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Abstract

This study explores the potential of Mg/Carbon Nanotubes/Baghdadite composites as biomaterials for bone regeneration and repair while
addressing the obstacles to their clinical application. BAG powder was synthesized using the sol-gel method to ensure a fine distribution
within the Mg/CNTs matrix. Mg/1.5 wt.% CNT composites were reinforced with BAG at weight fractions of 0.5, 1.0, and 1.5 wt.% using
spark plasma sintering at 450 °C and 50 MPa after homogenization via ball milling. The cellular bioactivity of these nanocomposites was
evaluated using human osteoblast-like cells and adipose-derived mesenchymal stromal cells. The proliferation and attachment of MG-63
cells were assessed and visualized using the methylthiazol tetrazolium (MTT) assay and SEM, while AD-MSC differentiation was measured
using alkaline phosphatase activity assays. Histograms were also generated to visualize the diameter distributions of particles in SEM images
using image processing techniques. The Mg/CNTs/0.5 wt.% BAG composite demonstrated optimal mechanical properties, with compressive
strength, yield strength, and fracture strain of 259.75 MPa, 180.25 MPa, and 31.65 %, respectively. Machine learning models, including
CNN, LSTM, and GRU, were employed to predict stress-strain relationships across varying BAG amounts, aiming to accurately model these
curves without requiring extensive physical experiments. As shown by contact angle measurements, enhanced hydrophilicity promoted better
cell adhesion and proliferation. Furthermore, corrosion resistance improved with a higher BAG content. This study concludes that Mg/CNTs
composites reinforced with BAG concentrations below 1.0 wt.% offer promising biodegradable implant materials for orthopedic applications,
featuring adequate load-bearing capacity and improved corrosion resistance.
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
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1. Introduction fractures have long been a challenge for doctors and pa-
tients. Therefore, it is imperative to design orthopedic im-
Bone is a vital tissue in the body, serving various func-  plants that have desirable physiological and physical charac-

tions such as protecting organs and storing minerals. Bone  teristics capable of serving as stabilizing devices and bone re-
placements. Ideal bone implants should gradually be replaced
with growing bone after the bone regeneration process has fin-
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Furthermore, they usually possess measurable mechanical
characteristics such as suitable strength, elastic modulus, and
hardness. For adequate stiffness and fracture resistance with-
out looseness or displacement, the values of these mechanical
characteristics should be similar to or slightly exceed those
of natural bone. Moreover, implants should stimulate bone
repair through osteoinduction and osteogenesis in addition to
being non-toxic and non-inflammatory in the human body [1].
Using degradable implants in place of damaged tissue is an
effective solution, as it minimizes the risks of a subsequent
procedure to remove the implant. Additionally, the increasing
incidence of musculoskeletal injuries and defects due to ag-
ing, sports activities, trauma, and inflammation has led to a
growing demand for bone implants, and researchers and doc-
tors are dedicated to finding the most effective and advanced
methods in this field. Various materials, including metal, ce-
ramic, and polymer, are used to make implants. Due to these
considerations, magnesium alloys have received much atten-
tion as candidates for the next generation of biodegradable or-
thopedic implants due to their biocompatibility, degradability,
and osteopromotive properties. In spite of magnesium alloys’
superior performance over conventional metallic biomaterials,
using pure magnesium as a bone implant still presents several
challenges. One of these difficulties is that pure magnesium
does not have enough mechanical strength or ductility, and
it degrades quickly in the physiological environment before
significant bone repair occurs [2]. Rapid magnesium degrada-
tion not only compromises the implant’s mechanical integrity
but also generates a significant amount of H2 gas [3]. Re-
searchers seek ways to control the rate of magnesium degra-
dation during tissue repair. Proposed solutions include alloy-
ing, increasing purity, applying mechanical operations, surface
modification, and making composites using magnesium.

As part of the process of making magnesium-based com-
posites, choosing the type and amount of reinforcement and
the manufacturing method is very important. Studies have
shown that different types of reinforcement, such as ceramic
biomaterials, metal oxides, carbon, and their derivatives, have
been used to make magnesium-based composites. Optimal
mechanical and biological performance of magnesium-based
implants can be achieved by selecting the appropriate type,
amount, and uniform distribution of reinforcing particles.
Baghdadite (BAG), a calcium silicate containing zirconium,
has demonstrated excellent bioactivity, formed apatite and
stimulated cell proliferation. It degrades at a rate sufficient for
generating hard tissue. Researchers have been drawn to these
ceramics due to their exceptional biological properties, which
promote human osteoblast growth, ossification, and mineral-
ization [4]. Additionally, powder metallurgy methods, espe-
cially the Spark Plasma Sintering (SPS) method, have been
successful in producing magnesium-based composites due to
their density and uniform distribution of reinforcement.

Hydroxyapatite (HA) is one of the most common bio-
ceramics used in body implants. Many studies have focused
on the use of HA for the construction of implants. Incor-
porating HA-reinforced particles in AZ91 alloy significantly
increased the strength and flexibility of the composite. Fur-

thermore, applying an HA coating to magnesium alloys can
enhance the bioactivity, corrosion resistance (CR), and bio-
compatibility of the substrates, as HA’s composition closely
resembles that of natural bone tissue. Feng and Han [5] eval-
uated the mechanical and biological behavior of ZK60A com-
posite reinforced with calcium phosphate particles. Their find-
ings showed that the inclusion of a reinforcing phase led to
an increase in the ultimate tensile strength, yield strength,
and elastic coefficient of the alloy. Moreover, the corrosion
rate gradually decreased with the increase in the reinforc-
ing phase. The mechanical behavior of the Mg/HA composite
made by the powder metallurgy method after immersion in
Simulated Body Fluid (SBF) solution was evaluated in lab-
oratory conditions. The study highlighted the promising role
of HA in enhancing the mechanical stability of magnesium-
based composites during the repair of damaged tissue in the
body environment [6]. Jaiswal et al. also conducted a study
on the mechanical, corrosion and biological behavior of Mg-
3 Zn composite reinforced with HA [7]. In another study,
the mechanical and corrosion behavior of magnesium-based
composites with HA reinforcement made by the SPS method
was investigated [8]. Their results indicated that adding HA
improved magnesium-based composites’ mechanical and cor-
rosion behavior. Huan et al. [9,10] used different percentages
of 45S5 bioactive glass as reinforcement to make composites
based on ZK30 alloy. They employed semi-solid casting and
powder metallurgy methods to produce the composites. The
composite containing 10 wt.% of bioactive glass, made by
powder metallurgy, exhibited the lowest hydrogen gas release
rate. In a similar study, Datta et al. [11] developed a Mg-
BG composite by adding 10 wt.% of bioactive glass to pure
magnesium. They observed an increase in corrosion resistance
compared to pure magnesium. The mechanical behavior of the
Mg/xMgO composite, produced by the sputtered melt deposi-
tion method, was investigated, and it was observed that adding
1 vol.% magnesium nano oxide to the Mg/xMgO compos-
ite resulted in increased yield strength, ultimate strength, and
hardness [12]. Shawai et al. [13] produced a composite based
on AZ61 alloy containing Reduced Graphene Oxide (RGO)
with MgO reinforcement by Selective Laser Melting (SLM).
Carbon Nanotubes (CNTs) have garnered significant interest
in magnesium matrix composites due to their unique prop-
erties. The distinctive honeycomb lattice structure of CNTs
provides a high electron density that effectively enhances Cor-
rosion Resistance (CR) [14]. The study of Casas-Luna and his
colleagues [15] who studied the Mg-HA composite, showed
that the formation of unwanted Mg2Ca intermetallic phase in
Mg grain boundaries can be considered the main reason for
the decrease in corrosion resistance in the presence of HA
[16]. It has been found that the composite reinforced with
MgO exhibited higher mechanical properties compared to the
AZ61 alloy, with a hardness of 108 HV and a compressive
strength (CS) of 241.2 MPa. A composite based on ZK60
alloy reinforced with CNTs was produced using the SPS pro-
cess. The effect of the temperature of the SPS process and
the number of CNTs on the microstructure and mechanical
properties of the resulting composite was evaluated. It was
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shown that pure magnesium has a compressive strength equal
to 172 MPa, and the compressive strength of magnesium re-
inforced with carbon nanotubes is reported to be equal to
224 MPa. Therefore, it can be seen that adding the optimal
amount of Baghdadite has increased the compressive strength
[13]. Also, in another study, it was found that the compressive
strength of Mg-HA alloy in its maximum state was 207.2 MPa
[4]. The amount of hardness in SPS sintered samples depends
on various parameters such as relative density (representative
of internal porosity), grain size, type and amount of reinforce-
ment, and surface magnesium oxide amount, as well as opera-
tional dependent parameters such as SPS process temperature
and pressure. Studies showed that samples with higher poros-
ity had lower load-bearing capacity [17]. In addition to the
strengthening role of BAG, the relative density has played an
important role in determining the compressive strength, and
the lower relative density of the Mg-HA alloy and the weak
bonds between the HA particles are the main reasons for the
low compressive strength was compared to Mg/CNTs/BAG
alloy. On the other hand, the increase in the relative density
of the resulting composites can be another reason for im-
proving the mechanical behavior of the samples compared to
the mentioned study. It can be stated that the higher density
was due to the use of the SPS method compared to the cold
press method [13]. Furthermore, the role of adding CNT re-
inforcement on the corrosion behavior of AZ31B alloy was
investigated. For this purpose, AZ31B/CNTs composite was
made by the SPS method at a temperature of 550 °C and un-
der a pressure of 30 MPa [18]. In the context of the reaction
between magnesium and carbon, it should be stated that it has
been proven thermodynamically that the formation of metal
carbides depends on the Gibbs free energy. Metals such as
magnesium, which have a positive free energy, generally do
not form magnesium carbides, and/or if they do, they will not
be stable at a certain temperature, hence, no reaction between
magnesium and CNTs has occurred [13].

