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Revised: 2023/01/30 Introduction: In the present study, the Ti-10Mo-X (TiC & TiB:) composite

produced by spark plasma sintering (SPS) with different amounts of ceramic
Accepted: 2023/02/06 reinforcements (0.5< X < 4) was chosen as substrate for development of new
biomaterials. The aim of this study was applying the calcium phosphate (CaP)
coating with appropriate quality and phase composition on the Ti-10Mo-X (TiC &
TiB2) composite materials for biomedical application.
Methods: The Ti-10Mo-X (TiC & TiBz) composites were sintered by SPS method,
at an initial pressure of 10 MPa, an intermediate pressure of 20 MPa and a final
pressure of 50 MPaat 1150 °C. Then the CaP coating was applied on the substrates
by electrochemical deposition method at three different DC current densities of
0.5, 0.6 and 0.7 mA.cm for 30 minutes. Optical electron microscopy (OM) was
used to study the pore structure of the substrates containing the different
amounts of ceramic reinforcements. To take a look at the physical properties of
the substrates, the sintering density became measured based at the Archimedes
method. A tensile test became additionally performed to check the tensile
strength of the porous substrates. Scanning electron microscopy (SEM), X-ray
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10.30495 /inm.2023.30608.1961 * energy distribution spectroscopy (EDS) and X-ray diffraction (XRD) and Fourier
transform infrared (FTIR) spectroscopy were also used to investigate the
morphology, chemical and phase composition of the obtained coatings,
respectively.

Wettability of the CaP coatings was also investigated using the static droplet
contact angle method. At last, the apatite forming ability test of the coated sample

were carried out in SBF solution.
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Findings: By increasing the percentage of ceramic reinforcements because of the
removal of porosity, the density and tensile strength of the substrates have raised.
Comparing the SEM images showed that, besides the applied current density, the
properties of the substrate, such as the percentage of porosity and hydrophilic
behavior had an impact on the morphology of the coatings. Moreover, by
increasing the current density from 0.5 to 0.6 and 0.7 mA.cm?, the apparent
quality of the coating decreased and the amount of porosity in the coating
increased. In addition, the Ca/P ratio in the coating applied on the 1.0-T1150 and
2.0-T1150 samples at the current density of 0.5 mA .cm2 was measured to be 1.60
and 1.67, respectively, which is close to that of the natural apatite. Furthermore,
the results of XRD and FTIR analysis revealed that the coatings formed on these
samples at 0.5 mA cm2 were mainly containing hydroxyapatite (HA) phase. In
addition, after the sample was immersed in simulated body solution (SBF) for 3,
5 and 7 days, a layer of apatite spheres was formed on the surface, indicating the
high mineralization ability of the coated sample and hence the prepared sample
has a sensible bioactivity.
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Extended Abstract

Introduction

Recently, greater than 90 percent of the aged
of world’s populations be afflicted by bone-
related trauma, inclusive of osteoporosis,
bone cancers, rheumatoid arthritis, or
accidents, which require spinal, hip, and
knee replacements. Thus, a big achievement
in bone implant improvement is expected in
2030. Implants are biocompatible metallic
or non-metallic parts used to repair or
replace damaged parts of bone or the other
body tissues. Ti and its alloys have received
considerable attention as biomedical
materials used in load-bearing implants
such as artificial hip joints, bone plates and
screws, spinal instruments, and dental
implants. The main advantages of Ti-based
biomaterials are the acceptable
biocompatibility, high corrosion resistance
and strength-to-weight ratio. However, a
large difference in the elastic modulus
between the implant materials and the host
bone isassociated with stress shielding
resulting in the bone resorption around
implant, loosening or fracture of the implant.
Therefore, it is very important to reduce the
elastic modulus of Ti alloys to overcome this
problem. B-Ti alloys because of offering
better biocompatibility and lower elastic
modulus have attracted more attention from
scientists. Accordingly, binary, ternary or
quaternary Ti alloys containing non-toxic 3-
stabilizer elements of Nb, Ta, Zr, Mo and Sn,
such as Ti-Zr, Ti-Mo, Ti-Ta, Ti-Ta-Zr, Ti-Nb-
HF, Ti-Nb-Zr, Ti-Nb-Sn, Ti-Nb-Ta-Zr, Ti-Fe-
Ta, Ti-Mo-Zr-Fe, Ti-Mo-Nb-Si, Ti-Mo-Ga, Ti-
Mo-Ge and Ti-Mo-Al, have been developed
for biomedical applications. In this regard,
Ti-Mo-based alloys have been viewed by
researchers as new biomaterials to replace
the Cp-Ti and Ti6Al4V alloys, owing to
having similar proprties to natural bone and
being safe for living body.

