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Abstract

The current study is focused on refining effect of amorphous SiO2 on porosity and interlayer
formation of sintered ZrO.-SiO> composite coatings produced on anodic oxidized 316L
substrate. The SiO, improved particle interaction with the substrate surface and increased
thickness of the interlayer formed at the coating/substrate interface. For porosity evaluation,
the coatings were sliced and imaged layer by layer using focused ion beam-scanning electron
microscopy and 3D visualizations reconstructed by stacking the acquired 2D images. Volume
fraction, dimension, distribution and connectivity of pores as a function of coating
composition were analyzed. The results showed that SiO> also densifies the coating and
decreases volume fraction of connected pores. Corrosion performance of ZrO,-SiO> coatings
was improved with increasing SiO. content due to the higher barrier effect resulted by
increasing the interlayer thickness as well as the lower permeability supported by lower
percent of connected pores.
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1. Introduction

Tailored porous structures reveal unique features that are advantageous compared to their
conventional dense counterpart [1]. