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Abstract

Plasma—sprayed 45S5 bioactive glass coatings were manufactured using two types of powder
feedstocks (commercial and lab—made 45S5 glass) and two plasma torches (single and triple
cathode) to analyse their influence on the microstructure and bioactivity of the coatings.
Besides, the volatilisation of glass oxides such as Na>O and P2Os during the deposition was
studied. All coatings were microstructurally characterised by scanning electron microscopy,
X-ray diffraction and X—ray dispersive energy analysis. Moreover, the bioactivity of the
sprayed coatings was studied by immersing the coatings in Simulated Body Fluid until 14
days.

The coatings obtained using the triple cathode torch showed similar thickness, less total
porosity and greater microstructural homogeneity than the coating deposited with the single
cathode torch. X—ray dispersive energy analysis revealed lower amounts of sodium and
phosphorus at the surrounding of the lamellae, due to its volatilisation during the formation of
the coatings. The volatilisation of these elements varied depending on the type of feedstock
and plasma jet enthalpy. Concerning the bioactivity of the coatings, all of them have

developed a hydroxycarbonate apatite layer on their surface.
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1. Introduction

Bioactive glasses have been widely studied as coatings onto metallic implants [1-4].
Atmospheric plasma spraying (APS), represents the most studied and used method for the
deposition of this type of coatings [3,5-9]. This technique allows a perfect chemical and
structural control of the resulting coating and hence control the properties of the coating only
by tailoring the process parameters [2,5,10]. Moreover, this method enables the manufacture of
coatings on a wide variety of implant’s shapes, high deposition rates and high coating’s
thicknesses without thermally affecting the substrate [2,10].

During the last decades, the trend has been to obtain coatings with a finer microstructure by
means of this technique, and therefore, improved properties [11]. One of the ways to achieve
this type of microstructures is the utilisation of a multi—electrode plasma torch. The most used
multi—electrode systems are two, one consisting of three different cathodes and a single anode,
and the other one consisting of one cathode and three different anodes [12]. Basically, both
multi—electrode systems give rise to a longer, more stable (with fewer fluctuations) and much
more energetic plasma jet than that obtained with the conventional single—electrode system,
even when monoatomic gases are used [11-17]. Therefore, the use of these multi—electrode
systems leads to more molten particles with higher kinetic energy resulting in high deposition
efficiency and improved coatings with denser microstructures compared to those deposited with
a single—electrode torch [12].

Multi-electrode plasma torches have been used to deposit a wide variety of materials in
different states (powders, suspensions and solutions) such as titania suspensions [18], yttria—
stabilised zirconia suspensions [19,20], Fe-based powders [21,22], zirconyl nitrate solution
[23] or alumina and titania + chromia powders [24]. Nevertheless, the deposition of bioactive
glass coatings has been studied only with the conventional single—electrode plasma torch. To
the best of our knowledge, there is no literature regarding the deposition of bioactive glasses by

multi—electrode plasma torches.



In the present work, the influence of the different electrode systems on the microstructure and
bioactivity coatings manufactured from bioactive glasses was studied. For that purpose, two
bioactive glass powders (commercial and lab—made) with similar composition were deposited
using both electrode systems, where the multi—electrode plasma torch employed is made up of
three different cathodes and one anode. After coatings deposition, they were microstructurally
characterised by field emission gun environmental scanning electron microscopy, X-ray
diffraction and X—ray dispersive energy analysis to assess if an improvement in the resulting
microstructure takes place without crystallisation and modification of the composition when
changing from single—electrode to multi—electrode torch. Moreover, the same technigques were
used with all coatings after being immersed in simulated body fluid for different times.

Understanding the influence of the multi—cathode system on the microstructural and biological
characteristics of bioactive glass coatings will enable to establish the best conditions in the

manufacture of these coatings for biomedical applications.

