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Abstract

The application of bioglass coatings on metallic implants provides link between bone and materials and prevents corrosion of metallic implants
in body fluid. Therefore, in this research, 45S5 bioglass-silica coatings on 316L stainless steel were prepared by the sol-gel method and were
characterized by different techniques. According to X-ray diffraction (XRD) results, by sintering 45S5 bioglass at 600 °C for 5 h, coatings
containing both amorphous phase and Na,Ca,Si30y crystalline phase were obtained. Scanning electron microscopy (SEM) results showed that
coatings prepared via appropriate sol aging and substrate preparations are crack-free. Potentiodynamic polarization tests in simulated body fluid
(SBF) showed that coatings improve corrosion resistance of substrates, significantly. Further, bioactivity was considered during 30 days of
immersion in SBF at 37 °C by atomic absorption spectroscopy (AAS), XRD, SEM and potentiodynamic polarization tests that demonstrated the

growth of amorphous apatite, hydroxyapatite (HA) and CaSiOj; film on coatings.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

316L Stainless steel is biocompatible and has been used for
many decades as a permanent surgical implant material due to
its lower cost, excellent fabrication properties, good corrosion
resistance, and easy availability [1,2]. However, the corrosion
of the metallic implants in physiological solutions is critical
because it could affect negatively the biocompatibility and the
mechanical integrity [3]. Large concentrations of metallic
cations coming from the prosthesis can result in biologically
adverse reactions and might lead to the mechanical failure of
the implant [1,3].

On the other hand, bioactive glasses are defined by Hench
[4] as materials capable to create a chemical bond with
surrounding tissues which leads to an intimate link between
bone and materials [5]. Bioactive glasses exhibit osteoinduc-
tive behavior, are able to bond to soft and hard tissues and
form a carbonated hydroxyapatite layer on their surface with
composition and structure equivalent to the mineral phase of
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bone when exposed to biological fluid [4,6]. Although
bioactive glasses have been used clinically as bone regenera-
tive materials in dental and orthopedic applications [7], these
materials are normally very brittle and prone to crack
propagation leading to catastrophic failure [8]. Hence, due to
their limited mechanical properties, they cannot be used as a
bulk material in load-bearing applications [9,10].

Therefore, in order to use the excellent bioactivity of the
bioactive glasses, as well as the advantageous mechanical
properties of metals, the bioactive coated implants are good
options to overcome mentioned limitations [8,11]. Although
there are various ways to apply bioactive glasses as coatings
on metal implants such as sol-gel [12], plasma spraying [13]
and electrophoretic deposition [14], the sol-gel process offers
a number of advantages over other coating methods like
flexibility, control of coating morphology, chemistry and
structure [15].

In previous studies, Si0,—CaO-P,05 bioglass were used to
prepare one layer bioglass coating via sol-gel method and
silica-bioglass coatings were prepared by suspensions contain-
ing bioglass particles. In this research, double layer coatings
containing silica (Si0,) intermediate layer and 45S5 bioglass
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(Si0,—Ca0O-Na,O-P,05) top layer were prepared by sol-gel
procedure on 316L stainless steel substrates. Several
approaches have been used to evaluate the characteristics of
the prepared coatings such as their phase structure, morphol-
ogy and corrosion resistance. Besides, the bioactivity of
coatings during 30 days of immersion in simulated body fluid
(SBF) was considered by different techniques.

2. Experimental

In this research, AISI 316L austenitic stainless steel was
used as the substrate material and two different methods were
utilized for surface preparation in order to compare their effect
on coating properties: (a) mirror polished substrates; (b)
substrates sandblasted with silica beads. Besides, some of the
sandblasted substrates were treated in acid nitric 25% vol for
12 h. At last, the specimens were ultrasonically cleaned in
acetone before the application of coatings.

In order to prepare the silica sol, tetraethyl orthosilicate
(TEOS, Merck) was added to ethanol (ethanol:TEOS molar
ratio was 5:1) and HCI. Then, distilled water was added to the
solution (H,O: TEOS molar ratio was 4:1) and allowed to mix
at room temperature till a clear solution was achieved [16].

45S5 bioglass sol with chemical composition of 45 wt%
Si0,:6 wt% P,05:24.5 wt% Na,0:24.5 wt% CaO was pre-
pared by sol-gel process [17,18]. Tetraethyl orthosilicate
(TEOS, Merck) was added into 0.1 mol/LL HNO3 (Merck) as
catalyst at room temperature. The following chemicals were
added sequentially and about 1 h was given to each reagent to
react thoroughly under stirring: thriethyl phosphate (TEP,
Merck), sodium nitrate (NaNOs, Merck) and calcium nitrate
tetrahydrate (Ca(NOj3), - 4H,0, Merck), respectively. To allow
completion of the hydrolysis reaction and achieving a clear sol,
stirring was continued for 1 h after the last addition.

