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Abstract: In this study, a CoCrMo-based metallic alloy was manufactured using a 3D-printing
method with metallic powder and a laser-based 3D printer. The obtained material was immersed in a
simulated body fluid (SBF) similar to blood plasma and kept 2 months at 37 ◦C and in relative motion
against the SBF in order to mimic the real motion of body fluids against an implant. At determined
time intervals (24, 72, 168, 336, and 1344 h), both the metallic sample and SBF were characterized
from a physical-chemical point of view in order to assess the alloy’s behaviour in the SBF. Firstly,
the CoCrMo based metallic sample was characterized by scanning electron microscopy (SEM) for
assessing surface corrosion and X-ray diffraction (XRD) for determining if and/or what kind of
spontaneous protective layer was formed on the surface; secondly, the SBF was characterized by
pH, electrical conductivity (EC), and inductively coupled plasma mass spectroscopy (ICP-MS) for
assessing the metal ion release. We determined that a 3D-printed CoCrMo alloy does not represent
a potential biological hazard in terms of the concentration of metal ion releases, since it forms, in a
relatively short period of time, a protective CoCr layer on its exposed surface.

Keywords: 3D printing; powder metallurgy; simulated body fluid; biomaterial

1. Introduction

“Traditional” orthopaedic implants are titanium (Ti)-based alloys since they provide
a series of characteristics suitable for such applications. They can be used in hip joint
replacement, tibia rod, clavicle plate, etc. Nevertheless, there are other metallic alloys
used in orthopaedic implants that are not Ti based. Cobalt-chromium (CoCr)-based alloys
represent a viable solution and molybdenum (Mo) is often added to enhance the inner
structure in terms of increasing the ductility and strength of the alloy [1]. Although casting
and forging are, and continue to be, the main methods for obtaining both CoCr- and
Ti-based alloys for orthopaedic implants, 3D printing is gradually gaining its position
within this field. In recent years, 3D printing (both polymer and metal printing) has opened
several exciting possibilities to create customized orthopaedic implants [2]. There are three
rapid prototyping techniques used to produce metallic implants, i.e., selective laser melting
(SLM), electron beam melting (EBM), and laser engineered net shaping (LENS), and each
of them having their advantages and disadvantages. The SLM technique uses high power
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lasers to melt metallic powders in order to achieve the required shape of the implant, while
the EBM technique uses a focused high-energy electron beam for direct solidification of
metal powders. The LENS technique creates a molten metal pool on a substrate, and then
the metal powder is injected [3]. A 3D printing process usually uses digital design software
and/or a 3D digital scanner in order to achieve the virtual version of the metallic implant
to be produced. Then, the obtained model is transformed into an .STL file format enabling
the exact spatial coordinates (xyz) of a model’s surfaces. Next, the model is “sliced” by
using another software, each “slice” being 25–100 µm thick. By stacking these “slices”, the
final shape of the implant is obtained. A 3D printer can use different types of materials
starting from various plastics to different metallic powder mixtures. About 50 metallic
alloys can be used in 3D printing and they are mostly Ti, Ni, Al, stainless steel, CoCr, etc.,
alloys and more than 80% of them are used as implants [4].

According to the ASTM standard F2792-12a [5], the SLM technique is classified as
powder bed fusion technology [6]. Therefore, in this paper, we describe the use of this
technique and characterize the obtained CoCr-based material used for implants. Thus,
an in vitro behaviour assessment of the obtained metallic material used for orthopaedic
implants has been performed during 60 days of immersion in a simulated body fluid (SBF)
similar to blood plasma.

For a metallic material to be suitable as biomaterial, it should meet a series of desired
properties ranging from mechanical (matching the material’s elasticity modulus with that
of the bone, high strength, high wear, corrosion resistance, etc.) to biocompatibility (not
toxic to environmental cells and tissues, quickly integrated in the body, etc.) [7,8].