Moreover, various reinforcements such as
TiB,, TiC, TiN, B.C, Al;03 and SiC have been
used in the medical Ti-based composites to
improve their strength, corrosion resistance
and fatigue resistance. Among them, TiB; is
currently considered as one of the most
compatible reinforcement for Ti due to its
high strength, excellent thermodynamic
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stability, similar density and thermal
coefficient to the Ti matrix.

Today, B-type Ti alloys are manufactured
using powder metallurgy (PM). PM is a
powerful near-net shape forming method to
produce Ti alloys. This method is capable in
achieving the chemical homogeneity in
composition and controlling the size of
pores. The porous structure is a field of
growing interest for biomaterials since
porosity reduces the elastic modulus and
improves the bone tissue in-growth into the
implant.

Bio-metals, despite having good mechanical
properties, are bio-inert with long healing
period. Besides, the foreign body reaction to
bioinert materials isolates them from the
rest of the body. Therefore, a low ability of
bioinert implants to bond to bone causes
their loosening and motion under load.
Surface  chemistry, roughness, and
topography are effective factors in the
integration of bone with implants, and
therefore, surface modification of the
metallic implants with bioactive materials
plays an important role in preventing
loosening of them. The calcium phosphate
(CaP) bio-active ceramics are able to form a
direct chemical bond with hard tissues.
Among them; hydroxyapatite (HA),
Ca10(PO4)s(OH); is the themost stable
biological material with the structural and
chemical similarity to the mineral
component of bone. The chemical
composition of HA determines its resistance
to dissolution in the physiological
environments.

Applying the CaP coating on the load-bearing
metallic implant combines the good
mechanical properties with bioactivity.
There are various methods to apply the CaP
coatings, the most common being sol-gel,
electrophoresis, plasma spray and
electrochemical. = The  electrochemical
method was used in this study because of
offering several advantages, e.g. low cost,
ability to form a coating on different shapes
substrates with porous structure, and good
control on the chemical composition,
thickness and morphology of the coating.
The electrochemical deposition takes place
in an electrochemical cell containing anode,
cathode and electrolyte. The cathode is the
substrate where the deposition of ions takes
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place through the chemical reaction by the
action of the electrical current from an
external source. The water-based electrolyte
containg calcium and phosphate ions is used
to apply the CaP coating. The hydroxyl ions
formed during the water reduction,
according to reaction 1, increase the pH in
the vicinity of the cathode.

2H,0 + 2e~ > H, + 20H™ (1)

The presence of (OH)™ ions could convert
acidic phosphate hydrogen ions supplied by
NH4H,PO4 precursor to PO; ™ ions in keeping
with reactions 2 and 3.

H,PO; + OH™ — HPO2™ + H,0 2)
OH™ + HPOZ™ — H,0 +P03~ 3)

A local increase in the pH at the cathode
causes the calcium phosphates (CaPs)
become insoluble and due to their tendency
to  heterogeneous  nucluation, they
precipatate preferentially on the cathode
surface. During electrochemical deposition,
numerous forms of the calcium phosphate
phases could be formed. A sufficient
concentration of OH- and PO} is needed to
deposit HA phase through reaction 4.

Ca,g(P04)¢(OH), - 20H™ + 6P0O;~ (4)
+10Ca?*

However, the hydrogen phosphates could
not be fully converted to the phosphates if
pH is not high enough. Under this condition,
other CaP phases like double hydrous
dicalcium phosphate (DCPD) or bruschite,
anhydrous calcium phosphate (DCPA),
octacalcium phosphate (OCP) could be
deposited. In case, if hydrogen phosphate
ions cannot be converted into phosphate,
within the presence of hydrogen
phosphates, different phases of calcium
phosphate, for example, brushite, are
formed consistent with reaction 5. within
the conversion of hydrogen phosphate to
phosphate, two local pH scale factors around
the cathode and also the deposition rate are
often considered. With the increase in
deposition speed, there'll not be enough
time for this transformation.