2. Experimental

2.1 Feedstocks

Two bioactive glass powders have been used as feedstocks for the manufacture of coatings by
atmospheric plasma spraying (APS). The first one, with a composition close to 45S5, was
synthesised in the laboratory by the melting and quenching method, which will be referred to
as LBG (lab—made bioactive glass). The preparation details of this bioactive glass have been
described elsewhere [25]. The second one was the commercial 45S5 bioactive glass (Schott
Glass AG, Mainz, Germany) referred to as CBG (commercial bioactive glass) and described by
Rojas et al. [6].

Table 1 shows the LBG and CBG chemical compositions. As observed, both compositions are

very close. The LBG powder has a particle size under 63 um [25], while the CBG has a particle



size under 40 um [6]. Figure 1 displays the lab—made and commercial glass particles. Both

feedstocks show the typical angular shape of melting—and-crushing glassy powders.

2.2 Coatings manufacture

Both powders were sprayed onto metallic substrates by APS. The substrates used were AISI
type 304 stainless steel disks, as these are preliminary tests, with 25 mm of diameter. Previously
to the deposition, the substrates were grit-blasted with corundum and cleaned in ethanol with
ultra—sonic assistance. Then, to enhance the bioactive glass coatings’ adhesion to the substrate
[26], a TiO2 bond coat was sprayed onto the metallic substrates using anatase (Metco 102,
Oerlikon Metco, Switzerland) as feedstock with a particle size distribution from 10 to 55 pum.
The bond coat deposition was made by atmospheric plasma spraying (APS) with a single
cathode (SC) plasma torch (F4-MB, Oerlikon Metco, Switzerland) employing a powder flow
rate of 45 g/min and a spraying distance of 120 mm, as suggested by the supplier. The rest of
parameters used to deposit the bond coat, which were also given by the supplier, are showed in
Table 2. Finally, the glass top coatings were manufactured using two different plasma torches,
a single cathode plasma torch (F4-MB, Oerlikon Metco, Switzerland) and a triple cathode (TC)
plasma torch (Triplex Pro—-210, Oerlikon Metco, Switzerland) that broadens the operational
range of the single cathode torch. The plasma—forming gas in the first torch (SC) was a mixture
of argon as primary gas and hydrogen as secondary gas, while in the second torch (TC), argon
was kept as primary gas, but helium was used as secondary gas. The parameters used to spray
both glass powders are also given in Table 2. Regardless of the torch used, both glass powders
were sprayed at the same spraying distance (100 mm), as well as were transported and fed into
the plasma jet at the same flow rate (13 g/min) by pneumatic transport employing argon as the
carrier gas.

With the SC torch, only one set of parameters was used, which has been chosen from previous

studies. In this set, the proportion of hydrogen is relatively high to ensure a better melting of



the particles. Concerning the TC torch, two different sets of parameters were tried. On the first
set (T1), a plasma jet with similar power to that obtained with the SC torch was accomplished
by using argon and a small amount of helium (5 slpm of the 60 slpm of gases that form the
plasma jet). The helium was added to increase the viscosity of the plasma jet and hence increase
the residence time of the in—flight particles along the plasma jet. The second set of parameters
(T2) resulted in a plasma jet with the same total flow rate of gases than that of the previous set

but increasing the intensity of the electric arc resulting in a plasma jet with greater power.

2.3 Coatings characterization

The microstructure of the obtained coatings was observed in a field—-emission gun
environmental scanning electron microscope (FEG-ESEM) (QUANTA 200FEG, FEI
Company, USA) with energy dispersive X-ray detector (EDX) (Genesis 7000 SUTW, EDAX,
USA). The surface of the coatings and polished cross—sections were observed. Micrographs
were taken at different magnifications using the backscattering signal detector under high
vacuum conditions. Also, coatings thickness and porosity were estimated by image analysis
(Microlmage) from FEG-ESEM cross—section micrographs at 2000x magnifications. 10 FEG—
ESEM images were examined, and the findings averaged.

