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Abstract: In this work, we evaluated the effect of a low magnetic field on the deposition of hydroxya-
patite (HAp) on different metallic substrates. The substrates studied were titanium and BIOLINE
stainless steel SS316LVM with and without Ta and TaN/Ta coatings. Before deposition, the uncoated
Ti and SS316LVM substrates were treated with alkali to improve the adhesion of the films prompted
to be formed. Next, all substrates (coated and uncoated) were immersed in stimulated body fluid
(SBF) at physiological conditions of 37 ◦C, pH = 7.4, in the presence of magnetic fields from 0.15 T
and 0.22 T for 7, 10, and 14 days. The formed films were characterized using SEM, FTIR, and the
contact angle. Ti and SS316LVM substrates presented Ca/P relations closer to the stoichiometric
HAp. It was demonstrated that in both coatings, Ta and Ta/N, an increase of the bioactivity was
obtained. Additionally, our results showed that the application of magnetic fields has a significant
effect on the increment in the mass:area ratio of HAp. Finally, the contact angle values were lower
than 90◦, showing an increase in hydrophilicity with respect to the metallic substrates.

Keywords: hydroxyapatite; biomaterials; titanium-biocompatible substrates; BIOLINE stainless steel
SS316LVM

1. Introduction

Every year, more than 2.2 million people worldwide require prosthetics or bone graft-
ing due to accidents, trauma, or degenerative diseases, which generates an increasing
demand for new technologies for implant fabrication [1]. Nowadays, metallic orthope-
dic prosthetic implants are made principally of stainless steel (SS), titanium (Ti), and
titanium-magnesium alloys, due to their mechanical resistance and inert characteristics.
Nevertheless, the lack of interaction between the metallic implants and bone tissue avoids
the integration of the first with the surrounding hard tissue, with long-term consequences
such as anomalies related to foreign-body rejection and corrosion [2]. For example, tita-
nium a + ß type Ti-6Al-4V ELI has been used in orthopedic applications because it has
biocompatibility and a relatively low modulus of elasticity [3]. Titanium also has excellent
physical and mechanical properties, such as tensile and fatigue strength, low density, and
good corrosion resistance; these are the advantages of titanium as an implant material [4].
Nevertheless, titanium presents a low bioactive surface with low osseointegration [5]

To avoid these complications, implant protection using different biocompatible coat-
ings and hydroxyapatite (HAp) deposition on different substrates is one of the most widely
used methods in both bone and dental implants, due to the excellent biocompatibility,
bioactivity, and bone integration of HAp [5–7].
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The most important methods used to form HAp coatings on metallic substrates
are sputtering, plasma spraying, and pulsed laser deposition, among others [8–10]. Al-
Amin et al. [9] present a comparative analysis of machined surface properties using existing
deposition methods with HAp. The dominance of process factors over performance is
discussed thoroughly. The biomimetic method developed by Kokubo et al. [11] is also
widely used. This approach consists in the immersion of a material in simulated body
fluid (SBF) with a composition that imitates the inorganic characteristics of blood plasma
and mimics the physiological conditions of the human body during the biomineralization
process. One of the limitations of this method is the long time required to form a uniform
film of HAp, spanning 30–45 days or even months [12,13]. Several alternatives have been
developed to diminish the time required to form an HAp film on different substrates, such
as increasing the concentration of the simulated body fluid [12]. For instance, Pecheva
et al. [14] performed a study on AISI 316 steel using SBF with a concentration of calcium and
phosphorus ions 1.5 times higher than the one proposed by Kokubo et al. [11], obtaining
nucleation of HAp on the steel surface after 5 days. In contrast, Thirugnanam et al. [8]
carried out chemical treatments of oxidation and precalcination on titanium surfaces,
achieving a reasonable amount of HAp deposits when compared to chemically untreated
samples. Their results showed that for the chemically treated samples, a Ca/P ratio of 1.6
was obtained, which is close to the non-stoichiometric ratio of HAp. It was shown that
titanium ions originated from the corrosion reaction in body fluids and caused negative
immune reactions or skin allergies immediately or shortly after implant fixation [15].
Therefore, it is crucial to design a coating that will make titanium and stainless steel
surfaces more bioactive/osseoinductive and, at the same time, more corrosion resistant
during long-term exposure to oral cavity fluids [16].