CoCr-based alloys have higher wear resistance than Ti-based alloys; therefore, they
are especially used for implants that, over time are subjected to extensive wear, such as
hip joints, etc. Clinically, CoCrMo alloys are used the most, since they are the perfect
combination between high strength and high ductility, but the main drawback is their
high elasticity modulus, which may lead to greater stress in the bone. This drawback
may be overcome by 3D printing of CoCr-based alloys. Although EBM is the most used
technique for 3D printing of CoCr alloys [8], the SLM technique can also be used. When
prepared by using the SLM technique, Mo must be added to the powder since it enables
high temperature gradients during melting and subsequent rapid cooling and, especially,
it enables the formation of the fine granular structure of the implant [9].

Thus, it is possible to produce implants that have tailored mechanical properties [10]
but the issue of the material’s biocompatibility still remains. One of the main problems
is metal ion dissociation from the metallic material into the body fluids, which are in
close contact with the metal. It should be mentioned that corrosion is the most frequent
phenomena that occurs in the case of an implant and one of the most important ones to be
avoided. It is well known that, from a biocompatibility point of view, a suitable material
performs with an appropriate host response (e.g., minimum disruption of normal body
function) and does not cause any allergic and/or inflammatory response when placed
in vivo [11].

The first requirement of any material that is placed in the human body is that it
should be biocompatible and not cause any adverse reaction. Corrosion and surface oxide
film dissolution are the two mechanisms which introduce additional ions into the body.
Extensive release of ions from implants can result in adverse biological reactions. Corrosion
is the first consideration for a material of any type that is to be used in the body because
metal ion release takes place mainly due to corrosion of surgical implants [12]. The two
main corrosion types that often appear are spot and pitting corrosion, as described in [13,14].

In the particular case of orthopaedic implants, micro-motions are known to occur at
points of fixation, while corrosion is caused by the body fluids, which contain various
inorganic and organic molecules [15].

In this paper, we present the results obtained by immersing a CoCr-based 3D-printed
material in vitro (being the “next best thing”) into an SBF for 60 days at 37 ◦C with the
fluid being in relative motion against the material. We assessed the appearance of surface
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corrosion, metal ion dissociation, and the appearance of a spontaneous protective layer on
the exposed surface.

Considering that even a small concentration of metal ion release into the body could
be very aggressive due to their migration and accumulation in different organs, sometimes
far away from the point of release, it is important to quantify the concentration of ion
release in various environments; thus, ICP-MS investigations were conducted [16].

Material corrosion may lead to implant failure as [17] has assessed and may cause an
allergic and/or toxic response of the body.

A complete understanding of 3D-printed metallic implants is needed, nevertheless,
what has been assessed so far is genuinely promising. Some of the advantages of 3D-
printed implants as compared with the “traditional” manufactured ones, are highlighted
in [18], among them, we highlight the following: the final shape of the implant can be
obtained in a single phase of production; as many as needed can be produced, even if only
one piece; the mechanical properties are better than cast or forged implants; the design and
geometry can be as complicated as needed; porosity can be designed as needed for the
elasticity module to match that of a bone; and the pores can be designed to be opened or
inter-correlated in order to ensure maximum osseointegration.

2. Materials and Methods

The experimental part of this study was to manufacture a 3D-printed CoCrMo metallic
alloy that could be used for an orthopaedic implant. The CoCr alloy was chosen as a good
alternative to Ti-based alloys given its wear resistance [7]. Molybdenum was added to the
mixture in order to increase the ductility and to increase the strength of the alloy.

2.1. Method for Producing the CoCrMo Alloy
2.1.1. 3D Manufacturing

The metallic implant was manufactured using a selective laser melting (SLM) TruPrint
1000 (TRUMPF Inc., Ontario, ON, Canada) printer and CoCrMo metal powder (Starbond
CoS powder 30 from S&S Schefter GmbH, Mainz, Germany) within the 10–30 µm grain
size and with the chemical composition presented in Table 1.

Table 1. Chemical composition of the metallic powder.

Element Co Cr W Mo Other: C, Fe, Mn, N, Si

wt.% 59 25 9.5 3.5 Less than 1.5

For 3D manufacturing of the metallic implant, the following process parameters were
used: 90 W laser power, 600 mm/s laser speed, 20 µm layer thickness, and 55 µm laser spot.
An Ar (99.995%) flow system was used to reduce the oxygen level to less than 300 ppm.
The material was mechanically removed from the building platform and was tested in
a simulated body fluid solution without any post-processing operations. Moreover, its
hardness was measured to be 463.5 (HV 0.5). Then, the sample was polished by using a
rotating polishing machine, until its roughness dropped below 0.05 µm (N2). The used
polishing paper had a roughness varying from 240 to 1200. Then, the sample was surfaced
using diamond powder suspensions of 3 and 1 µm, respectively.