The amorphous/crystalline character of the coatings was determined by X-ray diffraction
(XRD) (Advance diffractometer, Bruker Theta-theta, Germany). The XRD patterns were
collected using Cu Ka radiation at a working power of 30 kV and 40 mA, a range of 26 between
20° and 80°, a step size of 0.02° and a scanning speed of 0.5 s step™".

Finally, the surface roughness (3D roughness) of the coatings was evaluated with a confocal
laser scanning microscopy (CLSM) (LEXT OLS5000, Olympus, Japan), using a stripped laser
projection with a wavelength of 405 nm and a 10x magnification for data analysis recorder. The

procedure followed to measure the roughness is described in a previous work [27].



2.4 SBF tests

In vitro test of the coatings was carried out following a standard protocol of immersing them in
Simulated Body Fluid (SBF) [28].

SBF was prepared following the method of Professor Kokubo [29]. The coatings were
immersed in SBF inside a plastic vessel that was maintained in a water bath at 36.5+0.5 °C.
Immersion times tested were 1, 7 and 14 days. After each time, the pH of the SBF was measured
and the coated samples were removed from the vessel and gently washed with distilled water.
Details of the experimental procedure have been written in a previous paper [30].

After that, the as—-immersed coatings were dried, and to monitor compositional changes by EDX
analysis when observing their surface morphology by FEG-ESEM. Besides, the formation of
hydroxycarbonate apatite (HCA) was assessed by X—ray diffraction on the surface of the SBF
tested coatings using the parameters set out in the previous section. FEG-ESEM observation
was done using the secondary electron detector signal under high vacuum conditions at 2000x

magnification.

3. Results and discussion

3.1. Microstructural characterization of the coatings

The average thickness and the total percentage of porosity of the manufactured coatings are
presented in Table 3. The average thickness of all the coatings was the same, around 100 pm.
Regarding porosity, there were important differences in the total percentage of porosity of the
coatings. The coating obtained with the single cathode torch (SC) displayed a total percentage
of porosity double (27%) than that obtained in coatings manufactured with the triple cathode
torch (TC) (11-12%), regardless of whether high (T2) or low power (T1) conditions have been
used with the TC torch. When comparing the coatings obtained with the TC torch, no significant
differences were found in any case regarding the total percentage of porosity. Therefore, the

use of lab—made (LBG) or commercial (CBG) bioactive glass powders in high or low power



conditions does not seem to have a significant effect on the porosity rate. It should be pointed
out that no other type of variables was tested, such as spraying distance or type of cooling of
the substrate, which, according to the literature [6], also affect the porosity of the coatings.
Figure 2 shows the cross—section of the obtained bioactive glass coatings obtained with the
single—cathode and tri—cathode plasma guns.

The coating prepared with the lab—made bioactive glass feedstock with the single—cathode torch
(LBG-SC) (Figure 2a—b) shows an irregular surface, with valleys and sharp crests. In addition,
the coating is composed of spherical pores, significant gaps between lamellae with irregular
shape as well as dense areas of relatively wide extension. Those dense areas, with rounded
boundaries, come from the larger LBG particles (see Figure 1a), which do not completely melt
due to the short residence time of the in—flight particles within the hottest zone of the plasma
jet as well as the low conductivity of the glass feedstock [31,32]. Consequently, the particle
core remains unmelted and does not get flattened when it impacts the substrate. Concerning the
spherical pores, this characteristic shape can be due to different factors. On the one hand, the
high temperature of the plasma jet produces the volatilisation of the most volatile components,
in this case, sodium and phosphorus, which implies a generation of gases that are released from
the sample [6,33]. On the other hand, during the formation of the coating, the air could be
trapped between the molten or semi—molten glass particles impacting on the substrate. The total
occluded gases (air trapped + volatilised gas) could be removed if the viscosity of the melt was
low enough to sinter by a viscous flow mechanism [34]. However, the fast cooling of the
lamellae sharply increases the viscosity of the molten glass and prevents the removal of the air,
leaving spherical pores in the coating.

