphology on MglZn sample after 72 h of in vitro immersion study.

The appearance of more magnesium chloride indicates the magnesium hydroxide's poor
stability on the Mg substrate. This phenomenon makes Mg more vulnerable to the corroding
environment in the presence of chloride ions. This is similar to the earlier reported works in
which it was demonstrated that the appearance of more magnesium chloride on Mg substrate
indicates higher degradation of Mg substrate [27]. On the other hand, the surface morphologies
of the composites were different compared with base alloy (Figure 3 (c), (e), and (g)). The
presence of more Ca and P can be seen with decreased Cl content on the composites compared
with the Mgl1Zn sample (Figure 3(d), (), and (h)). This observation suggests the formation of
magnesium chloride is lower, and deposition of Ca/P mineral from the SBF is higher on the
composites compared with the base alloy. Since human body fluids contain chloride ions
abundantly, degradation of Mg is rapid and uncontrolled when exposed to the body fluids.
Interestingly, composites have shown the presence of lower Cl from the EDS analysis, which
suggests the stability of the magnesium hydroxide layer is higher, which increases the life span
of the Mg implant in the aggressive bio-environment. With the increased CeO:2 content, the
appearance of Ca and P also increased, indicating increased mineral deposition from the SBF.
Being a ceramic phase, the presence of more CeO: accelerated the mineral deposition from the
SBF. In addition to stabilizing the magnesium hydroxide layer, adding CeO: also promotes
biomineralization, a process by which mineral phases are deposited from the host environment
on the implant can be accelerated. Improving biomineralization helps to increase the protection
of the surface of the Mg implant, as demonstrated by the earlier reported works [28-30].
Therefore, in the present work, a stabilized magnesium hydroxide layer with more Ca-based
mineral phases deposition on the composites has been observed, promising to enhance the
performance of MglZn alloy as a potential biomaterial.

Figure 6 compares the pH values of the SBF throughout the immersion test. In the initial
hours, a rapid increment in the pH was noticed for the base alloy and the composites. After 12
hours of immersion, the pH values reached more than 9, and then after 24 hours of immersion,
they gradually reached up to 10. This observation indicates the change in the ion concentration
in the SBF during the initial hours of the degradation process. Therefore, the change in the
local pH by releasing hydrogen gas is an important observation well understood in the literature
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[31, 32]. However, in the real-time bio-environment, due to the dynamic nature of the ever-
changing ion concentration, this issue is less of a concern. Among all the samples, 2% and 4%
composites were observed with marginally lower pH values during the first 24h of immersion,
and all the samples showed insignificant differences after 48h and 72h.
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Figure 6. Comparison of pH change of the samples for 72 h of immersion time.

Figure 7 shows the photographs of the immersed samples (72 h) after removing the
corrosion products. It is visually observed that compared with base alloy, composites have a
lower number of pits and regions of surface degradation. Figure 8 compares % of weight loss
of the immersed samples. With the increased immersion time for all the samples, weight loss
was measured as increased. Composites have shown relatively lower weight loss than base
alloys. Particularly, for the composites with 2% and 4% CeOz2, lower weight loss was recorded.
Composite 2 has shown lower degradation compared with all the samples. The improved
degradation resistance of the composites is attributed to the stability of the magnesium
hydroxide and the deposition of Ca-based mineral phases.

Figure 7. Photographs of the immersed samples (72 h) after removing the corrosion products: (a) MglZn; (b)
composite 1; (c) composite (2); (d) composite 4.
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Figure 8. Comparison of the % of weight loss of the immersed samples.

It was also noticed that the degradation was increased for composite 4 compared with
composite 1 and composite 2 after 72 hours of immersion. Increased CeO2 content of up to 4%
increases galvanic corrosion due to the presence of more reinforcement. On the other hand,
more mineral depositions and stabilized magnesium hydroxide decrease the degradation. The
combined effects of higher reinforcement resulted in a marginal increment of degradation in
the composite 4. From the overall results, 2% composite has shown relatively better
degradation resistance. It is well understood that the addition of reinforcements enhances the
mechanical performance of the composites. In degradable biomaterial applications, enhanced
mechanical properties help sustain the implant's mechanical integrity with the local tissue
during the degradation process and reduce the mechanical failure of the implant before the
completion of its required life span. Hence, assessing the mechanical performance of developed
Mg1Zn-CeO:2 subjected to a corroding environment is crucial and is suggested to be carried out
as a future scope of work to understand the efficacy of the produced composite for load-bearing
implant usage.

4. Conclusions

Composites of Mg1Zn-CeO: with different fractions of CeOz2 (1, 2, and 4%) have been
produced by stir casting for degradable implant applications. From the microstructural studies,
the decreased grain size was measured for the composites up to 105 + 7.1um with 4% CeO:
compared with the master alloy (165 + 12.3um). XRD analysis of the produced composites
confirms the impurity-free phases in the produced composites. From the in vitro immersion
studies, the stability of the magnesium hydroxide layer was noticed, in addition to more Ca-
based mineral deposition on the composites compared with the base alloy, which enhanced the
degradation resistance. The reinforcement benefit was observed to be higher for the
composites, with 2% and 4%. The XRD analysis also demonstrates the stability of the produced
corrosion layer on the composite samples compared with the Mgl1Zn alloy. The weight loss
measurements indicate the promising role of CeO:2 in decreasing the degradation, as reflected
by the lower weight loss at 24, 48, and 72h of immersion. Among all the composites, 2% was
optimum with better degradation behavior. Hence, it is concluded that novel Mgl1Zn-CeO2

composites produced by the stir casting route can be viable candidates for manufacturing
https://biointerfaceresearch.com/ 8 of 11
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temporary implants with enhanced performance. However, the mechanical performance of
these composites subjected to mechanical loading needs to be investigated to understand their
potential for load-bearing implant applications.
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