2.1.2. SEM Assessment

The micro-structural analysis was performed by using an FEI F50 Inspect (FEI Com-
pany, Brno, Czech Republic) with a magnification of 4000×, HV = 20.00 kV, WD 11.6 mm,
spot 3.0, and dwell of 30 µs. The method has been used to emphasize deep corrosion and
surface transformations of the metallic samples [17,19].
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2.1.3. Mass Variation Assessment

The aim of the mass loss/gain assessment was to determine, the corrosion rate and
correlated with XRD the formation of protective layer on sample’s surface.

2.1.4. XRD Assessment

The XRD analysis was conducted to establish if and/or what kind of oxides had
formed on the sample’s surface. A Bruker D8 Discover diffractometer (Bruker, Billerica,
MA, USA) was used. The diffractometer settings were as follows: primary optics used a
Cu tube (λ = 1.540598 Å) and a Göebel mirror, while secondary optics used a 1D LynxEye
detector (Bruker, Billerica, MA, USA). The plots were recorded at 0.04◦ angle and 1s/step
scanning speed. They were indexed using the ICDD Release 2015 database.

2.2. Method for Preparing the SBF

The SBF solution was prepared, as shown in [20]; it was an updated version of the
simulated body fluid submitted, in 2003, with detailed instructions for its preparation to the
Technical Committee ISO/TC 150 of the International Organization for Standardization as
a solution for in vitro measurements of implant materials. Table 2 shows the concentrations
of reagents to be used for 1 L of SBF. The SBF solution was prepared in the lab by mixing
extra pure substances procured from the market from WWR Chemicals. The sample was
immersed in the prepared SBF in an Erlenmeyer polypropylene (PP) recipient. The recipient
was immersed in a thermostatic bath equipped with a movable device that allowed a
frequency of 60 movements/minute with a distance of ±1 cm right/left in order to mimic
the relative motion of body fluid against an implant. A PP wire was used to ensure that the
sample was kept immersed in the SBF, however, did not come in contact with the recipient.

Table 2. Reagents for preparing the updated simulated body fluid [20]. (reprinted from ref. [20] with
permission from Elsevier).

Reagent Amount for 1 L of SBF

Sodium chloride 8.035 g

Sodium bicarbonate 0.355 g

Potassium chloride 0.225 g

Potassium phosphate dibasic tri-hydrate 0.231 g

Magnesium chloride hexahydrate 0.311 g

1M hydrochloric acid 39 mL

Calcium chloride 0.292 g

Sodium sulphate 0.072 g

Tris(hydroxyl-methyl) amino methane 6.118 g

2.2.1. PH and Electrical Conductivity Assessment

The pH and electrical conductivity characterizations were performed in order to
determine the redox phenomena that occurred and the variation of ions in the SBF. A
Mettler-Toledo pH/conduct meter (Mettler-Toledo, Greifensee, Switzerland) was used.

2.2.2. ICP-MS Assessment

Inductively coupled plasma mass spectrometry (ICP-MS) [21] was used for deter-
mining the concentration of metal ions dissociated in the SBF. A Dirac Elan II ICP-MS
spectrometer (Perkin-Elmer, Toronto, ON, Canada) was used.

3. Results and Discussions

The conducted experiments focused on both the material and the SBF. The surface
corrosion of the material was assessed by scanning electron microscopy (SEM), XRD to



Metals 2021, 11, 857 5 of 12

determine if and/or what kinds of oxides had formed on its surface while immersed,
and mass variation. The SBF was assessed by its pH, electrical conductivity variation,
and by ICP-MS analysis to determine the concentration of metal ion dissociated from the
metallic material.