Coatings of CBG manufactured with the SC torch are already published by Rojas et al. [6]. As
it can be seen in this reference, lamellae are more flattened, stack better and no irregular gaps
between lamellae can be found, only spherical pores. This is because of the lower particle size

of this feedstock which causes a better melting of the particles. Besides, the thickness of the



coatings is lesser (around 60—70 um) than that of the BG-SC coating. Nevertheless, despite the
better stacking, volatilisation of sodium and phosphorus still occurs.

LBG coatings manufactured with the SC torch are thicker than those derived from the CBG
powder, since particle size distribution is higher and hence particles don’t get well flattened
when they impact onto the substrate.

When the triple cathode torch (TC) is used to manufacture coatings with the LBG powder, even
though the power of the plasma jet in T1 plasma conditions is the same as for those conditions
of the SC torch, the kinetic energy transferred to the in—flight particles is higher due to an
increase in argon flow rate. The effect of increasing the velocity of the particles on the
microstructure is noticeable (Figure 2c—d). In these micrographs, the largest pores and the
irregular gaps between lamellae are not observed, as was evident in those coatings deposited
by SC, probably because the particles have experienced a higher plastic deformation due to
their high velocity, retaining less volume of occluded gases. When the TC torch in high power
conditions (T2 plasma conditions) is used both argon flow rate and plasma jet enthalpy
increased, resulting in—flight particles with higher melting degree (lower viscosity of the molten
particles) and higher velocity giving rise to pores with less size (Figure 2e—f). Regarding the
dense areas with rounded boundaries, they are still present in coatings deposited from LBG
feedstock with the TC torch, but to a lesser extent. These areas are still present in the TC
coatings since they are the result of inadequate melting of larger glass particles because when
spraying broader particle size distributions not all in—flight particles have the same thermo—
kinetic treatment. Therefore, the raw material rather than the type of plasma gun used influences
the correct stacking and homogeneity of the coatings.

When commercial bioactive glass powder (CBG) is used as a feedstock sprayed the TC gun
(Figure 2g-h and 2i—j), the microstructure shows some changes concerning the LBG-T1 and
LGB-T2 coatings. Firstly, the surface of the coating is more even, and the pores become a little

smaller due to the finer glass particle size than the lab—made ones. Finer in—flight particles have



a higher thermokinetic treatment resulting in better stacking and outgassing due to the higher
viscous flow. Likewise, other studies on ceramics [35-37] have shown that the smaller the
initial particles, the more refined the structure of the material. Additionally, higher plasma
power from TC torch leads to a better stacking and a homogeneous distribution of the pores
(Figure 2i—j). It could be due to the fact that the CBG particles, melt even better (lower
viscosity) in high power conditions. Consequently, in—flight glass particles release a more
significant amount of occluded gases before impact and, when impacting on the substrate, they
deform and adapt much better without occluding hardly any gas. On the other hand, part of the
occluded gases may be removed by a viscous flow mechanism, as during the sintering of
ceramic glazes [38].

At higher magnifications (Figure 2h and 2j), other details of the microstructure are revealed.
The dense areas also appear in the coatings manufactured from the CBG feedstock. However,
their boundaries become flattened instead of rounded and their size is significantly smaller than
in the LBG coatings. Besides, as the TC torch provided more thermal and kinetic energy to in—
flight glass particles than the SC torch, the CGB particles melt completely and retain their
plastic character when hitting the substrate, giving rise to flat lamellae.

An effect of the plasma torch and the particle size distribution on the percentage and size pores
was observed on the surface of coatings, as shown in Figure 3. This figure depicts the FEG—
ESEM micrographs of the coating’s surfaces, which are composed by lamellae of molten and
semi—molten glass particles. The round pores present in the cross—section are also observed as
well as longitudinal cracks due to the fast cooling and the thermal expansion mismatch between
the glass and the substrate [6].