In contrast, tantalum and tantalum nitride have also shown excellent biocompatibility
and effective integration to bone [17–20]. The development of Ta and TaN with bone-
bonding ability is of interest because of their attractive features, such as high fracture
toughness, high workability, and clinical usage [20]. Apatite nucleation on the surface
of the tantalum metal progresses via a simple chemical treatment that rapidly forms
functional groups effective for the apatite nucleation on a material surface; thus, Ta has
high potential for design of novel biomaterials with bone-bonding ability. Additionally, the
coating of stainless steel with TaN/Ta would improve the corrosion, wear resistance, and
biocompatibility of the base metal.

It is well known that HAp is the most stable thermodynamic phase among calcium
phosphates, with a Ca/P ratio of 1.67. Nevertheless, several studies have shown that HAp
is preceded by several precursor phases, such as amorphous calcium phosphate (ACP),
dicalcium phosphate dehydrated (DCPD), octacalcium phosphate (OCP), and calcium-
deficient HAp (CDHA), which depends on the temperature, pH, and inhibitors that may
be present in the environment [21–23]. The method to obtain HAp as a bone substitute
should offer specific characteristics, such as high purity, performance, and low cost [21–24].

There are few reports studying the effect of magnetic fields on the deposition of
Hap [23–27]. Most of the works deal with the effect of the magnetic field in the crystal-
lization, orientation, and morphology of HAp crystals. The magnetic field effects have
been mainly attributed to the magnetic pair induced by the anisotropy of the magnetic
susceptibility [23,25]. Sundaram et al. [26] showed that in the presence of a magnetic field
of 0.1 T on SBF gel, the formation of the HAp phase is favored. In contrast, Siddharthan
et al. [27] observed that the presence of a static magnetic field of 0.1 T has an influence on
the formation of HAp on titanium substrates, obtaining denser coatings when compared to
non-irradiated titanium.

This present evaluates the effect of magnetic fields of 0.1–0.3 T on titanium and BIO-
LINE SS316LVM substrates with and without Ta, Ta/N, and Ta/TaN coatings, immersed in
SBF, and evaluates the deposition time and morphology of HAp on these substrates. To the
best of our knowledge, there are no reports on the formation of HAp in the presence of
magnetic fields on these metallic substrates.
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2. Materials and Methods

In this work, six different types of substrates were used: uncoated titanium (Ti,
12 mm diameter, 99.99% purity, from Sigma-Aldrich), stainless steel (SS)-type BIOLINE
SS316LVM (10 mm diameter) from Sandvik, tantalum-coated titanium (Ta/Ti), tantalum-
coated stainless steel (Ta/SS), tantalum- and tantalum-nitride-coated titanium (Ta/TaN/Ti),
and tantalum- and tantalum-nitride-coated stainless steel (Ta/TaN/SS). The Ta, TaN, and
Ta/Ta/N coatings were prepared via cathodic deposition (sputtering) in RF ALCATEL
DION 300 sputtering equipment (Grenoble, France), with a cathode of 99.96% Ta [28]. The
bare metallic substrates were superficially treated through metallographic preparation until
a mirror-finished surface was accomplished, following the ASTM E03-1:2010 norm [29].
Next, the substrates were introduced in an ultrasound bath for 5 min and then washed
with alcohol and deionized water. Afterward, the uncoated substrate surface was etched
with acid (HCl and H2SO4) and alkaline (10 M NaOH) treatment at 60 ◦C for 24 h [8]. In
the titanium substrates and Ta coatings, a thin film of sodium titanate or tantalum titanate
was obtained by the reaction Ti + 2NaOH + H2O→ Na2TiO3 + 2H2; a similar reaction was
obtained with Ta substrates.

2.1. Characterization of Metallic Substrates

The metallic substrates were characterized using scanning electron microscopy (SEM)
using FEI Inspec F50 equipment (Einhoven, The Netherlands) elemental analysis (EDS),
X-ray diffraction (XRD) with BRUKER AXS equipment (Wisconsin, USA) with CuKα

radiation operated at 45 kV and 30 mA, and surface XRD at 45 kV and 20 mA with an
offset of 7◦. In addition, hydrophilicity trials were carried out on the different substrates
via measurement of the contact angle: a water droplet was placed over the different
substrates using a 1 µL micropipette; this was performed in a chamber with controlled
temperature and pressure [30]. A picture of the drop on the substrate was taken using a
Thorlabs camera (New Jersey, NJ, USA), model DC1240C, TYPE CMOS, 1280 × 1024 pixels.
Each drop covering was calculated from the surface area covered by the drop once on
the substrate. The area covered by the drop over the different substrates was calculated
assuming that the drop covers a circular area, and from the diameter of the deposited drop
the covered area was calculated. Table 1 shows the different areas covered by each drop
on the different substrates. To eliminate the relative error and obtain an average value,
five repetitions of the contact angle were carried out at different times on the same substrate.