Several studies have demonstrated that adding CNT re-
inforcement to composites can reduce their corrosion sus-
ceptibility. Reviews on CNTs reveal that CNTs possess a
higher agglomeration tendency than graphene nanoplatelets
(GNPs) and fullerenes [19, 20]. The morphological charac-
teristics of metal matrices and carbon nanomaterials, includ-
ing CNTs, GNPs, and fullerenes, influence their adsorption
modes. CNTs, with their high aspect ratios and nanoscale
dimensions, present challenges as a reinforcing material in
metal matrices [20]. Research has demonstrated that by care-
fully selecting the optimal percentage of CNTs, it is possible
to enhance both the mechanical properties and corrosion re-
sistance of the composite. For example, it has been reported
that an optimal amount of CNT reinforcement can signifi-
cantly improve the mechanical strength and corrosion resis-
tance of the magnesium-based alloy AZ61. Composites with
lower amounts of CNT reinforcement have been found to
exhibit higher corrosion resistance compared to those with
higher amounts of CNTs [21]. In another study, the rein-
forcing effect of CNTs on the compressive strength of AZ91
and AZ61 alloys was investigated. AZ91-CNTs and AZ61-

CNTs composites in this study were produced by cold press-
ing method. According to their results, the highest compres-
sive strength was obtained for AZ61 alloy containing 0.5 %
by weight of CNTs and for AZ91 alloy containing 0.5 %
by weight, which were 168.40 MPa and 153.50 MPa, re-
spectively [13]. CNTs show great promise for strengthening
magnesium matrices while simultaneously lowering corrosion
rates and preventing the production of H2 gas. These inves-
tigations provide insight into the improvements in strength
and ductility of CNT-reinforced composites as well as their
microstructural evolution, which can be examined using sev-
eral mechanical tests. Utilizing machine learning techniques
to predict material properties, such as stress-strain curves, has
gained substantial attention due to its ability to handle com-
plex, non-linear data. Traditional models rely heavily on phys-
ical laws or empirical relations, but neural networks provide
a data-driven approach that can capture intricate patterns di-
rectly from experimental data. In the concept of mechanical
tests, predicting the stress-strain behavior of these compos-
ites accurately is critical for streamlining the material design
process [22]. These models can provide rapid, reliable predic-
tions based on the mechanical dataset, significantly reducing
the need for extensive experimental testing.

It has been stated that sintering occurs in the common
phase of magnesium particles much better compared to mag-
nesium particles and Baghdadite, which is due to the differ-
ence between the temperature of the sintering process and
the melting point of the powder particles. Such behavior has
also been observed in other studies, for example, Nakahata
et al. [8] observed for HA-reinforced magnesium composite
that with the increase of HA content, the porosity of the sin-
tered sample increased due to the difference between the SPS
temperature, and the melting point of powder particles has
increased. However, they found that the smaller the magne-
sium particle size, the lower the porosity. It was reported that
fine magnesium particles can fill the space between the par-
ticles and increase the relative density. In the field of relative
density of composites sintered by the SPS process, various
parameters are effective. These parameters can be classified
into two groups (1) characteristics of the used powder such
as size, and melting point, and (2) operational characteristics
of the SPS process such as temperature and process pressure.
For example, it was shown that by increasing the temperature
to a critical level, due to the reduction of the distance be-
tween the powder particles and the increase of their contact
surface due to the higher temperature, the density increases.
On the other hand, in the field of SPS process pressure, it can
be stated that pressure through mechanical effectiveness can
improve the way particles are placed next to each other and
also lead to the crushing of agglomerate particles, especially
in the field of nanometer powders. All of which increase the
relative density of matter. Also, applying pressure increases
the driving force for sintering, which can decrease the tem-
perature required for the SPS process [19,20].

CNTs, known for their high strength and electrical con-
ductivity, exhibit variable degradation behavior depending on
their form and the matrix they are incorporated into. Studies
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have shown that CNTs can degrade at a controlled rate in bi-
ological environments, which can be beneficial for maintain-
ing long-term mechanical support for implants. Combining
these materials (CNTs and BAG) with magnesium in com-
posite structures aims to optimize both the mechanical per-
formance and the degradation profile, ensuring the implants
support bone healing effectively while gradually integrating
into the body. There is still a lack of extensive research on
how CNTs and the defects in their sp®-hybridized carbon
structure, formed at various stages of the composite manu-
facturing process, influence their capability to reinforce Mg
matrices. Additionally, in vitro cytotoxicity and corrosion be-
havior of Mg-based composites enhanced with CNTs remain
underexplored. Mechanical properties as well as biodegrad-
ability tests on pure magnesium matrices containing CNTs
have also not been thoroughly studied. Recent studies indi-
cate that the unique honeycomb lattice of CNTs gives them a
high electron density, making them highly suitable for appli-
cations requiring enhanced corrosion resistance [14]. Never-
theless, CNTs tend to agglomerate more than other nanoma-
terials such as graphene nanoplatelets and fullerenes due to
their high aspect ratios and nanoscale dimensions [21]. Simi-
larly, Baghdadite, a calcium silicate containing zirconium, has
demonstrated good bioactivity by forming apatite and promot-
ing cell proliferation, making it an appealing choice for bone
repair [4].

This study presents a cytotoxic, corrosion, and mechan-
ical evaluation of Mg matrices enhanced with CNTs and
Baghdadite, fabricated using Spark Plasma Sintering (SPS).
The research investigates the effects of varying weight frac-
tions of Baghdadite (0.5-1.5 wt.%) within Mg/CNTs matri-
ces and compares the results. To minimize the agglomera-
tion of CNTs within the Mg matrices, a low concentration
of CNTs (1.5 wt.% relative to Mg) was used. This approach
reduces the risk of micro-galvanic corrosion, which can occur
when CNTs act as cathodic sites in corrosive environments.
Although magnesium’s high corrosion rate and limited me-
chanical stability have constrained its applications, strategies
such as enhancing magnesium purity, applying surface coat-
ings, alloying, and creating composites have been proposed
to overcome these challenges [3]. Recent advancements in
magnesium-based composites for bone implants have gained
attention recently, and the type and amount of reinforcement,
as well as the manufacturing method, play a crucial role in
determining their performance. Various reinforcements, in-
cluding bioceramics, metal oxides, and carbon derivatives,
have been utilized for these composites. The SPS method has
proven to be an ideal and controllable technique for fabricat-
ing composites from a mixture of primary powders. This re-
search aims to fabricate and characterize a magnesium-based
nanocomposite reinforced with Baghdadite and CNTs for im-
plantable and orthopedic applications using SPS. Additionally,
implants’ efficiency is evaluated using several approaches in-
cluding mechanical tests like the implants’ stress behavior due
to the increase in strain, and then estimated for other com-
position measures with Baghdadite using machine learning
approaches.