To prepare double layer coatings consisting of an inter-
mediate silica layer and a top 45S5 bioglass layer, at first, the
silica coatings were prepared by dipping the substrates into the
silica sol aged for 24 h at room temperature and the dip coating
withdrawal rate was 5 cm/min, followed by drying silica
coated substrates in oven at 110 °C for 30 min and then, heat
treated at 450 °C for 30 min in a programmable furnace with
heating rate of 1 °C/min. Next, these samples were dip coated
in 45S5 bioglass sol aged at 50 °C and the dip coating
withdrawal rate was 5 cm/min, followed by drying at room
temperature and then, heat treated at 600 °C for 5h in a
programmable furnace with heating rate of 1 °C/min and
overall obtained thickness is about 4 pm.

The SS 316 alloy used as substrate is stabilized grade
stainless steel (with 0.03 wt% of carbon) and this material is
required to be heat treated at 650-675 °C in order to be
sensitized, although the most commonly used sensitizing
treatment is 1 h at 675 °C. However, for this stainless steel
alloy, the sensitizing appears after the 50 h at 650 °C [19].
Therefore, the heat treatment selected in this research seems to
have negligible effect on substrate.

Characteristics of synthesized samples were considered by
X-ray diffractometer (XRD, Philips Analytical, 40 KV, 30 mA,

Cu), scanning electron microscopy (SEM, VEGA, TESCAN),
pull-off method (Elcometer, HATA 108) and potentiodynamic
polarization tests (Autolab PGSTAT 302N). A three electrode
cell with a saturated calomel electrode (SCE), a working
electrode (the sample) and a counter electrode (Graphite) was
employed in polarization test and scan rate potential was set at
1 mV/s going from the cathodic to the anodic side. The
corrosion polarization curves were plotted after 1 h in order
to attain steady open circuit potential. Corrosion potential
(Ecorr), corrosion current density (i.o) and the anodic/cathodic

Table 1
Order and amounts of reagents for preparing 1000 ml of SBF.

Order Reagent Amount
1 NaCl 8.035¢g
2 NaHCO; 0.355¢g
3 KCl1 0225¢g
4 K,HPO,.3H,O 0231¢g
5 MgCl,.6H,0 0311g
6 1.0M HCL 39 ml
7 CaCl, 0292 ¢
8 Na,SO4 0.072 ¢
9 Tris 6.118 g

10 1.0 M HCI 0-5 ml
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Fig. 1. XRD pattern of 45S5 bioglass before sintering and after sintering at
600 and 700 °C for 1 h (O NaNOs, ° Na,Ca,SizOg, * Na,CazSicO¢).
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Fig. 2. XRD pattern of 45S5 bioglass sintered at 600 °C for 5 h.
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Tafel slopes (f,, f.) were obtained from polarization curves by
using the Tafel extrapolation method. Also, mean values and
standard deviation was calculated. Polarization resistance (R;,)
was calculated by Stern—Geary equation [20]:
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Fig. 3. SEM image of 45S5 bioglass- silica coat on 316L stainless steel; (a)
X300; (b) X1000.

The bioactivity of coatings was investigated by soaking
them in SBF solution at pH 7.4 [21] for 30 days at 37 °C (the
composition of SBF solution is presented in Table 1) and the
samples were analyzed by XRD, SEM/EDX (MIRA/TESCAN),
potentiodynamic polarization experiments and the changes in
SBF solution during immersion in SBF were studied by atomic
absorption spectroscopy (AAS, GBC Avanta PM).

3. Results and discussion
3.1. Coating characterization

Fig. 1 shows XRD patterns of 45S5 bioglass before sintering
and also after sintering at 600 and 700 °C for 1 h. Before
sintering, NaNOj peaks are only identified and by sintering at
600 °C, although small amount of nitrates still remain, a
crystalline phase starts to form which is identified as Na,Ca,-
Si30¢ (standard PDF #22-1455). By increasing sintering
temperature to 700 °C, nitrates are completely removed;
besides, the intensity of Nay,Ca,Si;Og crystalline phase
increases and Na,Ca3SigO,¢ (standard PDF #23-0671) appears
as the second crystalline phase.