When comparing Figure 3a (LBG-SC) with Figures 3b (LBG-T1) and 3c (LBG-T2), LBG-
T1and LBG-T2 in addition to having less percentage of total porosity in the cross—section than
LBG-SC, coatings manufactured by using the TC torch show a lower amount of big size pores

and the appearance of very small pores on the surface. As mentioned above, probably this could
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be due to the higher release of occluded gas because of the higher velocity of the glass particles
when impacting the substrate. Regarding the coatings derived from the CBG feedstock, the
pores are very small, and their percentage seems a bit higher than the three other coatings,
probably not only due to the higher release of gases but also due to the smaller particle size.
The roughness (Sa) of the surface of the coatings was also measured. This parameter varied
mainly as a function of the particle size distribution of the feedstock, while apparently, the type
of plasma torch has no significant effect on this roughness parameter. The roughness of the
coatings deposited with the LBG feedstock was 15.8 £ 0.8 pum. In comparison, the roughness
of the coatings deposited with the CBG feedstock was 11.6 £ 0.6 um, confirming that the
coatings manufactured with the CBG feedstock are more even.

Moreover, performing a close examination of the micrographs taken with the backscattered
detector, there is not a constant grey level in the microstructure of the coatings, suggesting
differences in chemical composition inside them [6,39]. Thin, brighter, and flattened regions
are seen surrounding darker regions in all the coatings. These regions can be easily observed in
cross—section micrographs from Figure 2. Overall EDX analysis was also in coatings’ cross—
section by selecting low magnification areas that were representative of the microstructure and
the results obtained are detailed in Table 4. The analysis shows depletion of sodium and
phosphorus, volatilised during the flight of the glass particles in the plasma jet [6]. The
differences in sodium and phosphorus are lower for the coating manufactured from the LBG
using the SC torch than those for the coatings obtained with the same feedstock using the TC
torch. The higher volatilisation of sodium and phosphorous with the TC torch is owing to the
higher energy to which the glass particles are subjected. This is a consequence of the more
excellent stability of the plasma jet of multi—cathode systems (TC torch), even when the plasma
enthalpy is like that of monocathode systems (SC torch). It is also noted that in coatings sprayed
by the TC gun under the same conditions but with different feedstock, the volatilisation

increases when CBG is used. Indeed, the volatilisation takes place preferably at the surface of
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the molten glass particles, but the volatilisation tends to be generated from the core of the glass
particles as the size of the particles decreases, as in the case of the CBG particles. Consequently,
coatings manufactured from smaller particles tend to have more significant changes in chemical
composition.

From these results, it can be noticed that both the plasma torch and the particle size affect the
volatilisation of sodium and phosphorus as described above. When coatings are sprayed with
the TC torch, the plasma jet power affects the volatilisation of sodium and phosphorous, being
higher in high power conditions. Regarding the particle size, although volatilisation occurs
mainly on the surface and, to a lesser extent, from the particle core, this phenomenon depends
on the energy per unit mass gained by in—flight particles, so the smaller the particle size, the
greater the volatilisation. It is also evident that volatilisation is much higher in coatings
deposited with the TC torch.

Finally, XRD spectra (see Figure 4) showed that all the obtained coatings displayed an
amorphous character and no crystalline phases. The amorphous character remains since,
although high temperatures are reached in the plasma plume to melt the glass particles, a fast
cooling of the lamellae occurs when impacting on the substrate prevents the coating

devitrification.