Table 1. Area covered by a drop of water on the different substrates.

Substrate
Bare Substrate Diameter Area After Deposition of HAp Diameter Area

Angle (◦) (mm) (mm2) Angle (◦) (mm) (mm2)

Ti 67.08 ± 0.63 3.1 7.55 44.15 ± 0.99 6.01 28.37

Ta/Ti 48.52 ± 0.91 5.42 23.07 44.88 ± 0.70 5.92 27.53

Ta/TaN/Ti 46.22 ± 0.66 4.33 14.73 35.80 ± 0.63 6.18 30.00

SS316SVM 46.73 ± 1.00 3.1 7.55 45.81 ± 0.83 3.50 9.62

Ta/SS316SVM 51.22 ± 0.84 2.04 3.27 49.61 ± 0.70 2.30 4.15

Ta/TaN/SS316SVM 48.65 ± 0.93 5.3 22.06 36.57 ± 0.98 5.80 26.42

The contact angle is fundamental for the characterization of the hydrophilicity charac-
teristics of the surface, wetting, and biocompatibility properties of materials. Equation (1)
is the expression that links the contact angle of a liquid on a solid with the surface tension
of the solid (γS), the liquid (γL), and the solid–liquid interface (γS/L) [5]. The work of
adhesion (Wa) was determined from Equation (2).

cos θ =
γS− γS/L

γL
(1)
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Wa = γL− 1− cos θ (2)

The work of adhesion provides information of the work required to separate two
surfaces, and from this we can obtain some information about how the hydroxyapatite
coating may adhere to the surface. From Table 1, we can observe that Ti, Ta/Ti, Ta/TaN/Ti,
and Ta/TaN/SS316SVM have the highest work of adhesion.

2.2. Immersion of Substrates in SBF in the Presence of Magnetic Fields

For the immersion of the substrates in simulated body fluid, a solution of 1.5 SBF was
prepared according to Kokubo and Takadama [11,12]. Before immersion, the samples were
washed with alcohol, placed in an ultrasound bath for 5 min, dried with compressed air,
and weighed. The substrates were then immersed in SBF for 7, 10, and 14 days in a volume
of simulated body fluid that was calculated using Equation (3) while maintaining a pH of
7.2–7.4 at 37 ◦C [12], and magnetic fields in the range 0.15 and 0.22 T were applied. These
magnetic fields were generated using neodymium magnets of 40× 30 × 10 mm3, as shown
in Figure 1. Additionally, a simulation of the field decay with distance was carried out
in order to determine the uniformity of the magnetic field over the distance between the
substrates and magnets. Finite Element Method Magnetics software was used to simulate
the field strength between 0.1 and 0.5 T of permanent magnets over distances from 0.1 to
10 mm. Figure 1 shows the distribution of the magnetic field over this distance; it can be
observed that the applied field is uniform over the distances studied.

Vs =
Sa

10
(3)

where Vs is the volume of the simulated body fluid solution in mL and Sa is the surface
area of the substrate in mm2.

Before and after immersion for the different periods and in the presence and absence
of the magnetic field, the samples were weighed using a BA-E series analytical balance
with a precision of 0.0001 g.

2.3. Characterization of the HAp Film Deposition

Following the immersion time of 7, 10, and 14 days, at least five substrates from
each sample were washed with distilled water, dried with compressed air, and weighed.
The evaluation of the formation of HAp films was carried out using scanning electron
microscopy (SEM), EDS elemental analysis, and Fourier-transform infrared spectroscopy—
attenuated total reflectance (FTIR-ATR), the later using a PerkinElmer Spectrum 100 spec-
trophotometer and a wavenumber range of 4000–5000 cm−1. In addition, hydrophilicity
tests were carried out on the substrates that showed better formation of HAp films.
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3. Results and Discussion