2. Materials and methods
2.1. Starting materials

Powders of pure magnesium (45-micron particle size,
99.9 % purity) (Merc, Germany) and CNTs (20-30 pm
outer diameter, 10-30 wm length, 95 % purity) (Titra Chem,
Canada) were used in this study as elemental powders. Other
materials that were used in this study are listed in Table 1|
along with their specified applications and chemical compo-
sition.

2.2. Synthesis of baghdadite powder

Baghdadite powder was synthesized using the sol-gel
method. Firstly, tetraethyl orthosilicate (TEOS), ethanol, and
HNO; (2 M) were mixed in a 1:8:0.16 molar ratio and stirred
for 30 min using a magnetic stirrer. Zr, Ca, and Si raw mate-
rials with a 1:3:2 molar ratio were then added to the solution
and stirred for 5 h The resulting solution was heated at 60 °C
for 1 day and then at 100 °C for 2 days. The dried gel was
then annealed at 1150 °C for 3 h [23].

2.3. Synthesis of Mg/CNTs/BAG composites

To investigate the role of Baghdadite as reinforcement in
Mg/CNTs alloys, four different samples were prepared with
varying amounts of Baghdadite to form the Mg/CNTs/BAG
composite. The synthesis process began by measuring the
powders according to specific weight ratios. Baghdadite and
CNTs were dispersed into Mg powder using solution mix-
ing and planetary ball milling (BM) techniques. Initially,
CNTs were added to the Mg powder at a weight fraction
of 1.5 wt.%, followed by the addition of Baghdadite at
weight fractions of 0.5, 1, and 1.5 wt.%. These powders
were then ball-milled using a custom-made planetary ball
mill with chromium-rich stainless-steel components. Before
mixing, each powder was separately dispersed in ethanol and
ultrasonicated for 30 min to stabilize the colloidal suspen-
sions. The CNTs dispersed in the Mg solution were then
combined with the Baghdadite solution, and the ultrasoni-
cation process was continued for an additional 10 min to
ensure uniform nanoparticle dispersion within the base so-
lution. The ball milling of the Mg/CNTs/BAG powders was
conducted at 900 rpm for 10 h in an inert atmosphere to
prevent contamination. Five stainless steel balls, each with a
20 mm diameter, were used during the milling process. Af-
ter ball milling, the pre-dried powder mixtures were heated
to 140 °C for 4 h in a vacuum oven to remove ethanol and
prevent void formation before sintering. The dried powders
were then compacted using a uniaxial hydraulic press under
a pressure of 50 MPa for 20 min. Subsequently, the samples
underwent spark plasma sintering at 450 °C under vacuum
conditions, using a DC pulse (0-20 V, 104 A, 200 Hz) at a
heating rate of 50 °C/min for 3 h. The density of the sin-
tered samples was determined using Archimedes’ principle in
accordance with ASTM B962-15 standards [24].
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Table 1
Materials needed for making Mg/CNTs/BAG composite and materials needed for making body simulator solution for corrosion test.
Material Chemical combination Producer Application
Tetraethyl orthosilicate, 98 % purity CgH;,04Si MERC Synthesis of Baghdadite
Zirconium oxynitrate, 98 % purity ZrO(NO3), MERC Synthesis of Baghdadite
Calcium nitrate tetrahydrate Ca(NO3),-4H,0 MERC Synthesis of Baghdadite
Ethanol, 99.99 % purity C,HsOH Kimia alcohol zanjan Powder mixing solution
Sodium chloride NaCl MERC Making a body simulating solution
Potassium chloride KCL MERC Making a body simulating solution
Magnesium chloride six-hydrate MgCl,-6H,O MERC Making a body simulating solution
Dipotassium hydrogen phosphate trihydrate K;HpO4-3H,0 MERC Making a body simulating solution
Calcium chloride CaClp MERC Making a body simulating solution
Sodium phosphate Na;SO4 MERC Making a body simulating solution
Hydrochloric acid HCl MERC Making a body simulating solution
Sodium hydrogen carbonate NaHCO3 MERC Making a body simulating solution

2.4. Characterization of powder mixtures and sintered
composites

A morphological analysis of the synthesized Baghdadite
powders was analyzed using conventional scanning electron
microscopy (Philips XL30) in secondary electron mode. Be-
fore imaging, the samples were gold sputtered under vacuum
with an argon flux, utilizing an electric current of 30 mA
and a voltage of 30 kV. The distribution of particle sizes was
determined by using the ImageJ and MATLAB softwares, fol-
lowing ISO 13,322-1:2014 guidelines [25]. The phase com-
position of the Baghdadite powder, Mg/CNTs/BAG ground
samples, and sintered compacts was identified using X-ray
diffraction (XRD) analysis. An XRD machine (AW-XDM300,
Asenware, China) with Cu-Ka o radiation (A = 1.5418 A)
was operated with a scanning rate of 0.03°/s over a 26 angu-
lar range of 10-90° The diffractometer operated at 40 kV and
30 mA, and the phases were analyzed using XpertHighscore
software. The microstructures of the Mg/CNTs alloys and
Mg/CNTs/BAG composites were examined using a field emis-
sion scanning electron microscope (FESEM) equipped with an
EDAX Energy Dispersive X-ray Spectroscopy (EDS) system
for elemental analysis. To assess the surface wettability and
hydrophilicity of the composites, contact angle (CA) mea-
surements were conducted. These measurements were per-
formed at 20 °C using a GBX Digidrop instrument (DGD
Fast 60 Contact Angle Meter) provided by Apex Technolo-
gies. Static contact angles were calculated as the average of at
least four measurements on different positions of each spec-
imen. A droplet (~1 wL) was deposited on the surface, and
temporal images were captured with a digital camera 4 s af-
ter deposition. The contact angle values were then calculated
using WinDrop software based on the obtained images.

2.5. Mechanical property testing

The properties of sintered Mg/CNTs alloys and
Mg/CNTs/BAG composites with varying Baghdadite per-
centages (0.5-1.5 wt.%) have been evaluated following
ASTM E9-89a standards. Compression measurements were
conducted on a uniaxial 5 kN testing machine from Instron
at a displacement rate of 0.5 mm/min. For these tests, three

cubic samples from each batch, measuring 10 x 10 x 10
mm?, were prepared. Additionally, the Vickers microhardness
(Hv) of the samples was measured using a Zwick/Roell Zhu
2.5 hardness tester (Zwick GmbH & Co. KG, Germany). The
test was performed under a load of 0.05 kg for ten seconds,
and each specimen was tested three times to ensure accuracy.

2.6. Deep learning models for stress-strain curve prediction

Three artificial neural models—Convolutional Neural Net-
works (CNN), Long Short-Term Memory (LSTM) networks,
and Gated Recurrent Units (GRUs)—for the prediction of
stress-strain curves in composite materials. Each model offers
unique advantages in processing the sequential data obtained
from the material’s mechanical properties. CNNs are known
for their capability to efficiently extract local features from
structured data, such as images or sequential signals [26].
The LSTM network is a variant of recurrent neural networks
designed to handle long-term dependencies in sequential data
[27]. LSTMs address the vanishing gradient problem, allow-
ing them to capture patterns over long time steps. GRUs are
another form of recurrent neural networks, but with a simpler
architecture compared to LSTMs, making them computation-
ally more efficient while still maintaining the ability to capture
long-term dependencies [28].