It is always desirable to lower the sintering temperature,
because high sintering temperature causes phase changes in
microstructure of substrate and lowers the mechanical properties
[15]. Therefore, the samples were sintered at 600 °C for 5 h to
achieve three aims of removing nitrates, decreasing the percen-
tage of crystalline phases and lowering sintering temperature;
the XRD pattern of this sample is shown in Fig. 2.
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Fig. 4. potentiodynamic polarization curves for bare and 45S5 bioglass- silica
coated 316L stainless steel in SBF at 37 °C after 1 h immersion.

Table 2

Mean values (standard deviation) of corrosion parameters according to
potentiodynamic polarization tests for bare and bioglass- silica coated
substrates soaked in SBF at 37 °C for 1 h.

Sample Ecorr (V versus SCE)  icor (nA/cm?) R, MQ)
Bare substrate —0.420 £+ 0.002 1300 + 75 0.14 +0.03
Silica-bioglass coated ~ —0.350 + 0.002 35+2 1.23 +£0.07
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As Fig. 2 shows, by increasing sintering time from 1 hto 5 h
at 600 °C, the nitrate peaks are removed completely and even a
diffusive background which is the indication of the amorphous
phase is shown more clearly; besides, the Na,Ca,Si309 phase
appears. Therefore, in this research, the coated samples were
sintered at 600 °C for 5 h; because although the obtained
samples have crystalline phase, the major part of them is
amorphous and they are free from nitrates. Moreover, it must
be said that Na,Ca,SizO9 has been reported to have similar
bioactivity to that of the glass phase [22] and calcium silicates
and sodium—calcium silicates are frequently used as biomater-
ials and hence the development of these new phases is not
expected to hinder the bioactivity of the 45S5 coatings [13].

The crystallite size of 45S5 bioglass sintered at 600 °C for
5 h is calculated from Scherer equation [23] which is approxi-
mately 50 nm.

An important parameter in dip coating procedure is surface
preparation of substrates in order to prepare an adhesive and
uniform coating without cracks. Adhesion results show that
among different surface preparation used, coatings prepared on
sandblasted substrates treated in nitric acid 25% vol for 12 h,
had the best adhesion strength which was 5 MPa, while
coatings prepared on sandblasted substrates and polished
substrates had adhesive strength equal to 3 and 0.5 Mpa,
respectively; these results are comparable with reported data
[8,24].

For most coatings, the adhesive strength is because of
mechanical interlocking and chemical bonding between the
coating and the substrate [25,26]. By sandblasting, the surface
roughness increases and as a result, the adhesion raises.

S. Pourhashem, A. Afshar / Ceramics International 40 (2014) 993—1000

Fig. 3 shows SEM image of bioglass-silica coatings.
Homogenous and crack-free coatings were obtained on 316L
stainless steel substrate.

Fig. 4 shows the potentiodynamic polarization curves of
bare and coated substrates in SBF at 37 °C. The corrosion
current density (icoy), corrosion potential (E.,,) and the
corrosion resistance obtained from these curves are presented
in Table 2. As Fig. 4 and Table 2 shows, 316L stainless steel
corrodes rapidly in SBF in presence of chlorine ions, prefer-
entially absorbed on its surface and the chlorine ions enhance
ionization of the metal [27]. By using bioglass-silica coating
on substrate, the corrosion potential becomes nobler and the
corrosion current density decreases significantly.
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Fig. 6. XRD pattern of bioglass-silica coated samples after 30 days of
immersion in SBF at 37 °C.
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Fig. 5. variation of (a) Ca concentration, (b) Na concentration and (c) pH in SBF at 37 °C as a function of immersion time.
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Fig. 7. SEM image of 45S5 bioglass-silica coated samples after 30 days
soaking in SBF at 37 °C; (a) X50,000; (b) X100,000.
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The corrosion behavior is essentially related to the morphology
and defects of coated surface. The electrolyte infiltrates into the
inner portion of the coating through the structural imperfections
such as pores, cracks and pinholes existing in the coating and
comes into contact with the deeper portion of the coating, causing
corrosion [28]. The barrier effect of coatings is increased by the

first SiO, coating that prevents the contact of electrolyte with the
substrate after the dissolution of bioactive particles [29].

At the beginning of an interaction in a corrosive environ-
ment, the ceramic coating acts like a barrier between substrate
and environment protecting substrate from corrosion. At over-
potential conditions, coating layer scratches faster and then
exposed areas increase; as a result, corrosion current increases.
The diffusion of the oxidant ions speeds up and the corrosion
rate increases due to debonding and elimination of the coating
from the substrate [19]. Therefore, breakdown potential between
bare and coated substrate differs.

3.2. Bioactivity

When bioglass reacts with SBF, both chemical and struc-
tural changes occur as a function of time within bioglass
surface [4]. Fig. 5 shows the variation of Ca and Na
concentration measured by atomic absorption spectroscopy
(AAS) as well as pH values in the SBF solution versus
immersion time.