Ca?* + HPO}™ + 2H,0 - CaHP0,.2H,0  (5)
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In the electrochemical method, three types
of direct current (DC), pulsed (PC) and
reverse pulsed current (PRC) will be used,
and also the applied current density and
conditions have an effect on the composition
and morphology of the CaP coating, in order
that actions are performed on the CaP
undercoating. In the current research, a
different metallic element composite
substrate made by spark plasma sintering
method, including different amounts of
reinforcement, was used for the first time to
modify the surface by CaP coating.

The focus of this study was on the combined
effects of substrate surface conditions
(porosity and hydrophilicity) and DC current
density on the morphology and chemical
composition of the resulting CaP coatings.
Considering the porous nature of the
elements made by the metallurgy technique
and therefore the amendment of surface
conditions within the presence of various
amounts of reinforcement, it looks that this
study is important.

Materials and Methods

The Ti-10Mo-X (TiC & TiB2) composite was
sintered by SPS method, at an initial
pressure of 10 MPa, an intermediate
pressure of 20 MPa and a final pressure of 50
MPaat 1150 °C. Then, the composite samples
with an area of 1 cm? and a thickness of 3 mm
were designated according to Table 1. These
samples were used as chathode and graphite
as the anode in the electrochemical cell. The
water-based electrolyte was prepared by
mixing components listed in Table 2. The
electrochemical deposition was carried at
three different DC current densities of 0.5,
06 and 0.7 mA/cm? for 30 min.

The surface morphology of the coatings was
examined by scanning electron microscope
(SEM: Vega Tescan, Cam Scan MV2200)
coupled with energy dispersive
spectroscopy (EDS). Before the SEM
observations, the samples were sputter-
coated with a thin layer of gold to avoid
charge accumulation.

In the following, XRD analysis was used to
study the phase composition of the coating,
and the diffraction patterns were obtained
by the Advance BRUKeR-D8 Germany device
with Cu-Ka radiation at 40 KV and 40 mA for
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26 values between 20 and 70 degrees, step
size of 0.01 and a time of 0.4 seconds. The
chemical bands of the coatings were studied
with Fourier transform infrared spectra
(FTIR: Unicam 4600 FTIR
spectrophotometer) between 400 to 4000
cm-1. For this purpose, the powdery sample
which was scratched from the coating was
blended with KBr and pressed as disc.
Wettability of the CaP coatings was
investigated using the static droplet contact
angle method with the aid of contact angle
measuring device (Sharif solar, CA-500M,
Iran). The optical microscope (OLYMPUS-
PMG3, Olympus, Japan) was also used to
study the pore structure of the composite
substrates containing different amounts of
reinforcemens. To check the physical
properties of the substrates, the sintering
density was measured according to
theASTMC373 standard by Archimedes
method. Also, to check the tensile strength of
the sintered substrates, a tensile test was
performed by STM-250 machine with a
strain rate of 0.5 mm/min. The substrates
were subjected to a tensile test according to
the ASTM-B925 standard with a size of
3x5x15 mm. Also, the bioactive behavior was
evaluated by the apatite growth ability on
the surface of the coated sample inside
simulated body solution (SBF) during 3, 5
and 7 days immersion. SBF solution was
prepared according to Kokobo method.

Findings

Using different amounts of ceramic
reinforcements (0.5 X < 4) affected the
porosity percentage and wettability of the
composite substrate produced by SPS.

As can be seen from the SEM images, the CaP
coatings formed on the composite substrates
were porous containing the plate-shaped
crystals. These crystals had grown almost
perpendicular to the substrate, which is a
common phenomenon for coatings obtained
by electrochemical deposition method.