The SEM images of the surface-modified Ti and SS316LVM substrates are shown in
Figures 2 and 3. For the polished titanium substrate (Figure 2a), a smooth morphology
without a grain microstructure was obtained. After chemical treatment, an oxide layer
was formed on the surface of the titanium, which presented a morphology of a cellular
microstructure (Figure 2b). As previously reported by Nouri et al. [31], the layer formed on
titanium after treatment with alkali could be a type of sodium titanate produced by the
reaction of the former with TiO2. The formation of this layer improves the adsorption of
proteins and calcium and phosphate ions on the surface of the substrate.
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Figure 2. SEM images of the titanium substrate: (a) polished, (b) chemical treatment, (c) with Ta layers and (d) with Ta/TaN
layers. Reprinted with permission from [28] 2017 Elsevier.

Figure 3a shows a sample of SS316LVM, with an irregular topography due to the
grinding process carried out with P600 grade SiC paper, producing a rough morphology on
the titanium surface. This process favors the adhesion of Hap layers that will be deposited
later [32]. As observed in Figure 3b, the alkaline treatment had a different effect on the steel
compared with titanium, due to the resistance of SS316LVM to this treatment. Nevertheless,
a sodium chromate layer could be formed after reaction with NaOH, which favors the
formation of calcium phosphates on the surface [33].



Coatings 2021, 11, 1484 6 of 13

Coatings 2021, 11, x FOR PEER REVIEW 6 of 13 
 

 

 

Figure 2. SEM images of the titanium substrate: (a) polished, (b) chemical treatment, (c) with Ta layers and (d) with Ta/TaN 

layers. Reprinted with permission from [28] 2017 Elsevier. 

 

Figure 3. SEM images of the SS316LVM stainless steel substrate: (a) grinded, (b) after chemical treatment with NaOH, (c) 

Ta on SS316LVM, and (d) Ta/TaN on SS316LVM. Reprinted with permission from [28] 2017 Elsevier. 

Analysis of the Ti and SS316LVM bare materials and of the Ta and TaN coatings over 

the different substrates by wide-angle and grazing-angle XRD, previously reported by 

Jara et al. [28], showed that uncoated titanium is formed in two different crystalline struc-

tures: a cubic and a hexagonal phase. This analysis also showed the presence of TiO2. In 

contrast, grazing-angle XRD Ta/Ti and Ta/TaN/Ti showed the presence of nano-β-tanta-

lum, as evidenced in the SEM images shown in Figure 2a,b. For the uncoated SS316LVM 

sample, a mixture between the two austenitic phases of steel, gamma (γ) and alpha (α), 

was observed. In contrast, the Ta/SS316LVM and Ta/TaN/SS316LVM showed the presence 

of γ-steel and α-tantalum. 

3.1. Microstructure of the Hydroxyapatite Films 

Figure 4 shows the SEM images of the effect of the magnetic field on the deposition 

of HAp on the oxidized Ti and SS316LVM substrates after 10 days of immersion in SBF. 

As observed in Figure 4b, a denser layer of HAp with agglomerations on the surface was 

formed on the oxidized Ti substrate in the presence of SBF under a magnetic field of 0.22 

T compared to the substrate without the presence of a magnetic field (Figure 4a). This 

result is also in agreement with the obtained mass of Hap, higher mass of HAp (0.030 

mg/mm2) was obtained on Ti substrates immersed in SBF under the application of a mag-

netic field compared with the sample without the presence of a magnetic field (0.011 

mg/mm2 HAp). Additionally, the Ca/P ratio was 1.69, as shown in Figure 4e near the stoi-

chiometric Hap 1.69 Ca/P ratio [8,31,32]. 

Figure 3. SEM images of the SS316LVM stainless steel substrate: (a) grinded, (b) after chemical treatment with NaOH, (c) Ta
on SS316LVM, and (d) Ta/TaN on SS316LVM. Reprinted with permission from [28] 2017 Elsevier.

In contrast, Figures 2c and 3c show the deposition of the tantalum layer on Ti and on
SS316LVM, respectively, with a column-like growth previously reported by Jara et al. [28].
The grain size of the Ta layer on Ti was slightly larger (60 nm) than the layer formed on the
steel’s surface (50 nm). Finally, Figures 2d and 3d show the deposition of Ta/TaN bilayers
on Ti and SS316LVM; this double layer formed on the titanium surface was denser than the
one formed on the SS316LVM.