Fig. 5(a) shows that, in the first day, Ca*" concentration
increases significantly and reaches to a maximum value which
shows rapid Ca dissolution. Then, till the 3rd day, the Ca
concentration decreases drastically. Since the Ca®* concentra-
tion is controlled by both the release of Ca>* from the coat to
the SBF solution and the formation of phosphate or HCA on
the coat. The decrease in the Ca®* concentration in SBF is
attributed to the rapid growth of the apatite nuclei formed on
the surface of the glasses that overcame the release rate of
calcium ions to the solution [30]. After that, the Ca**
concentration again starts to increase gradually till the 30th
day of soaking. The rise of Ca®* concentration in SBF can be
explained by the effect of the dense apatite layer which slowed
the apatite growth.

Fig. 5(b) shows that the Na* concentration has increased
gradually in the SBF and after 7 days of immersion, Na™
concentration in solution becomes rather constant and only
little changes take place.

Fig. 5(c) represents the pH changes in SBF solution during
immersion test and it shows that the changes in pH during the
first day of immersion is noticeable and pH increases from 7.4
to 7.58 after 24 h. Then, pH rises gradually and after 30 days,
the value of pH increases up to 7.82. Increase in pH is result of
jonic exchange between unstable cations like Na™ and Ca?* in
bioglass coat with H* or H;0" in media [31,32].

The observed behavior is consistent with mechanism of
apatite formation similar to that described by Hench [4] for
bioglass. Due to the release of Ca®* and Na™ into solution after
immersion in SBF, silica network is attacked and this process
is continued by formation of silanol (Si—-OH) groups on
surface, which are described by the following reactions
[33,34]:

Si—O—Na® 4+ H 4+ OH™ - Si—OH + Na™ jution) + OH™
2

2(Si—0)*~Ca®* + 2H,0—2Si—OH + Ca’*" + 20H" (3)



998 S. Pourhashem, A. Afshar / Ceramics International 40 (2014) 993—1000

a 30 § b 12 -
28 - 10 1
= £ 8-
o2 26 4 °
< 24 <
— o .
@ o 4
22 2 -
20 T T T T | (1] T T T T ]
4] 3 6 9 12 15 4] 3 6 9 12 15
Soaking time {day) Soaking time (day)
C 12 4
10
= 81
o2
§ °]
<
o 4
2
[ T T T T |
[ 3 6 9 12 15
Soaking time {day)

Fig. 8. changes in atomic percent of (a) Si, (b) Ca and (c) P on surface of coated samples versus soaking time in SBF at 37 °C, according to EDX analysis.

Si—0—-Si + H,0 - Si—OH + OH-Si (4)

As mentioned, leaching of ions leads to an exposition of
Si—OH network surface. This active surface stimulates deposi-
tion of calcium hydroxyapatite fine crystals on the bioactive
glass surface which slowly reduces the area of exposed surface
and therefore, the dissolution rate decreases [8].

Fig. 6 shows XRD pattern of coated samples after immer-
sion in SBF for 30 days. In comparison with Fig. 2, after
immersion in SBF for 30 days, the diffraction peaks of
Na,Ca,Si309 phase disappear. In addition to decrease of
crystallinity and increase of amorphous phase, diffraction
peaks of hydroxyapatite (HA) and calcium silicate (CaSiO3)
appear.

In the sequence of interfacial reactions on the surface of
bioglass in contact with body fluids, the bioactive glass first
dissolves to form a silica-gel layer; then an amorphous calcium
phosphate is formed from the hydrated silica-gel; and finally
apatite crystallites nucleate and grow from the amorphous
calcium phosphate [35]. Hence, according to Hench et al.'s
theory, the amorphous phase detected by XRD after immersion
in SBF could be the amorphous apatite and related amorphous
calcium phosphates [18].

Fig. 7 shows SEM image of coatings after 30 days of
immersion in SBF solution at 37 °C. It can be seen that after
30 days of soaking in SBF, the sample is fully covered by tiny
spherical particles that according to XRD results, these
spherical particles are apatite [17].

Fig. 8 presents EDX results for concentration changes of
relevant elements occurred on the surface of coated samples
during immersion in SBF. The Si and Ca fractions of all
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E (V vs. SCE)
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1.E-09
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Fig. 9. potentiodynamic polarization curves of bioglass-silica coated samples
after soaking in SBF at 37 °C for different immersion times.

samples begin to scatter during the first 3 days of soaking,
indicating compositional heterogeneities [36]. After 3 days of
immersion in SBF, all samples show an increase in the Ca and
P contents and a decrease in silicon content, as expected, it is
due to the formation of calcium phosphate layers, as observed
by SEM. Moreover, this indicates the release of SiOi_ ions,
which could be replaced by PO;~ [18].