2.7. Degradation behavior of fabricated Mg/CNTs/BAG
composites

A deterioration process in manufactured Mg/CNTs/BAG
materials has been evaluated using electrochemical analysis.
The tests were conducted on disc-shaped samples measuring a
diameter of 10 mm and a thickness of 3 mm. Potentiodynamic
(PD) polarization curves were recorded over a scanning range
of £250 mV relative to the Open Circuit Potential (OCP) at
a scanning rate of 1 mV/s, utilizing an AMETEK PARSTAT
2273 electrochemical workstation. The testing setup employed
a three-electrode cell configuration, comprising an Ag/AgCl
electrode, a platinum counter electrode (1.5 cmz), and cold
mounted samples on the working electrode. The mounted
samples were immersed in a corrosion solution for 30 h at
37 °C in order to stabilize their open circuit potential. The
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corrosion current density (icor, WA) and Dissolution Corro-
sion Rates (DCR) were determined through Tafel extrapola-
tion using Powersuite software. To further assess the degra-
dation behavior, the mounted samples were soaked in a SBF
solution with a pH of approximately 7.4 at a temperature of
37 £ 1 °C. Three samples of the composites have been tested
by electrochemical evaluation. OCP also performed electro-
chemical impedance spectroscopy (EIS) within the frequency
range of 100 kHz to 100 MHz. The resulting data were ana-
lyzed and visualized as Nyquist and Bode plots using EClab
and ZView?2.0 software. An equivalent electrical circuit was
derived by fitting the obtained data to model the system’s
behavior.

2.8. In-vitro biocompatibility assessment of Mg/CNTs/BAG
composites

Cell toxicity of Mg/CNTs/BAG composites was evalu-
ated by the use of osteoblastic MG-63 cells (NCBI, Pas-
teur Institute, Iran) based on procedures described in ISO
10,993-1:2009 [29]. Before testing, the composite specimens
were cleaned with acetone, ethanol, as well as water for 15
min each. Extracts were prepared by immersing the compos-
ites into Modified Dulbecco’s Eagle Medium (DMEM-F12,
Gibco, Paisley, UK) containing Fetal Bovine Serum (10 %)
(Biowest, Nuaille, France) at a surface area-to-medium ratio
of 0.8 cm*mL. These were incubated in a humidified en-
vironment (95 % H,O, 5 % CO, at 37 °C) for 1, 2, and
3 days. The supernatants were then collected, filtered steril-
ized using a 0.22 pm filter (Falcon, BD Biosciences, USA),
and stored for further analysis. Control extracts were prepared
similarly but without the addition of the composite materi-
als. MG-63 cells were seeded in 96-well plates with 20,000
cells per well, using 100 pL of supplemented DMEM. Af-
ter incubating for 24 h to allow cell attachment, the medium
was replaced with 100 pwL of the prepared extracts, while
control wells received fresh supplemented DMEM. The cells
were cultured for three days, reaching a confluency of 80—
90 %, and cytotoxicity was assessed using the MTT assay
[30-32]. Cells were incubated with the extracts for 24, 48,
and 72 h. Following incubation, a fresh medium containing
0.5 mg/mL. MTT solution was added, and cells were allowed
to incubate for four hours at 37 °C in a humidified envi-
ronment. Crystals of formazan formed within cells were dis-
solved in Dimethyl Sulfoxide (DMSO), and the resulting so-
lution was transferred to a new plate for optical density (OD)
measurement. Using a spectrophotometer (BIOTEK ELS808),
absorbance was read at 570 nm. The viability of the cells ex-
posed to the composite extracts was compared to the control
group, and the results indicated the percentage of viable cells
relative to the control. ALP activity of adipose-derived mes-
enchymal stem cells (AD-MSCs) cultured on Mg/CNTs and
Mg/CNTs/BAG composites was evaluated over 3, 7, and 14
days. Circular specimens (1.5 cm in diameter) were inserted
into a 48-well plate and pre-incubated in a normal medium
(DMEM with 10 % FBS) overnight to promote attachment
of the cells. Trypsinized AD-MSCs were seeded on compos-

ites at 20,000 cells/well, with control cells cultured on Tis-
sue Culture Polystyrene (TCP). After 30 min, the wells were
filled with normal medium to a final volume of 500 wL. On
the following day, the medium was replaced with osteogenic
medium, which was refreshed weekly over 3, 7, 14, and 21
days. At the end of the incubation periods, the cells were
washed with PBS, fixed in 10 % formalin, and stained with
an ABCIP-NBT solution (5-bromo-4—chloro-3-indolyl phos-
phate/nitro blue tetrazolium). ALP activity was visualized as
the development of blue staining and quantified using an ALP
assay kit (Pars Azmun, Tehran, Iran). A mixture of KOH and
DMSO was used to dissolve the stained samples, and their
absorbance was measured at 405 nm. The total protein con-
tent of the samples was used to normalize ALP activity. All
tests were conducted three times to ensure accuracy. For iden-
tifying significant differences (p < 0.05) in cell proliferation
and ALP activity, two-way ANOVA was used with a Bon-
ferroni post hoc test. GraphPad Prism version 6 was used to
visualize the results.

2.9. Statistical analysis

The statistical analysis was conducted using GraphPad
Prism 6 software (GraphPad Software, Inc., La Jolla, CA).
The corresponding statistical analyses are described in the
following paragraph. Each group of samples underwent three
separate trials for compression testing, corrosion testing, and
in vitro cytotoxicity evaluation to ensure consistency and re-
liability of the results.

3. Results and discussion
3.1. Morphology and phase composition

The morphology of the synthesized Baghdadite is shown
in Fig. 1, which contains the SEM images and corresponding
particle size distributions of the bulk powder. From Fig. 1(a),
it is evident that the powder shows an irregular morphology
with a high degree of agglomeration while entangled CNT
particles typically possess an agglomerated morphology [33].
It is also obvious from the high magnification morphology
that the synthesized Baghdadite possess a porous geometry
with interconnectivity and fine grain size distributions. Image
analysis revealed that the particle size limit of agglomerated
BAG powder is <30 pm, affirming the successful synthesis
of porous Baghdadite using the sol-gel method (Fig. 1(b)).
Previous research revealed that the porous Baghdadite with
fine grain size distributions are essential for bone regeneration
[4,34].

The XRD analysis finding of the BAG nanoparticles is
shown in Fig. 2(a). The XRD pattern of the synthesized pow-
der matches the standard XRD pattern of Baghdadite (Stan-
dard Cards No 00-047-1854). As can be seen in Fig. 2(a), all
the peaks correspond to the characteristic peaks of Baghdadite
(00-047-1854), however, a negligible amount of minor phases
(e.g., gittinsite-01-084-2099) has been detected as well [35].
A recent study on SPS of B4C-TiB2 composites has revealed
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Fig. 1. SEM micrographs of synthesized Baghdadite along with their particle size distributions. Magnification: (a) 200 x, (b) 1000 x .

that the milling treatment is crucial to achieving a homoge-
nous mixture of powders before the sintering process [36].
In principle, strengthening Mg matrices is mostly dependent
on the phase changes, bonding between CNTs and BAGs,
and their chemical stability. Fig. 2(b) displays the XRD pat-
terns of the powder mixtures after the grinding process for
10 h. The major peaks in XRD spectra of milled powders
are attributed to Mg, despite the presence of some crystalline
Mg commercially available. The HCP Mg crystal used in this
study exhibits three peaks of 32°, 34°, and 37°, correspond-
ing to the (1 0 0), (0 0 2), and (1 O 1) planes. Card num-
ber 089-01-4244 (Standard cards). The results confirm that
the addition of enhancers did not significantly impact mag-
nesium’s intensity and diffraction angle. Due to a low con-
tent in CNTs and BAGs, XRD patterns generally are unable
to identify CNTs and BAGs peaks. Additionally, there are
no signs of the new phase formation in the composite with
CNTs and BAGs, suggesting chemical stability for nanopar-
ticles. It is worth mentioning that while some studies have
observed peaks in magnesium oxide (MgO) in XRD pattern
as a result of the interaction between magnesium and oxygen
during the BM [37,38], no MgO peak was observed in this

study (e.g., 42.98° and 62.36° correspond to (0 0 2), and (2
0 2) planes respectively), suggesting that the grinding process
was conducted without contaminating the powder mixture.