Analysis of the Ti and SS316LVM bare materials and of the Ta and TaN coatings
over the different substrates by wide-angle and grazing-angle XRD, previously reported
by Jara et al. [28], showed that uncoated titanium is formed in two different crystalline
structures: a cubic and a hexagonal phase. This analysis also showed the presence of
TiO2. In contrast, grazing-angle XRD Ta/Ti and Ta/TaN/Ti showed the presence of nano-
β-tantalum, as evidenced in the SEM images shown in Figure 2a,b. For the uncoated
SS316LVM sample, a mixture between the two austenitic phases of steel, gamma (γ) and
alpha (α), was observed. In contrast, the Ta/SS316LVM and Ta/TaN/SS316LVM showed
the presence of γ-steel and α-tantalum.

3.1. Microstructure of the Hydroxyapatite Films

Figure 4 shows the SEM images of the effect of the magnetic field on the deposition
of HAp on the oxidized Ti and SS316LVM substrates after 10 days of immersion in SBF.
As observed in Figure 4b, a denser layer of HAp with agglomerations on the surface was
formed on the oxidized Ti substrate in the presence of SBF under a magnetic field of 0.22 T
compared to the substrate without the presence of a magnetic field (Figure 4a). This result
is also in agreement with the obtained mass of Hap, higher mass of HAp (0.030 mg/mm2)
was obtained on Ti substrates immersed in SBF under the application of a magnetic field
compared with the sample without the presence of a magnetic field (0.011 mg/mm2 HAp).
Additionally, the Ca/P ratio was 1.69, as shown in Figure 4e near the stoichiometric Hap
1.69 Ca/P ratio [8,31,32].

Both SS316LVM and Ti substrates showed similar behaviors under the presence of
a magnetic field of 0.22 T: For the SS316LVM substrate, an increase in the deposition of
HAp was also observed with the application of a magnetic field (Figure 4d) when com-
pared with the sample without a magnetic field (Figure 4c); the obtained HAp mass was
0.108 mg/mm2, which is 18 times higher than the mass of HAp formed in the sample
without the presence of a magnetic field. The morphology of the HAp layer formed on the
surface of SS316LVM and on Ti is similar to the typical morphology reported for HAp. The
roughness of SS316LVM increases the deposition and agglomeration of particles on the sur-
face, due to the higher surface energy and also the topography characteristics [32]. Finally,
as shown in Figure 4f, the elemental analysis of the Ca/P ratio equal to 1.39 indicated the
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formation of calcium phosphate precursors of HAp on the surface and therefore suggested
that Ti promotes the formation of calcium phosphate precursors of Hap at early stages [22].
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Figure 5 shows the influence of the SBF immersion time of the Ti substrate on the
nucleation and formation of the HAp layer in the presence of a magnetic field of 0.15 T.
Figure 5a shows the results after 7 days of immersion compared with 14 days of immersion
(Figure 5b); a lower deposition on the Ti substrate was obtained (Ca/P ratio of 1.63, as
shown in Figure 5e). Moreover, the obtained mass of HAp in the sample with 14 days
of immersion was roughly six times larger (0.025 mg/mm2, Figure 6). Additionally, the
SS316LVM substrate showed the same mass increment than the Ti substrate (Figure 5c,d)
from 0.002 to 0.020 mg/mm2 when the magnetic field exposure time was increased. In
addition, the obtained Ca/P ratio of 1.20 (Figure 5f) is indicative of the possible formation
of a calcium phosphate precursor of HAp [22].

The presence of a magnetic field enhanced the nucleation and growth of the HAp layer
on both substrates; this effect was more pronounced at a higher magnetic field (0.22 T).
Tian et al. [25] reported that the only property affected by the presence of a magnetic field
in calcium phosphate precipitation is proton spinning (the proton spin is I = 1/2). They
supposed that if the proton can leave the phosphate ion with only one of the possible spin
orientations, a doubling of the transference velocity when in the presence of a sufficiently
strong magnetic field can be expected. Then, the nucleation and growth rates should
also be doubled in a similar fashion, as long as such rates are proportional to the proton
transfer rate.