It should be noted that the level of phosphorus and calcium
was still lower than their standard amount in HA with
theoretical composition of (Ca;o(PO4)¢ (OH),). However,
EDX analysis presents approximately the chemical composi-
tion of calcium phosphate film due to its penetration depth and
the exact composition of the calcium phosphate layer cannot
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Table 3

Mean Values (standard deviation) of electrochemical parameters according to
potentiodynamic polarization tests for bioglass- silica coated substrates soaked
in SBF at 37 °C for different immersion times.

Sample Ecorr lcorr R, Porosity
(soaking time) (V versus SCE) (nA/cm2) MQ sz) (%)
1 hour —0.350 + 0.002 35+2 1.23+0.07 8.5
1 day —0.407 £+ 0.002 13.7+1 44+0.12 34
3 day —0.428 + 0.002 16.1 +1 3.13+0.09 4.5
7 day —0.474 £+ 0.002 272+1 2.1+0.07 6.1
14 day —0.400 £+ 0.002 45+1 10.79 +0.15 1.2
30 day —0.250 £ 0.002 1.8+1 12.96 +0.17 0.7

be derived from the presented results. Also, this variation is
expected as solution-mediated apatite formation and is depen-
dent on several factors such as pH, temperature, initial Ca/P
ratio and the presence of other inorganic ions [37].

Fig. 9 shows potentiodynamic polarization curves of
bioglass-silica coated samples after immersion in SBF solution
at 37 °C for different soaking times and the results obtained
from this plot is presented in Table 3 and the coating porosity
was estimated according to Eq. (5) [29]:
p= Bos s om0 ()

R,

where f, is anodic Tafel slope, R, is the polarization
resistance of the bare steel, R, is the polarization resistance
of the coated samples and AE.,, is the difference in corrosion
potential between the coated and bare substrate [29].

According to Fig. 9 and Table 3, up until 7 days of
immersion, corrosion current density increases from
13.7+1 nA/cm?® to 27.2 +1 nA/cm?. Then, the corrosion
current density starts to decrease till the 30th day that reaches
to 1.8 4+1 nA/cm?>. Moreover, the corrosion potential after the
first day of immersion is —0.407 + 0.002 V and it decreases to
—0.474 £ 0.002 V after 7 days of immersion. Afterwards, the
corrosion potential tends to become nobler and it reaches to
—0.250 £+ 0.002 V after 30 days of soaking.

Also, from the first day till the 7th day of immersion,
polarization resistance decreases and the porosity percent
increases; so, as mentioned, the corrosion current density
increases and corrosion potential decreases. Then, the polar-
ization resistance starts to increase and therefore, the porosity
percent decrease after 30 days of soaking. So, the corrosion
current density decreases significantly and the corrosion
potential becomes more positive and tends to act nobler.
Hence, the coatings show protective behavior.

In fact, after 7 days of exposure to SBF solution, the alkali
and alkaline earth ions from the bioactive glass surface start to
diffuse into the surrounding medium faster than ion precipita-
tion on glass surface, leaving behind a corroded surface with
increased surface area [8]; thus, the corrosion rate increases in
the first days of immersion. Further, leaching of ions leads to
an exposition of Si—-OH networked surface. This active surface
stimulates deposition of a thin film consisting of hydroxyapa-
tite on the bioactive glass surface which slowly reduces the

area of exposed surface [8] and pores and defects presented in
the coatings could be blocked by corrosion products of the
metal or by the degradation of the particles present in the
coating [3]. This blocking could cause a higher resistance to
the diffusion of the electro-active species to reach the metallic
substrate increasing the apparent resistance of the system with
time [27] and decreasing the rate of dissolution.

4. Conclusion

In this work, 45S5 bioglass-silica coatings were prepared on
316L stainless steel by sol-gel method. XRD patterns of 45S5
bioglass sintered at 600 °C for 5 h showed amorphous samples
free from nitrates with small fracture of crystalline phase
(NayCa,Siz09) with crystallite size of 50 nm. Besides, the
results confirmed that surface preparation of substrates had
significant effect on coating properties. Bioglass-silica coatings
exhibited a better electrochemical behavior in comparison with
bare substrates. Further, in vitro behavior of coated substrates
was considered during 30 days of immersion in SBF solution
at 37 °C via XRD, SEM, AAS and potentiodynamic polariza-
tion tests that showed the growth of apatite and calcium
silicates on the surface of coated samples.
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