3.2. Microstructure and density of Mg/CNTs/BAG composites

Correlating the reinforcing efficiencies of Mg/CNTs/BAG
in response to the processing conditions requires robust char-
acterization of microstructural changes in hybridized car-
bonaceous reinforcements (such as CNTs/BAG) and inter-
actions with the surrounding metal matrices. Fig. 3 shows
the SEM and corresponding EDX elemental maps of the
Mg/CNTS/BAG composites containing 1.5 wt.% CNTs and
0.5-1.5 wt.% BAG. The addition of BAGs caused microstruc-
tural changes in the Mg metal matrix. Fig. 3(a—d) shows
the SEM images and corresponding EDX elemental maps
showing the dispersion BAGs in Mg/CNTs. From the fig-
ures, Mg/CNTs/x-BAG (x = 0, 0.5, 1, and 1.5 wt%) powder
mixtures exhibited an irregular morphology with the same
particle size (~ 151.56-102.16 Mm). It is evident that uni-
form distribution of CNTs was achieved in these batches of
composites, as shown by the C elemental maps. The dark
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Fig. 2. XRD pattern of (a) BAG nanoparticles matching the Baghdadite standard (00-047-1854) with minor gittinsite phases. (b) the powder mixture used to

make Mg/CNTs/BAG composite after 10 h of mechanical grinding.

regions in the O elemental maps correspond to oxidation in
the fabricated composites during the grinding and subsequent
sintering processes which merely decreased with an increase
in BAG content in the Mg/CNTs matrices. This might be ex-
plained by the relatively high surface areas of CNTs, which
give them a strong affinity towards oxygen and result in the
formation of magnesium oxide on the surface of the powder
particles [39]. Previous studies reported that the presence of
magnesium oxide affects the bond between the metal matri-
ces and the reinforcements, which can adversely affect the
resultant strength of the composites [40,16]. As will be ex-
plained later, this is supplemented by XRD patterns that were
taken from the fabricated composites. From the Zr, Ca, and
Si elemental analysis, it is evident that the BAG reinforcing
powders were well distributed in the magnesium matrices, fa-
cilitating the creation of a composite with a homogeneous
structure and uniform dispersion of the reinforcements. The
average relative density of the sintered Mg/CNTs compact
was measured as 99.4 %. Compared to the Mg/CNTs com-
pact, the addition of BAGs resulted in a decrease in densifica-
tion of the Mg/CNTs/BAG composites fabricated under sim-
ilar conditions. For the sintered Mg/CNTs/BAG composites

reinforced with BAGs, average relative densities were mea-
sured as 99.1 %, 98.8 %, and 98.7 % with the addition of
0.5, 1.0, and 1.5 wt.% BAGs, respectively. The decrease in
the relative density of the composites with an increase in
BAG content (Table S1 from supporting information) may be
attributable to their stacking due to the different nature of
Baghdadite as a ceramic and magnesium as a metal, which
increases the strength of their common phase bonding during
the high-temperature plasma sintering process. In particular,
this causes an increase in the porosity of the hybrid content at
the contact point of ceramic/metal in the composite structures
and further reduction of their relative density. To further verify
whether BAG content plays a role in the addition of poros-
ity and further reduction of the density of Mg/CNTs/BAG
composites, we studied the SEM images of the sintered com-
posites, as shown in Fig. S7 (see supporting information). As
is obvious from this figure, with the increasing amount of the
BAG content from 0 to 1.5 wt%, the mean porosity size of
the composites has magnified.

Fig. 4 shows the XRD patterns of the sintered Mg/CNTs
alloy and Mg/CNTs/BAG composites containing 0.5-1.5 wt.%
BAGs. The XRD patterns revealed intense peaks associated
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Fig. 3. SEM images, and corresponding EDX elemental maps of fabricated Mg/CNTs/BAG composites: (a—d) SEM images and corresponding elemental maps
of Mg/CNTs/BAG composites: (a) Mg-1.5 wt.% CNTs; (b) Mg-1.5 wt.% CNTs-0.5 wt.% BAG; (c) Mg-1.5 wt.% CNTs-1.0 wt.% BAG.

with Mg along with less intense peaks at 260 of ~26° and
~43° associated with CNTs and MgO respectively. The in-
tensity of the MgO phase didn’t show considerable change
with increasing content of BAGs dispersed in the Mg/CNTs
matrices. This may be attributable to defect accumulation in
the CNTs which have a high affinity to absorbing available
oxygen atoms in the atmosphere during the processing of
Mg/CNTs/BAG composites.

SEM and EDX maps also confirmed the presence of oxy-
gen in the grain boundaries as shown in Fig. 3(a—d). This is
in agreement with the previous study on the defect forma-
tion of carbon nanomaterials such as GNPs during composite
processing in which the defects (in the form of broken edges
and vacancies) in their network become active sites for the
attachment of functional groups such as oxygen [37,41]. Pre-
vious studies have shown, on the one hand, that the sintering
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Fig. 4. XRD pattern of Mg/CNTs/BAG composites synthesized under a pressure of 50 MPa and at a temperature of 450 °C.

time has a significant role in the formation of MgO compared
to the processing temperature [40]. On the other hand, it has
been reported that adequate temperature and pressure during
the SPS process can lead to the evaporation and bond break-
age of the oxide layers from the grain boundaries and the
formation of new short-range interactions between particles
which can cause more compaction of the produced compos-
ite [16].

3.3. Mechanical properties

Microhardness and compressive strength analyses are pre-
sented in Fig. 5(a-f) and Table S2 (supporting informa-
tion). Vickers hardness measurements for the Mg/CNTs/BAG
composites showed a significant increase, rising from
45.00 £ 5.00 HV to 83.00 = 5.00 HV as the BAG con-
tent increased from 0 to 1.5 wt.%. This improvement is due
to the presence of the harder BAG phase on the particle sur-
face, which contributes to refining the composite’s grain mi-
crostructure. Unlike the relative density trend, which is in-
fluenced by internal porosity, the strong phase of BAG re-
sists plastic deformation caused by indentation [32,42-44].
Young’s modulus (E), ultimate compressive strength (o),
and failure strain values of the Mg/CNTs/BAG compos-
ites also improved with increasing BAG weight fractions.
For the Mg/1.5 CNTs alloy, the Young’s modulus, ultimate
compressive strength, and failure strain were measured as
1.91 GPa, 169.75 MPa, and 30.01 %, respectively. When
BAG was incorporated at 0.5, 1, and 1.5 wt.%, Young’s
modulus of the Mg/CNTs/BAG composites was 2.56 GPa,
2.53 GPa, and 2.72 GPa, respectively. Although the mod-
ulus values increased for the specimens, they did not ex-
hibit a consistent trend when analyzed under static scanning
conditions.

This analysis highlights the structural integrity of Mg com-
posites, indicating their ability to achieve stiffer morpholo-