In order to better assess the ion dissociation and surface corrosion, the protective
oxide layer of the sample was removed on one side and the exposed material was polished
until its roughness dropped below 0.05 µm (N2). All the above-mentioned assessment that
refers to the material was performed on the exposed surface.

3.1. Material Characterization
3.1.1. SEM Assessment

The SEM technique uses electrons for images; thus, it is considered to be the most
suitable technique for high-resolution imaging of surfaces. The basic principle is similar to
OM, but electrons are used instead of light, allowing a much higher magnification (higher
than 100,000×).

The aim of this type of assessment was to investigate even deeper the corrosion that
can occur on the surface. A magnification of 4000× was considered to be adequate in this
case, and therefore the SEM assessment was performed by means of this magnification
and the covered area was 80 µm × 80 µm. The analysis was performed on the exposed
surface, aimed at highlighting the formation of the protective layer as a replacement for
the layer removed.

The SEM images (Figure 1) show surface corrosion of the sample as pitting in the
first two weeks of exposure and, during the next two weeks, the formation of porous
structures. According to [22], this porous structure may not be pitting (a type of corrosion
that often appears) but porous single crystals of Cr2O3 and Co3O4. This hypothesis is
strongly supported by ICP-MS that does not show any increase in metal ions into the SBF
and pH and EC plots that show an increase in their values.
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Thus, the proposed formation mechanisms consist of Cr and Co ions, under the
influence of the acidic environment of the SBF (mainly due to HCl) forming porous single
crystals of Cr2O3 and Co3O4, as has been studied by [22].

The surface analysis was performed, as in [23], and showed that, during the first two
weeks of exposure, the material became porous due to the metal ion release into the SBF
and, as a direct consequence, the porous surface increased almost 150% (Figure 1b). In the
next two weeks, the formation of the oxide layer can be observed since most of the pores
shrink almost 60% (Figure 1c). In the second month of exposure, the formation of porous
single crystals of Cr2O3 and Co3O4 can be observed on the sample’s surface (Figure 1d).

3.1.2. XRD Assessment

An XRD assessment is usually used in materials science for determining the crystallo-
graphic structure of a material, and it is one of the most used techniques in the field. It uses
X-rays to irradiate the material. Firstly, incident X-rays are sent towards the material and
the reflected X-rays are measured in terms of intensities and angles.

In this study, X-ray diffraction (XRD) was used to establish if and/or what kind of
oxides formed on the sample’s surface. As stated before, a D8 Discover diffractometer
(Bruker, Billerica, MA, USA) was used for sample analysis.

Figure 2 shows the existence of a protective layer on the polished surface during
sample exposure to the SBF. On the basis of each sample’s composition, different oxide
layers form on the surface.

As shown in Figure 2, the cobalt-chromium (CoCr) protective layer, which is actually
an alloy, is formed on the sample’s surface. The layer does not have a crystalline structure
(peak dimensions are rather modest) but it is well represented leading to the conclusion
that it takes a while, but after its formation, the layer offers a protective interface between
the SBF and the metallic implant.
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3.1.3. Mass Variation Assessment

The mass variation assessment as shown in Figure 3 was conducted by a gravimetric
comparison of the sample’s mass. Thus, the sample was weighed at its initial state, and
then after 15, 30, and 60 days of exposure in the SBF. The aim of the assessment is to
highlight the mass loss and/or gain while the sample is in the SBF. On the one hand, mass
loss can be correlated with metal ion release, but this assessment is made by using ICP-MS,
as described in Section 3.2.2. On the other hand, mass gain may occur due to the formation
of metal oxides on the sample’s surface, as emphasized in Section 3.1.2.
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3.2. SBF Characterization
3.2.1. SBF pH and Electrical Conductivity Assessment

The pH value refers to the hydrogen ion concentration in a solution. The hydrogen
concentration is closely related to corrosion phenomena, since a low pH value indicates
an acidic environment suitable for surface corrosion. In addition, electrical conductivity
shows the ion concentration in a solution; the higher the value, the higher the number of
ions that are dissociated.

Therefore, pH and electrical conductivity monitoring represent an important assess-
ment in order to evaluate the redox phenomena that occur while the sample is immersed
in the SBF.