3.2. Effect of the Deposition of HAp on Ta and Ta/TaN-Covered Ti and SS316LVM Substrates

As can be seen in Figure 7a,b, the deposition of HAp on Ta/Ti and Ta/TaN/Ti was
uniform, showing a coral-like morphology, which is characteristic of biomimetic formation
of HAp [2,31]. For the Ta/TaN/Ti substrate, a Ca/P ratio of 1.66 (Figure 7e) was determined
by EDS. When compared with the HAp layer obtained for the uncoated substrates, the
Ta- and Ta/TaN-coated substrates that were kept under immersion for 14 days and were
irradiated with a magnetic field of 0.22 T showed greater formation of HAp. According to
Jara et al. [28], the greater formation of HAp on Ta is due to the high bioactive properties
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of the latter. The deposition mechanism of HAp on tantalum follows a similar process
than on Ti. It begins with the formation of Ta-OH groups on the Ta surface due to the
hydration of the tantalum oxide layer that is formed during immersion in SBF. Then, Ta-OH
reacts with Ca2+ ions, yielding a species of calcium tantalate. Next, this chemical species
is combined with phosphate ions to begin heterogeneous nucleation, with the formation
of an amorphous phase of calcium phosphate. Finally, excess Ca2+ and PO4

−3 ions are
absorbed in the surface and rapidly form HAp.

Coatings 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

sufficiently strong magnetic field can be expected. Then, the nucleation and growth rates 

should also be doubled in a similar fashion, as long as such rates are proportional to the 

proton transfer rate. 

 

Figure 5. Deposition of HAp in (a) Ti substrates after 7 days of immersion in SBF, in the presence of a magnetic field of 

0.15 T; (b) Ti substrates after 14 days of immersion in SBF, in the presence of a magnetic field of 0.15 T; (c) SS substrates 

after 10 days of immersion in SBF, in the presence of a magnetic field of 0.15 T; (d) SS substrates after 14 days of immersion 

in SBF, irradiated with a magnetic field of 0.15 T; (e) EDS Ti, 14 days—0.15 T; and (f) EDS SS, 14 days—0.15 T. 

 

Figure 6. Mass of HAp obtained on Ti and SS substrates under different magnetic field conditions and exposure times. 

3.2. Effect of the Deposition of HAp on Ta and Ta/TaN-Covered Ti and SS316LVM Substrates 

As can be seen in Figure 7a,b, the deposition of HAp on Ta/Ti and Ta/TaN/Ti was 

uniform, showing a coral-like morphology, which is characteristic of biomimetic for-

mation of HAp [2,31]. For the Ta/TaN/Ti substrate, a Ca/P ratio of 1.66 (Figure 7e) was 

determined by EDS. When compared with the HAp layer obtained for the uncoated sub-

strates, the Ta- and Ta/TaN-coated substrates that were kept under immersion for 14 days 

Figure 5. Deposition of HAp in (a) Ti substrates after 7 days of immersion in SBF, in the presence of a magnetic field of
0.15 T; (b) Ti substrates after 14 days of immersion in SBF, in the presence of a magnetic field of 0.15 T; (c) SS substrates after
10 days of immersion in SBF, in the presence of a magnetic field of 0.15 T; (d) SS substrates after 14 days of immersion in SBF,
irradiated with a magnetic field of 0.15 T; (e) EDS Ti, 14 days—0.15 T; and (f) EDS SS, 14 days—0.15 T.

Coatings 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

sufficiently strong magnetic field can be expected. Then, the nucleation and growth rates 

should also be doubled in a similar fashion, as long as such rates are proportional to the 

proton transfer rate. 

 

Figure 5. Deposition of HAp in (a) Ti substrates after 7 days of immersion in SBF, in the presence of a magnetic field of 

0.15 T; (b) Ti substrates after 14 days of immersion in SBF, in the presence of a magnetic field of 0.15 T; (c) SS substrates 

after 10 days of immersion in SBF, in the presence of a magnetic field of 0.15 T; (d) SS substrates after 14 days of immersion 

in SBF, irradiated with a magnetic field of 0.15 T; (e) EDS Ti, 14 days—0.15 T; and (f) EDS SS, 14 days—0.15 T. 

 

Figure 6. Mass of HAp obtained on Ti and SS substrates under different magnetic field conditions and exposure times. 