gies. This is demonstrated by their improved capacity to
withstand deformation, which reflects the strong interlock-
ing (tangling) between the matrix and reinforcements. The
microstructural changes observed in the composites, as re-
vealed by SEM and XRD analysis, show refined grain bound-
aries and increased crystallinity, contributing to a higher
Young’s modulus of elasticity. These mechanical properties
align closely with those of human bones [1,45]. The ulti-
mate compressive strength (¢ UCS) for Mg/CNTs/BAG com-
posites with 0.5, 1, and 1.5 wt percent BAG was measured
at 180.25 MPa, 105.65 MPa, and 83.70 MPa, respectively.
Similarly, failure strains (¢) for mixtures with 0.5, 1, and
1.5 wt percent BAG were recorded at 31.65 %, 20.35 %,
and 17.25 %, respectively. The compressive strength and fail-
ure strain peaked at 180.25 MPa and 31.65 % with 0.5
wt% BAG, surpassing the values for the Mg/1.5CNTs alloy
(169.75 MPa and 30.01 %). This improvement is attributed
to the superior mechanical properties of BAG’s crystalline
structure, such as its high fracture toughness and hardness,
which contribute positively to the composite’s performance
at lower BAG fractions [4,46]. However, as the BAG con-
tent exceeded 1 wt%, both compressive strength and failure
strain declined. This reduction is attributed to the agglom-
eration of BAG nanoparticles, which negatively affects the
uniformity and coherence of the composite structure [47,48].
Despite this, the integration of BAG up to 0.5 wt% effec-
tively refines the grain size and facilitates load transfer from
the @-Mg matrix to the stiff CNT nanoparticles coated with
BAG additives, enhancing the mechanical characteristics of
the Mg/CNTs alloy [30]. At the interface between the Mg ma-
trix and CNTs, dislocations are generated due to the mismatch
in thermal expansion coefficients (26 x 10~ K~ for Mg and
2 x 1073 K~' for CNTs). These dislocations strengthen the
composite by resisting movement across the interface, follow-
ing the Orowan strengthening mechanism [32,49-51]. Con-
versely, excessive BAG content (1.5 wt percent) disrupts this
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mechanism by preventing the formation of strong and coher-
ent joints between BAG particles and the Mg/CNT matrix,
resulting in a decrease in mechanical properties. According to
the results, Mg/CNTs/0.5 BAG (259.75 MPa) is higher com-
pared to Mg/CNTs/1.0 BAG (218 + 8 MPa), Mg/CNTs/1.5
BAG (95 £ 8 MPa), Mg/CNTs (229.7 £ 7 MPa), AZ91-
0.5CNTs (153.5 MPa) [52], AZ61-0.5CNTs (168.4 MPa)
[52], Mg-0.5Zr/0.1GNPs (219 £ 3 MPa) [53], Mg-3Zn-1Mn
(244.5 £ 9 MPa) [38], Mg-3Zn-1Mn-0.5RGO (2594 + 8
MPa) [38], Mg-3Zn-1Mn-1.5RGO (231.5 + 11 MPa) [38],
Mg-1AI-Cu/0.18GNP (225 MPa) [54] and compact bone tis-
sue (164-240 MPa) [55] which meet the specifications for
orthopedic implant applications.

3.4. Machine learning-guided mechanical property
correlations

Accurately predicting stress-strain curves for different
amounts of BAGs can significantly streamline the material de-

sign process. Instead of conducting extensive physical exper-
iments with every possible BAG amount, an accurate model
can provide quick and reliable predictions, saving both time
and resources. Therefore, advanced machine learning models
such as LSTM, CNN, and GRU are explored for their po-
tential in this context. The obtained comprehensive dataset
(Fig. 5) forms the basis for training our regression models. A
linear model serves as a baseline in this study. It assumes a
direct proportionality between the input (strain) and the output
(stress). While simple and computationally inexpensive, linear
models often fail to capture complex data patterns, especially
in nonlinear relationships. CNNs are primarily used for im-
age recognition tasks but have shown promise in other areas,
including time-series data. The key advantage of CNNs lies
in their ability to automatically detect local patterns through
convolutional layers, which can then be combined in deeper
layers to form more complex features [26].

For this project, a 1D CNN was employed (Fig. 6(a)),
which is suitable for time-series data. The CNN model
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Fig. 6. The structure of (a) CNN network; (b) LSTM/GRU networks; (c) LSTM units; and (d) GRU units.

consists of a single convolutional layer with 64 filters and
a kernel size of two. The convolutional layer processes the
input sequence, identifying relevant patterns across small win-
dows. The output is flattened, and two fully connected (dense)
layers with 50 and 1 units, respectively, are used to refine
the learned features and make predictions. The ReLU acti-
vation function is applied after each dense layer to introduce
non-linearity, which is critical for modeling complex data. An
LSTM learns long-term dependencies on data, which makes
it suitable for time-series analysis [27]. There is a sequential
nature to stress-strain relationships, although not strictly time-
series data. LSTMs, with their gate mechanisms, can effec-
tively manage the flow of information through long sequences,
making them highly suitable for this application. The LSTM
model in this paper consists of a single LSTM layer with 50
units, followed by two fully connected layers with 50 and 1
units, respectively (Fig. 6(b)). The ReLU activation function
is applied to introduce non-linearities, enhancing the model’s
capability to approximate complex mappings between inputs
and outputs. Compared to LSTMs, GRUs have fewer param-
eters (Fig. 6(c, d)), which can make training more efficient
and less prone to overfitting, especially with smaller datasets.
GRUs are a strong candidate for scenarios where model sim-
plicity and training speed are critical [28]. The GRU model
mirrors the structure of the LSTM, with one GRU layer com-

prising 50 units, followed by dense layers with 50 and 1 units,
respectively (Fig. 6(b)). As with the CNN and LSTM models,
ReLU activation functions were applied after the dense layers
to model non-linear relationships in the data.

All models were implemented on a machine with these
specifications: a Core i5-8250 U CPU, 8 GB of RAM, and
running Windows 10 Pro. In addition to TensorFlow and
Keras libraries, Python was used to develop the models. To
prevent overfitting, the training was conducted with a batch
size of 32. The Adam optimizer, known for its adaptive learn-
ing rate, was used for optimization, and Mean Squared Er-
ror (MSE) was employed as the loss function, given its rele-
vance to continuous, numerical prediction tasks. To evaluate
the models, three metrics were used:

- This is a measure of the average squared deviation between
actual results and predicted results. Lower MSE values in-
dicate better predictive accuracy.

- R-squared (R2) represents the proportion of dependent
variables variance that can be predicted by the indepen-
dent variables. An R2 score closer to 1 implies a better
fit.

- A dimensionless measure of prediction accuracy is the
NRMSE (Normalized Root Mean Square Error). This is
the RMSE normalized by the range of observed values.
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Fig. 7(a-c) indicate the estimated Stress-Strain curves for
untested amounts of BAG (0.25 wt.%, 0.75 wt.%, 1.25 wt.%,
1.75 wt.%, and 2 wt%) using CNN, LSTM, and GRU mod-
els respectively. Both CNNs and recurrent models (LSTM,
GRU) excel in identifying complex patterns and relationships
in data compared to the CNN results, as it has been shown for
0.75 wt.% and 2 wt.% BAG (Fig. 8(a, b)). Advanced mod-
els can capture nonlinearities in the stress-strain relationship,
providing more accurate predictions. Recurrent models are
particularly adept at understanding the dependency of stress
on previous strain values, leading to improved modeling of
material behavior.

The results of our model evaluations are summarized in
Fig. 9, which compares the R2 score and NRMSE for differ-

ent models across the tested BAG amounts. The key obser-
vations are:

e The CNN model demonstrates strong performance with
high R2 scores and low NRMSE values across all BAG
amounts. The R2 scores are consistently above 0.9, indi-
cating that the CNN model can explain over 90 % of the
variance in the stress-strain data. The NRMSE values are
also low, suggesting that the model predicts values that are
close to reality. The slight decrease in performance as the
BAG amount increases could be due to the increasing com-
plexity of the stress-strain relationship with higher BAG
content. Overall, the CNN model effectively captures the
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Fig. 9. Comparison of the NRMSE and R2 of tested Mg/CNTs/ wt.% BAG composites using the three non-linear regression models.

local patterns and features in the stress-strain data, making
it a reliable choice for this task. Table 2