It can be observed in Figures 4 and 5 that the variation of pH values and electrical
conductivity are closely interdependent, as well as with mass variation shown in Figure 3.
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Thus, observing the curve’s allure which indicates pH and EC variation during the im-
mersion period, in the first week of exposure, the SBF’s pH varies significantly while the
electrical conductivity increases. During this period, the sample gains mass due to the
formation of an oxide layer on its surface. Redox phenomena during the first week of
exposure are intense, as seen in Figure 4, and the concentration of metal ions is increased,
as can be observed in Table 3.
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Table 3. Measured metal ion concentrations in the SBF.

Element
Co (µg/L) Cr (µg/L) Mo (µg/L) Mn (µg/L)

Time

0 h—Initial 0 0 0 0
24 h 5.346 7.39 0.453 1.374
72 h 9.771 6.852 0.729 1.824
168 h 14.646 6.801 1.108 2.147
336 h 20.32 6.58 1.611 2.295
672 h 30.058 6.48 2.413 2.551

1334 h 30.325 5.149 2.598 2.145
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Furthermore, this trend continues during the second week of exposure when the sam-
ple’s mass decreases as metal ions are dissociated in the SBF, correlated with a continuous
increase in electrical conductivity and pH.

After the second week of exposure, the amplitude of redox phenomena diminishes, as
the protective layer forms on the sample’s surface.

The most probable hypothesis regarding the allure of the plots shown in Figures 3–5
can be described as follows: The newly formed oxide layers of Cr2O3 and Co3O4 are still
reacting to each other in order to form the protective layer of Co-Cr highlighted by the XRD
plot. Thus, O2 is released back into the SBD in its ion form and quickly reacts with ionic
H2 leading to a decrease in pH, observed in the last section of the plot shown in Figure 4.
Nevertheless, metal ions do not dissociate since ICP-MS measurements show this aspect.
In fact, Cr continues to be consumed since its concentration decreases (as shown in Table 3).
The sample’s mass decreases in the final interval of the plot shown in Figure 3, since O2 is
released from the initial oxide layers of Cr2O3 and Co3O4 and also due to the continuous
(even at slower rate) release of Co and Mo ions into the SBF.

3.2.2. Metal Ion Release Assessment

ICP-MS is a powerful method for determining trace metal in given environments, due
to its capability to measure very low concentrations of metal ions dissolved in fluids. This
approach is well known, widely used by various research teams, and reported in frequently
quoted scientific journals.

Basically, the ICP-MS method consist of determining the concentration of metal ions
in a given solution. Thus, as required by the experimental design, 50 mL of the SBF used
for sample immersion was collected and the solution was used for determining the nature
and concentration of metal ions that might have dissociated from the sample into the SBF.

Given the data provided by Table 1, the following metal ions were monitored: Co, Cr,
Mo, and Mn, since it is well known that large concentrations can lead to allergic and/or
toxic reactions.

Table 3 shows the variation of metal ions dissociated from the sample in the SBF
during the exposure period. Given the fact that the sample’s exposed surface is relatively
large, being almost impossible for a metallic implant to lose such a large area of protective
layer, the immediate effect is the high concentration of metal ions released into the SBF. The
aim of this assessment is to highlight the formation of a new protective oxide layer soon
enough after the implant’s surface is damaged (for various reasons, e.g., poor manipulation
during implant surgery, mechanical shock, etc.) and to assess the concentration of metal
ions dissociated into the SBF.

It can be observed that the formation of the oxide protective layer occurs after just
1 month of exposure. The correlation with pH, electrical conductivity, and mass variation
plots highlights the fact that 3D-printed CoCr-based alloy may be used as orthopaedic
implant. More mechanical and biocompatibility testing must be performed in the near
future, but steps forward have been made.

Even though the metallic sample used in this study had a protective film on its surface,
sample preparation removed it before immersing the sample in the SBF. It should be
mentioned that the exposed surface was 909.65 mm2, and based on this, the corrosion rate
and ion release rate could be calculated.

Table 4 shows the metal ion release rate from each sample and their corrosion rate.
The values can be calculated using the following formula:

ci =
mi, sol

mi,sample × S × 16
(1)

where ci is the ion concentration, mi,sol is the ion mass in solution, mi,sample is the ion mass
in sample, S is the exposed surface and, 16 is the number of weeks of exposure.
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Table 4. Calculated corrosion and ion release rates.