3.2. Effect of the Deposition of HAp on Ta and Ta/TaN-Covered Ti and SS316LVM Substrates 

As can be seen in Figure 7a,b, the deposition of HAp on Ta/Ti and Ta/TaN/Ti was 

uniform, showing a coral-like morphology, which is characteristic of biomimetic for-

mation of HAp [2,31]. For the Ta/TaN/Ti substrate, a Ca/P ratio of 1.66 (Figure 7e) was 

determined by EDS. When compared with the HAp layer obtained for the uncoated sub-

strates, the Ta- and Ta/TaN-coated substrates that were kept under immersion for 14 days 

Figure 6. Mass of HAp obtained on Ti and SS substrates under different magnetic field conditions and exposure times.



Coatings 2021, 11, 1484 9 of 13

Coatings 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 

and were irradiated with a magnetic field of 0.22 T showed greater formation of HAp. 

According to Jara et al. [28], the greater formation of HAp on Ta is due to the high bioac-

tive properties of the latter. The deposition mechanism of HAp on tantalum follows a 

similar process than on Ti. It begins with the formation of Ta-OH groups on the Ta surface 

due to the hydration of the tantalum oxide layer that is formed during immersion in SBF. 

Then, Ta-OH reacts with Ca2+ ions, yielding a species of calcium tantalate. Next, this chem-

ical species is combined with phosphate ions to begin heterogeneous nucleation, with the 

formation of an amorphous phase of calcium phosphate. Finally, excess Ca2+ and PO43 ions 

are absorbed in the surface and rapidly form HAp. 

When analyzing Ta/SS and Ta/TaN/SS materials (Figure 7c,d), we observed a fine, 

uniform deposition layer of HAp and the formation of some agglomerates with a Ca/P 

ratio of 1.6 (Figure 7f). In contrast, the Ta/SS substrate did not show satisfactory deposition 

of HAp when in the presence of a magnetic field of 0.22 T; rather, the sample only pre-

sented an initial precipitation phase of HAp on the substrate. This negative effect can be 

attributed to the delamination of the Ta layer on the steel substrate [28]. Moreover, the 

Ta/SS substrate showed less formation of HAp (<0.001 mg/mm2) when compared to the 

HAp deposition masses on the rest of the substrates after irradiation with 0.22 T (Figure 

8). 

 

Figure 7. Deposition of HAp at 14 days and 0.22 T on (a) Ta/TaN/Ti, (b) Ta/Ti, (c) Ta/SS, (d) Ta/TaN/SS, (e) Ta/TaN/Ti EDS, 

and (f) Ta/TaN/SS EDS. 

 

Figure 7. Deposition of HAp at 14 days and 0.22 T on (a) Ta/TaN/Ti, (b) Ta/Ti, (c) Ta/SS, (d) Ta/TaN/SS, (e) Ta/TaN/Ti
EDS, and (f) Ta/TaN/SS EDS.

When analyzing Ta/SS and Ta/TaN/SS materials (Figure 7c,d), we observed a fine,
uniform deposition layer of HAp and the formation of some agglomerates with a Ca/P
ratio of 1.6 (Figure 7f). In contrast, the Ta/SS substrate did not show satisfactory deposition
of HAp when in the presence of a magnetic field of 0.22 T; rather, the sample only presented
an initial precipitation phase of HAp on the substrate. This negative effect can be attributed
to the delamination of the Ta layer on the steel substrate [28]. Moreover, the Ta/SS substrate
showed less formation of HAp (<0.001 mg/mm2) when compared to the HAp deposition
masses on the rest of the substrates after irradiation with 0.22 T (Figure 8).
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3.3. FTIR Spectra Results

Figure 9 shows the FTIR spectra of the deposition of the different substrates in a range
700 to 2000 cm−1. As shown in Figure 9a, the Ti substrate in the presence of a magnetic
field yielded show an increase in the intensity of PO4

−3 vibration (1110–1020 cm−1) and
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the OH− (1630 cm−1) group present in calcium phosphates. In contrast, the deposition
on titanium showed the typical bands of calcium phosphate and an additional symmetric
vibration of the phosphate at 960 cm−1 [34] after immersion up to 14 days. In addition,
when analyzing the Ta/Ti substrate, a more defined band at 1110–1020 cm−1 could be
observed as evidence of the formation of the HAp phase on the substrate.
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In a similar trend, Figure 9b shows a defined spectrum on the deposition layer on the
SS316LVM substrate in the presence of a magnetic field. For the Ta/SS substrate, the spec-
trum does not show the characteristic bands corresponding to calcium phosphate, which is
in agreement with the previously discussed SEM results. Finally, the Ta/TaN/SS substrate
(Figure 9b) showed a band at 1110–1020 cm−1, which is indicative of a phosphate group.