+ The LSTM model outperforms the CNN model, achiev- Tilt of the elastic region in stress-strain curves (MPa/%) for measured data
ing near-perfect R2 scores, especially for BAG amounts and predicted curves (CNN, LSTM, GRU) across varying wt.% BAG, in-
0 % and 0.5 %, where the scores are almost 1. This in- cluding untested BAG amounts.
dicates an exceptional fit to the data, with the model ex-

o . . wt.% Bag Type of the Curve Predicted curve
plaining virtually all the variance. The NRMSE values are
1 Kkably 1 howi inimal deviati b 0 Measured data 1.74573
also remarkably low, showing minimal deviation between 1 Measured data 1395147
the predicted and actual values. The LSTM model’s supe- 0.5 Measured data 2.084508
rior performance can be attributed to its ability to capture 1 Measured data 0.105642
long-term dependencies and temporal patterns in the se- 0 CNN estimate 1.823532
quential stress-strain data. This makes the LSTM model 3 CNN estimate 139551
. . . . 1 CNN estimate 2.072484
particularly effective for modeling the stress-strain behav- s CNN estimate 0.109362
ior across different BAG amounts. 0.25 CNN estimate 1.511344
» The GRU model also exhibits excellent performance, with  0.75 CNN estimate 1.924291
R2 scores close to one for all BAG amounts. These scores ~ 1.25 CNN estimate 0.043392
indicate that the GRU model can explain a significant por- '3 CNN estimate 0.174584
2 CNN estimate 0.03992

tion of the variance in the stress-strain data. The NRMSE 0

. o LSTM estimate 1.716112
values are low, suggesting that the model’s predictions 05 LSTM estimate 1.377428
are accurate and closely match the actual values. Al- 1 LSTM estimate 2.075913
though slightly lower than the LSTM model’s performance, !5 LSTM estimate 0.107607
the GRU model’s results are still highly impressive. The %23 LSTM estimate 1511061
GRU’s simpl hi d he LSTM K 0.75 LSTM estimate 1.907036
( s simpler arc 1tec.ture compare to t e makes 125 LSTM estimate 2 121342
it computationally efficient while still effectively capturing 1.75 LSTM estimate 0.028851
the non-linear relationships in the stress-strain data. 2 LSTM estimate 0.0149
0 GRU estimate 1.737
0.5 GRU estimate 1.39718
Table 2 highlights the elastic region tilt (MPa/%) of stress- 1 GRU estimate 2.079168
strain curves for measured and predicted data across varying =~ 1.5 GRU estimate 0.104969
BAG wt.%, showing that machine learning models (CNN, 832 gﬁg zzzizz 1'242‘2223
LSTM, GRU) effect?vely ca.lpture trends observed in mea- 125 GRU estimate 2051309
sured data, such as higher stiffness at 0.5 wt.% BAG and re- 175 GRU estimate 0.036426
duced stiffness at 1 wt.% BAG. CNN predictions closely align 2 GRU estimate 0.005569

with measured values, particularly for tested BAG amounts,
while providing reasonable interpolations for untested BAG
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Fig. 10. Potentiodynamic polarization curves of Mg/CNTs/BAG composites containing different amounts of Baghdadite in a body-simulating environment at

37 °C.

levels, with decreasing tilt observed at higher BAG contents
(e.g., 1.75 wt.% and 2 wt.%). LSTM demonstrates superior
consistency with measured data across tested and untested
BAG amounts, capturing nonlinearities in stiffness, whereas
GRU predictions, while accurate for lower BAG levels, show
slightly less precision at higher contents, emphasizing model
differences in capturing BAG-related stiffness changes. These
findings emphasize the importance of choosing advanced ma-
chine learning models for accurately predicting composite ma-
terials’ mechanical properties.

3.5. In-vitro corrosion behavior of Mg/CNTs/BAG
composites

Fig. 10 illustrates the potential polarization curves for the
Mg/CNTs alloy and Mg/CNTs/BAG composites containing
0.5-1.5 wt.% BAG, recorded after 30 min of immersion in
SBF. Using Tafel fits of the polarization curves, corrosion
potential (Eo) and corrosion current density (icor) Were de-
termined and analyzed with Powersuite software. The results
in Fig. 10 reveal that, in comparison with Mg/CNTs alloy, the
Mg/CNTs/BAG composites exhibit significantly suppressed
anodic currents. Additionally, the corrosion potential shifted
to more negative values with the addition of 0.5 and 1.5 wt.%
BAG. This indicates enhanced resistance to corrosion, high-
lighting the superior corrosion inhibition provided by BAG re-
inforcement in composites [54]. As shown in Table S3 in the
supporting information, the corrosion potentials for Mg/CNTs
alloy, Mg/CNTs—0.5BAG, Mg/CNTs-1.0BAG and Mg/CNTs—
1.5BAG were evaluated as —1.48, —1.43, —1.55, and —1.4 V,
respectively. It is generally accepted that both thermodynamic
and kinetic corrosion benefit from lower E.; and higher E o
values [55]. Table S3 shows corrosion current densities for
Mg/CNTs alloy, Mg/CNTs—0.5BAG, Mg/CNTs-1.0BAG, and
Mg/CNTs—1.5BAG were assessed as 398, 276, 398, and 135
LA, respectively. As will be shown in the following sections
and Table S3, it is evident that the corrosion current den-
sity for Mg/CNTs was 398 A, which decreased to 135 A
when the BAG contents were added to the composite up to

1.5 wt.%. This is attributed to decreased surface roughness
[56] and hydrophilicity (48° £ 3°) of the composite. When
1.5 wt.% BAG was present, corrosion potential decreased
(Fig. 12(e) and Table S3). As a result, the addition of BAG
contents to the composite decreased crack formation during
micro-galvanic degradation and crevice corrosion [57,58]. As
a result, the CR of these specimens was improved over the
CR of the uncoated Mg/CNT alloy (Fig. 12(e)). Likewise, the
high BAG contents of Mg/CNTs-1.5BAG composites experi-
enced a lower slope of the anodic branch (Ba) in the polar-
ization curves compared to the Mg/CNTs alloy, as follows:
Mg/CNTs-1.5BAG (101 mV/decade) < Mg/CNTs-1.0BAG
(199 mV/decade) > Mg/CNTs-0.5BAG (117 mV/decade) <
Mg/CNTs alloy (150 mV/decade). On the one hand, the an-
ode curve showed a current plateau at a low anode potential
indicating the potential for dispersed BAGs to improve the
corrosion resistance (CR) of Mg matrices due to the formation
of excellent passivation layers of Mg/CNTs/BAG composites.
On the other hand, the lowest value in the ICORR and Sa
demonstrates the synergistic effects of the BAG contents to
lower the DCR of Mg/CNTs/BAG films as a result of the
absence of secondary phases (such as Mg2Ca intermetallic
phase) and its intensive role in micro-galvanic corrosion of
the Mg alloys at their grain boundaries [16,32,59-67]. These
results are complemented by water contact angle (WCA) data
obtained from the composites that were fabricated [62].

A corrosion resistance study of Mg/CNTs alloys and
Mg/CNTs/BAG films was conducted in further detail by EIS
in SBF at 37 °C. Fig. 11(a) illustrates a Nyquist plot com-
paring the composite film with the Mg/CNT alloy. Typical
EIS spectra of Mg/CNT alloys have three different time con-
stants (Fig. 11(a)). High frequency is related to an interfa-
cial capacitance in conjunction with the charge transfer resis-
tance. The relaxation of the adsorbed precursors is attributed
to the lower frequency induction loop, while the time con-
stant at intermediate frequencies is explained by the diffu-
sion of Mg+2 ions inside the porous layer of corrosion prod-
ucts [63]. Mg/CNTs/BAG composites exhibited a complete
semicircle loop at high frequencies (capacitive loop) and an
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inductive loop at low frequencies (inductive loop). As the size
of the high-frequency capacitor loop expanded, the CR of
the films increased. As evidenced by the high-frequency ca-
pacitor resistance arc, the electrochemical reaction occurred
at the interface between the Mg/CNTs/BAG films and the
corrosive medium. Accordingly, charge transfer governed the
electrochemical reaction in the system rather than the disso-
lution/dissolution rate of magnesium [HT1]. A greater capac-
itive arc radius is generally associated with excellent CR in
Nyquist plots [32]. It was evident that the Mg/CNTs-1.5BAG
composite had the largest arc radius, confirming its excellent
corrosion resistance during its corrosion examination, estab-
lishing it as an appropriate implant candidate. In order to
evaluate the EIS spectra of Mg/CNTs/BAG composites re-
inforced with BAG contents further, an equivalent electrical
circuit model (Fig. 11(b)) was created, and fitting lines are
depicted in Fig. 11(a). According to this model, C and Rct
represent double-layer capacitance and charge transfer resis-
tance, respectively, while Rs represents electrolyte resistance,
Rp represents polarization resistance, and L represents the
inductor capacity. As described in the supporting informa-
tion, Table S4 provides the derived kinetic parameters. Be-
cause of its strong charge transfer resistance, the sample is
generally resistant to corrosion. As a result, the charge trans-
fer resistance (R.) of Mg/1.5CNTs jumped to 49.10 cm? in
Mg/CNTs-1.5BAG, which is consistent with the results ob-
tained during the polarization tests. In order to enhance the
protection of the Mg/CNT matrix, a protective layer of cal-

cium silicate was formed on the active surface of SBF as a
result of the composition of Mg/CNTs with BAGs. Further-
more, grain refinement reduces the mismatch-induced stress
between the surface layer and the Mg substrate, thereby pre-
venting corrosion pits from forming. As carbon nanotubes
form a natural diffusive barrier between the protected metal
and reactants, they are suitable materials for barrier layers
to prevent corrosion. As a result, the accumulated SBF so-
lution is gradually prevented from entering the Mg surface
and, as a result, the DCR is reduced and the corrosion resis-
tance (CR) of the Mg alloy is increased [20,64]. The Bode
diagrams for the various samples are shown in Fig. 11(c).
A higher CR is indicated by a greater impedance modulus
at lower frequencies (JZ| f = 0.1 Hz). For the Mg/CNTs al-
loy substrates, the impedance modulus was only 1 €-cm?,
whereas those of the Mg/CNTs-0.5BAG, Mg/CNTs-1.0BAG
and Mg/CNTs-1.5BAG samples increased to 1, 2, and 3 k
Q-cm?, respectively implying that the physical barrier effect
of the composite film was gradually enhanced.