Sample Corrosion Rate
{g/(mm2 Week)}

Ion Release
({mg/L}/(mm2 Week))

Co Cr Mo Mn W

3D-printed CoCrMo 6.87 e−5 1.4 e−5 5.13 e−5 1.5 e−5 14.9 e−5 10.3 e−5

The corrosion rate can be calculated by using the following formula:

Cr =
mm

mi × S × 16
(2)

where mm is the measured mass of the sample, mi is the initial mass of the sample, S is the
exposed surface and, 16 is the number of weeks of exposure

The corrosion rate is almost insignificant (e−5) since its measurement is grams over mm2

and week. Most implant materials are kept in the body for a maximum of 2 years (almost
100 weeks in bad cases), and the overall corrosion rate can be declared as 4.3‰. The more
important aspect is the release rate of Mn, but as Table 3 shows, this release is only in the
first 72 h of exposure, then, the trend is constant, and therefore it can be considered that
Mn turns passive.

As a comparison, Table 5 lists the maximal allowed concentrations in the human body
and the biological effects.

Table 5. Biological effects and maximal concentrations of metal ion accumulation in the human body.

Metal Effect

Nickel (Ni)

It is the main cause of contact dermatitis. The main biological parameter is the amount of metal released on
the skin during direct contact and exposure to human sweat.
The limit is 0.5 mg/cm2 x week, of which an insignificant part of Ni sensitive subjects will react.
It has a toxic effect by creating cellular lesions and large cellular cultures. It is dangerous for bones and
tissues, although less dangerous than Co or V, and it has cancer potency. The normal level of Ni in the
blood is 5 mg/L [1].

Cobalt (Co) Its function limits the role of vitamin B12 [1], by diminishing the adsorption of Fe in the blood stream [24].
The normal concentration of Co in human fluids is 1.5 mg/L.

Chromium (Cr)

It causes ulceration and central nerve system disorders [24]. The maximal concentration in the blood
stream should be 28 mg/L. Its compounds are adsorbed only after oral ingestion. Cr (III) is usually
deposited in reticular systems in the cell, while Cr (IV) can penetrate cellular membrane in both
directions [1].

Aluminium (Al) It provokes epileptic episodes and Alzheimer’s disease [24]. The maximal concentration in the blood
stream should be 30 mg/L.

Vanadium (V) It is very toxic in its elementary state [24], therefore, the maximum concentration should not exceed
0.5 µg/L.

Molybdenum (Mo)

It is an essential element use by specific enzymes. It is easily adsorbed through the intestines, and its
normal concentration in the blood stream should be 1–3 ppm. It is very toxic and sometimes lethal in large
doses, regular symptoms are diarrhoea, coma, heart failure, and inhibitor for some essential enzymes. In
addition, large concentration of Mo can interfere with Ca and P metabolism [1].

4. Conclusions

After being immersed for 60 days in a blood plasma SBF and having a large area
depleted from its protective oxide layer, the sample shows pitting corrosion in the first two
weeks of exposure which is visible by SEM.

Although the material has a large area in direct contact with SBF, a new protective
layer of CoCr alloy is formed relatively quickly, as highlighted by the XRD assessment.
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Nevertheless, during this period, metal ions are released in the SBF and the more concerning
ones are Co and Cr.

The pH, electrical conductivity, and sample mass variation give a general idea about
redox phenomena that occur.

A 3D printing technique was used for producing a CoCrMo-based alloy to be used as
an orthopaedic implant by using the SLM technique and the incipient conclusion is that
the produced CoCrMo alloy is suitable for such applications.

The concentration of metal ions dissociated from the biomaterial into the SBF solution
was assessed by using the ICP-MS technique, which highlighted that the concentration of
some metal ions varied during SBF solution exposure. The main conclusion is that those
ions form a protective layer on the sample’s surface mainly due to their reactivity and lead
to the passivation of the exposed surface, thus, minimizing the concentration of ions that
can dissociate into real body fluid.
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