3.2. Bioactivity of the coatings: SBF tests

Figure 5 shows the surface of the coatings as—sprayed and after 1, 7 and 14 days of immersion
in SBF. Changes in surface morphology of all coatings with immersing time evidence their
interaction with SBF [8,30,40,41]. However, the rate and intensity of the reaction appear to be
slightly different depending on the feedstock and the plasma torch. Initially, the glass surface
leaches out the modifying ions (Na*, Ca®") exchanging the alkali or alkali earth ions with
protons of the liquid medium and a Si—rich layer is created [28]. Continuous leaching of ions
from deeper and deeper areas and the dissolution of the glass in the liquid medium causes partial

destruction of the glass network resulting in the development of numerous cracks on the coating
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surface. The irregularities of this attacked glass surface act as nucleation sites where a layer
rich in Ca and P is deposited from which hydroxycarbonate apatite (HCA) is formed. This HCA
growth is observed by the development of spherical agglomerates, which increase in size and
quantity with immersing time until they cover the entire surface and give the typical
cauliflower—like appearance.

The micrographs in Figure 5 suggest that after one—day of immersing in SBF, regardless of the
power condition applied, the coatings manufactured from the lab—made glass (LBG) with the
TC torch are more reactive than the one sprayed by the SC torch, which seems to react at a
lower rate. Thus, the coatings LBG-T1 and LBG-T2 show more surface cracks, which are
indicative of increased ion exchange with the medium. This trend continues after 7 and 14 days
of immersion. As far as the coatings obtained with the commercial bioactive glass powder
(CBG) are concerned, they seem to react faster than the coatings obtained with the lab—made
bioactive glass powder (LBG) as the newly formed HCA agglomerates are noticeable on the
surface of the coating after a soaking time of 1 day. This trend continues until seven days, where
the reaction seems to be completed since there are no significant differences in the amount and
size of the HCA agglomerates formed between 7 and 14 days in both coatings (CBG-T1 and
CBG-T2).

Generally, the bioactivity of a glass coating can be affected by many factors such as
crystallinity, glass composition, roughness and specific surface area. On the one hand, in the
present work all coatings have similar composition and are fully amorphous (see Figure 4),
which cannot explain the differences. On the other hand, despite the fact that the coatings
derived from the LBG powder are rougher than those derived from the CBG powder, the
lamellae of the latter are smaller since the molten particles do not lose their identity when, after
impact, they solidify on the substrate. In addition, as mentioned in section 3.1., it has been said
that changing from the SC to the TC torch for the LBG feedstock, the surface of the coatings

manufactured by the TC torch possessed a higher number of pores with small size than the
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surface of the SC torch derived coating, resulting in coating surfaces with high specific surface
area (both T1 and T2 plasma conditions). Concerning the CBG derived coatings, as said before,
the surface of these coatings presented a higher percentage of pores which are even smaller in
size than those of the LBG-TC coatings. Consequently, the specific surface area of the CBG—
T1 and CBG-T2 coatings are the highest of the sprayed coatings.

Also, another factor that is probably affecting the bioactivity of the sprayed coatings to a lesser
extent is the density of the coatings, that is, the amount of glass that exchanges ions. For a
similar thickness (around 100 um), the coatings sprayed by the TC torch have less percentage
of total porosity. Therefore, these coatings have a higher amount of glass per unit of area, and
hence they could be able to release a higher amount of ions.

The EDX spectra obtained when analysing the surface of as—sprayed coatings and after 1, 7,
and 14 days of immersion in SBF show a gradual increase in the intensity of the Ca and P peaks
and a decrease in that of the Na and Si peaks, either due to interaction with the medium, for Na,
or to the growth of the HCA layer formed, for Si.

Figure 6 shows the EDX analysis spectra of the surface of the LBG-SC and LBG-T2 coatings
as—sprayed and after an SBF soaking time of 14 days. When comparing these figures, the Si
peak displays a much lower intensity in the coating obtained with the TC torch, which could be
a signal that the thickness of the HCA layer formed is greater. These results confirm what was
observed in Figure 5, that is, the LBG coatings sprayed by the TC torch are more reactive than
that manufactured by the SC torch.