3.4. Contact Angle Measurements

The data shown in Table 2 correspond to the results of the surface test carried out using
a contact angle measurement before and after the deposition of HAp on the substrates
that yielded a higher mass of HAp. The chemically treated titanium substrate (before
deposition) showed an angle of 67.08 ± 0.63◦, which is in agreement with reports for
Ti after acid treatment [35]. The obtained angle lies within the range for a hydrophilic
surface (10◦ < θ < 90◦) [36], and this hydrophilicity characteristic is higher in materials
with coatings of Ta and Ta/TaN, which presented contact angles of 48.52 ± 0.91◦ and
46.22 ± 0.66◦ (respectively), in good agreement with the other reports [37]; this behavior is
desirable for cell adhesion. If the surface is hydrophobic, the adhesion between the cell
culture and the implant will be poor [38]. After the deposition of HAp, a decrease in the
contact angle could be observed for all the samples, indicating a high hydrophilic property
desirable in a biocompatible material.

For the SS316LVM sample, a contact angle of 46.73 ± 1.00◦ was measured before the
deposition of HAp. Nevertheless, with coatings of Ta/TaN and Ta layers, the magnitudes
of the contact angles obtained (48.65 ± 0.93◦ and 51.22 ± 0.84◦) slightly increase [28]. For
the polished SS316LVM sample, the reported contact angle was 63.33◦ [39], which shows
that both the chemical treatment and the deposition with Ta and Ta/TaN layers improve the
hydrophilicity of the substrate. After the deposition of HAp, the contact angle decreased
mainly for Ta/TaN/SS, due to the beneficial effect of this coating for their application
as biomaterials. Table 2 also shows the work of adhesion; this is the work required to
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separate two phases in contact at the interface. We calculated this from Equation (2). We
observed that higher values were obtained for Ti, Ta/Ti, Ta/SS316SVM, and Ta/TaN/
SS316SVM, indicating the beneficial effect of these coatings, especially on steel, improving
the adherence to HAp, and also protecting the material against corrosion, preventing Fe
and Cr ions to be release into body fluids.

Table 2. Contact angle in different substrates with the obtained higher mass of HAp.

Substrate
Bare Substrate After HAp Deposition Work of Adhesion

Angle (◦) Angle (◦) Wa (mJ/m2)

Ti 67.08 ± 0.63 44.15 ± 0.99 142.99

Ta/Ti 48.52 ± 0.91 44.88 ± 0.70 116.89

Ta/TaN/Ti 46.22 ± 0.66 35.80 ± 0.63 48.78

SS316SVM 46.73 ± 1.00 45.81 ± 0.83 53.71

Ta/SS316SVM 51.22 ± 0.84 49.61 ± 0.70 129.08

Ta/TaN/SS316SVM 48.65 ± 0.93 36.57 ± 0.98 102.78

4. Conclusions

The metallic titanium and BIOLINE SS316LVM substrates showed surface formation
of oxides after chemical treatment during biomineralization, which favors the deposition of
HAp under the action of a magnetic field of 0.22 T. Under these conditions, the SS316LVM
substrate presented the most favorable deposition of HAp (0.108 mg/mm2). In addition,
the HAp deposits on both Ti and SS316LVM substrates showed a characteristic morphology
with Ca/P ratios of 1.69 and 1.63, respectively, which is characteristic of non-stoichiometric
HAp. The surface modifications of the titanium surface with Ta and Ta/TaN enhanced the
bioactivity of the substrates; this is consistent with the values of work of adhesion obtained
for these substrates

It was shown that the application of magnetic fields following the biomimetic method
had a significant effect on the formation of HAp on the different substrates studied (im-
mersed in simulated body fluid for 14 days and irradiation of 0.22 T) by increasing the ob-
tained mass/area ratio of HAp by 55.36% on average when compared with the biomimetic
traditional method. Nevertheless, modifications of the SS316LVM substrate with Ta and
Ta/N yielded a positive effect of the magnetic field on HAp deposition. Measuring the
contact angle before and after the HAp deposition proved the hydrophilic behavior of Ti
and SS316LVM substrates, as desired for biomaterial applications. These materials are
promising for in vivo therapeutic applications in the presence of a magnetic field shortening
the period of bone regeneration.
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