The morphology of the CaP coatings applied
on the Ti-10Mo-X (TiC & TiB2) showed
dependence on the applied current density
and properties of the substrate. In fact, the
chemical composition, microstructure and
surface energy of the substrate could affect
the crystal size, density and chemical
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composition of the coating obtained at the
same electrodeposition condition.
Moreover, increasing the applied current
density caused a drop in the apparent
quality and density of the coating.
According to EDS results, the Ca/P ratio in
coating applied at 0.5 mA cm2 on the 1.0-
T1150 and 2.0-T1150 samples was 1.60 and
1.67, respectively, which is close to that of
the natural apatite. The results of XRD
analysis of thecoatings formed on these
substrates at a current density of 0.5 mA.cm-
2 again confirmed the formation of the
dominant phase of HA. Note that due to the
porous nature of the coating, substrate-
related peaks can also be seen in the
diffraction pattern. The FTIR results also
showed that among the composite samples,
the coating applied at 0.5 mA.cm-2 on the 2.0-
T1150 sample has higher intensity
phosphate band (1040 cm) than the
hydrogen phosphate band (1107 cm1),
which confirms providing the favorable
conditions for the HA formation. At the end,
the ability to create apatite on the surface of
the coated samples were investigated. The
importance of this study is as a result of it
shows the ability of the prepared sample to
bond with bone tissues. One in all the first
tests that's usually performed to envision
the bioactivity and ability to form apatite is
immersion in SBF solution. This solution has
associate ion concentration almost up to the
ion concentration in human plasma and is
concentrated with calcium and phosphorus
ions. The SEM images were taken from the
surface of the 2.0-T1150 sample coated at a
current density of 0.5 mA.cm2 after 3,5 and
7-day immersion period. From this figure,
it's clear that spherical apatite particles
covered the surface of the coating after
exposure to SBF solution, that indicates
proper bioactivity.

Discussion

Since in this study, no surface activation
pretreatment has been performed, so the
dominant  parameters affecting the
morphology of the coating applied under the
same electrochemical deposition conditions
were related to the properties of the
substrate.  Accordingly, the porosity
percentage, chemical composition and the
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degree of hydrophilicity of the substrate
surface could alter the coating's
morphology.  The  distribution  and
percentage of porosity of the substrate could
affect its wettability as well as the surface
energy. The nucleation rate is inversely

related to the surface energy. Therefore,
with  increasing the percentage of
reinforcement in the substrate, the
nucleation rate will increase as a result of
decreasing the surface energy. Hence, the
presence of TiC and TiB; reinforcements in
the substrate is effective in the improving
the density of the coating and reducing the
size of CaP crystals.

In addition, a large overpotential achieved
by applying a higher current density leads to
greater nuclear distribution at the initial
stage of electrodeposition and the grain size
refinement. Raising the current density of
electrodeposition also leads to the
generation of more hydrogen bubbles on the
cathodically polarized substrate, and so,
more pores in the coating.

Conclusion

In this study, the CaP coatings were
successfully developed on the Ti-10Mo-X (TiC
& TiBz) substrates using DC electrochemical
deposition at three different current
densities of 0.5, 0.6 and 0.7 mA.cm=2. In
addition to the applied current density, the
surface characteristics of the substrates,
which was affected by the reinforcement
content, changed the morphology of the
coating. In the low amounts of reinforcement
(0.5-T1150 & 1.0-T1150), the percentage of
porosity in the substrate was higher and
these pores could be suitable places for the
heterogeneous nucleation of the CaP
crystals. While in substrates with a higher
percentage of reinforcement (2.0-T1150 &
4.0-T1150), the reduction of surface energy
had a positive role in increasing the
nucleation rate. Moreover, coatings applied
at higher current densities didn't have the
desired quality and phase composition.

Changing the substrate and the applied
current density modified the Ca/P ratio
within the ensuing coating, and the resulting
coatings at a current density of 0.5 mA.cm-2
on the 1.0-T1150 and 2.0-T1150 substrates
had the ratio close to HA (1.67). Also, the
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results of XRD and FTIR analysis showed
that the dominant phase deposited on totally
different composite substrates is HA stable
phase. At last, immersion of the coated
sample in SBF solution showed its
appropriate ability to create apatite spheres
during 3, 5 and 7 days, and so its favorable
bioactivity.
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