The diffraction patterns obtained for all coatings after 14 days of immersion in SBF reveals the
peaks associated with the crystallisation of HCA (Figure 7 8). All coatings display the same
HCA peaks, even though the LBG-SC coating, as it is less reacted than the other coatings,
displays less well-defined peaks (pattern from [42]).

Figure 8 shows the variation in the Ca and P content of the five coatings' surface, with the

immersion time in SBF. These results have been obtained by analysing 0.134 mm? areas of the
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surface of the coatings by EDX. As immersion time in SBF increases, the P content of the
surface of the coatings also increases. This increase is very fast at the beginning and from 7
days becomes slow, being practically stabilised for 14 days of immersion. There is also a
significant difference between the behaviour of the coatings sprayed by the SC and TC torches.
In the coating manufactured by the SC torch, the increase in P content is lower, which
corroborates its lower reactivity with SBF, probably because it is a less dense (high percentage
of total porosity) coating with less specific surface area as mentioned above. In the other hand,
there are no differences between the coatings obtained with the two power conditions of the TC
torch. On comparing the curves corresponding to the coatings obtained from the two feedstocks
with the triple cathode gun, the few differences observed in the structure of their surfaces are
verified. Therefore, CBG coatings are generally more reactive than the LBG ones, which is
probably due to the smaller pore size and surface roughness, hence higher specific surface area
of the CBG derived coatings.

Concerning the variation of Ca with the immersion time in SBF, it is noticed that for the coating
sprayed by the SC torch the curve is downwards, as it was with the P. Moreover, in this case,
the concentration of Ca in the surface of the coating decreases initially for one day of
immersion. This is due, as indicated in the literature [29,43], to the ion exchange with the
medium, which is only noticeable before starting the HCA nucleation that increases the Ca
concentration in the coatings’ surface. In the coatings sprayed by the TC torch, the initial
reduction of the calcium concentration is not appreciated, which could be since it can occur in
less than one day since as mentioned above, these coatings are more reactive. Contrary to what
happened for P, no significant differences in the calcium variation of the coatings obtained with
the two feedstocks can be seen, which allows us to conclude that their reactivity is quite similar.
More research is being carried out to determine the adherence of the coatings to the substrate

and the growth rate and thickness of the HCA layer on the coating’s surface. Besides, it is
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necessary to optimise the spraying parameters to preserve as far as possible the obtained

microstructures and reduce the volatilisation of sodium and phosphorus.

4. Conclusions

Two bioactive glass powders have been used, one lab—made (LBG) and the other commercial
(CBG), to obtain coatings by APS using two plasma torches: single—cathode (SC) torch and
triple—cathode (TC) torch. The starting glasses had different particle size distribution (LBG <63
um and CBG <40 um) so the effect of the feedstock particle size and the plasma gun power on
the coating’s microstructure have been studied.

Regardless of the torch or the glass powder employed, XRD spectra revealed that all coatings
were amorphous. Coatings deposited with the TC torch, regardless of the power conditions
used, have a more homogeneous and denser (less total percentage of porosity) microstructure
than that prepared with the SC torch. It has been found that the percentage and size of the pores
of the coatings depend on the particle size of the feedstock and on the plasma torch used since
the higher thermal and kinetic energy supplied to the particles by the TC torch give rise to a
better melting degree of the glass particles and a better stacking of the glass particles when they
impact onto the substrate. However, the high temperature of the plasma torch causes
volatilisation of sodium and phosphorus from the surface of the molten feedstock particles. This
evolved gas results in an additional source of pores in the coating. It has been found that this
volatilisation increases with the power of the plasma and by decreasing the size of the feedstock
particles. That is, it is higher for coatings obtained with the TC torch from commercial bioactive
glass, under high power conditions.