3.6. Cytotoxicity assessment and cell response of
Mg/CNTs-(0.5-1.5 wt.%) BAG composites

After the implantation of magnesium-based biomaterials
(MBs), it is essential to create and preserve a mature bone
interface between the implant and bone [I]. A vital stage
in the process is cell attachment to orthopedic implants, a
process mostly mediated by Integrin receptors, which are
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transmembrane adhesion proteins that link the interior of cells
to the extracellular environment [53]. MTT assay was used
further to assess the cytotoxicity profile of such composite-
based scaffolds and demonstrate their potential in terms of
cellular attachment, migration, and proliferation [59,31]. Pre-
vious studies have shown that the hydrophilic nature of scaf-
folds has a beneficial impact in terms of their cellular attach-
ment and proliferation [32,65,66]. The Static Water Contact
Angles (SWCA) on Mg/1.5CNTs/BAG composites of differ-
ent BAG contents were calculated in order to determine their
hydrophilic characteristics, as shown in Fig. 11(a). As ex-
pected, the SWCA of Mg/1.5CNTs alloy was 73° &+ 5°, which
was mainly due to an inherent hydrophobic property of the
agglomerated CNTs of 1.5 wt.% overwhelmed by more hy-
drophilic sites within the Mg matrix [57]. The hydrophilic
property of the Mg/1.5CNTs/BAG composites was signifi-
cantly improved with the introduction of BAGs [58]. The hy-
drophilic property of the Mg/1.5CNTs/BAG composites was
significantly improved with the introduction of BAGs. The

water contact angle of Mg/CNTs-0.5BAG, Mg/CNTs-1.0BAG
and Mg/CNTs-1.5BAG were 61° + 4°, 51° + 3° and 48°
£ 3°, respectively. Because SWCA at 0° to 90° shows hy-
drophilicity [56]. Due to the presence of silanol (Si-OH) func-
tional groups in BAG content, all composite specimens have
hydrophilic surfaces. Fig. 12(e-h) is a series of SEM im-
ages of specimens after immersion in DMEM + 10 % FBS
for 72 h. These micrographs show that the surface of the
Mg/CNTs alloy and Mg/CNTs/BAG composites were pitted,
and that pitting became less extensive and more infinitesi-
mal with increasing the BAG contents during loner immer-
sion time. The corrosion morphology remained similar on the
entire alloy and composites surfaces after immersion of 72 h,
except for the Mg/CNTs—1.0BAG composite where a com-
pletely different morphology could be noticed in Fig. 12(g).
The viability of the cell cultured on both Mg/CNTs alloy
and Mg/CNTs/BAG composites was assessed using MTT as-
say, with the cell proliferation on the TCP plate being the
control as depicted in Fig. 12(i). The result of MTT assay
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demonstrated the highest increase in cell proliferation in cul-
tured composite groups compared to the TCP group over the
long times. In particular, the cell proliferation of the com-
posites amplified with the expansion of culture time and in-
creased up to day 3 in all groups. The MTT results showed
a significant increase of cell proliferation at concentrations
ranging from 0.5 wt% to 1.5 wt% BAGs. In day 3, it was
higher in Mg/CNTs-1.5BAG than Mg/CNTs and TCP groups
(p value<0.05).

One of the most significant early osteogenic commitment
determinants is ALP activity. It is an osteoblast cell biochemi-
cal marker that is crucial for bone mineralization and differen-
tiation [46,67,68]. The ALP activity was measured after 3, 7,
and 14 days of cell culturing. As demonstrated in Fig. 12(j),
increase activity of ALP was significant on day 14 compared
to cells on day 3 and 7 (p value< 0.05). In the four groups,
ALP on days 3, 7, and 14 was peaked in Mg/CNTs/BAG
composite groups (p value< 0.05). On day 14, the highest
amount of ALP activity was observed in Mg/CNTs/1.5BAG

group.
4. Conclusion

The SPS method was successfully implemented to pre-
pare dense nanocomposites of a light-weight metal alloy
(magnesium-1.5 wt.% carbon nanotubes) reinforced and com-
posited with synthesized baghdadite (Ca3ZrSi209) in The
various weight fractions (0.5-1.5 wt.%) and their microstruc-
ture, mechanical robustness, degradation properties, and cyto-
toxicity were investigated by a broad variety of microscopic,
analytical, and mechanical techniques, machine learning anal-
yses, and direct in vitro assay in SBF for 3 weeks. The BAG
contents reduced the degradation rates of Mg/CNTs/BAG
composites. Mg/CNTs-1.5BAG had Ecorr and icorr equal to
—1396 mV and 135 pA, respectively which was an indi-
cation of the improvement in the CR. The microstructure,
dimensions, area, volume, and mass of magnesium compos-
ites influenced their in vitro degradation properties, including
their degradation rates and modes, under consistent condi-
tions of degradation. The BAG contents enhanced the mi-
cro hardness of Mg/CNTs/BAG composites. The microhard-
ness of the Mg/CNTs-1.5BAG composite reached ~83.00 HV.
The failure strain and CS showed a similar pattern. Addition-
ally, Mg/CNTs-0.5BAG maintains a compressive strength of
259.75 MPa, which still satisfies the mechanical specifica-
tions for load-bearing implants. Machine learning models—
CNN, LSTM, and GRU—Ileveraged to predict stress-strain
relationships for magnesium composites with varying BAG
amounts, reducing the reliance on time-intensive physical ex-
periments. The results demonstrated the significant advantages
of these advanced models over traditional linear methods,
with LSTM and GRU achieving near-perfect R? scores and
low NRMSE values, effectively capturing the nonlinear and
sequential dependencies in the data. The CNN model also
showcased strong performance, particularly in identifying lo-
calized patterns within the stress-strain data. These findings
underscore the potential of machine learning to revolutionize

material design by enabling accurate, resource-efficient pre-
dictions of mechanical properties. Mg/CNT-1.5BAG signifi-
cantly increased the average FBS adhesion density and cell
proliferation under indirect contact in 72-hour indirect cul-
tures with FBS, as compared to non-composited Mg/CNT.
Due to its lower corrosion rate when baghdadite is dis-
tributed properly, the composite exhibited better cytocompat-
ibility than the Mg/CNT alloy. A protective surface layer is
formed as a result of the good distribution of baghdadite.
Additionally, MATLAB-based image analysis of SEM par-
ticle sizes reveals unimodal distributions across all samples
in the histograms. The surface chemistry, microstructure, and
morphology of CNT and BAG contents in Mg-based compos-
ites may significantly influence FBS adhesion, morphology,
and subsequence cell viabilities under direct contact. How-
ever, FBS adhesion and morphology were primarily deter-
mined by the dynamics of concentration gradient surrounding
the Mg-based composites and the release of soluble degrada-
tion products from a degraded sample under indirect contact.
In conclusion, Mg-based biodegradable composites containing
CNTs, and BAGs appear promising for load-bearing implant
applications and should be further investigated in vivo for
clinical applications.
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