All coatings have reacted with SBF, although there are differences in the kinetics at which the
HCA formation takes place, due to the differences in the specific surface area between the
sprayed coatings. Using the same kind of feedstock, changing from the SC torch to the TC torch

results in coating surface with higher specific surface area and a hence higher rate of reaction
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with SBF. Moreover, the specific surface area of the coating’s surface could be improved by
reducing the particle size of the feedstocks, therefore enhancing the bioactivity of the coatings.
For a 14-day SBF immersion period, however, all coatings had carbonated hydroxyapatite
(HCA) layer, as verified on the surface by XRD analysis, regardless of the feedstock and the
plasma torch used to manufacture them.

Based on the above, it can be concluded that the TC torch could be a suitable plasma torch to
deposit bioactive glass coatings. The coatings sprayed by the TC torch preserved the amorphous
character of the feedstocks and the resulting microstructures were enhanced regarding the one
obtained with the SC torch. Additionally, the coatings sprayed by the TC torch showed higher
bioactivity, identified with the HCA formation and the changes in the ionic composition of

calcium and phosphorus, even up to 14 days of exposure to SBF.
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Table 1. Composition of the lab—made bioactive glass (LBG) and the commercial bioactive glass (CBG) powders

Oxide SiO2 P20s CaO Na20
LBG powder (wt%) 47.6 5.3 23.1 24.0
CBG powder (wt%) 45.0 6.0 24.5 24.5
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Table 2. Plasma spraying parameters used to deposit the TiO, bond coat and the bioactive glass top layers
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Table 3. Average thickness and porosity of the resulting coatings

Coating reference

Average thickness (um)

Percentage of porosity (%)

LBG-SC

LBG-T1

LBG-T2

CBG-T1

CBG-T2

100+ 5

95+11

101+9

94 +10

99+8

27 +3

12+2

12+2
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Table 4. EDX analysis of the coatings before SBF immersion

Plasma gun

Coating
reference

SiO2 (Wt%o)
CaO (wt%)
Na20 (wt%o)

P20s (Wt%0)

F4-MB

LBG-SC

50.63

25.12

20.45

LBG
(lab—made bioactive glass)
Triplex
LBG-T1 LBG-T2

50.29 51.20
27.99 28.55
18.63 17.45
3.09 2.79

3.80

CBG
(commercial bioactive glass)
Triplex
CBG-T1 CBG-T2
50.05 51.96
29.66 31.23
17.32 14.28
2.97 2.53
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Figure Captions

Figure 1. FEG-ESEM micrographs of the powder feedstocks. a) lab—made bioactive glass
(LBG) and b) commercial bioactive glass (CBG) particles

Figure 2. Cross—section of the obtained coatings at different magnifications. a) and b) LBG—
SC coating, ¢) and d) LBG-T1 coating, e) and f) LBG-T2 coating, g) and h) CBG-T1 coating
and i) and j) CBG-T2 coating

Figure 3. The surface of the obtained coatings. a) LBG-SC coating, b) LBG-T1 coating, c)
LBG-T2 coating, d) CBG-T1 coating and e) CBG-T2 coating

Figure 4. XRD pattern of all as—sprayed coatings
Figure 5. The surface of the obtained coatings before and after 1, 7 and 14 days of soaking in
SBF. a) to d) LBG-SC coating, €) to h) LBG-T1 coating, i) to I) LBG-T2 coating, m) to p)

CBG-T1 coating and q) to t) CBG-T2 coating

Figure 6. EDX analysis of the surface of the coatings as—sprayed and after an SBF soaking
time of 14 days. a) LBG-SC coating and b) LBG-T2 coating

Figure 7. XRD pattern of the surface of all coatings after 14 days immersed in SBF. Pattern of
the LBG-SC coating from [42]

Figure 8. Evolution of P and Ca content of the coatings’ surface with soaking time in SBF. Full

dots for LBG-SC coating, full triangles for LBG-T1, full squares for LBG-T2, hollow triangles
for CBG-T1 and hollow squares for CBG-T2
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Figure 5
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a) As—sprayed b) As—sprayed 14 days
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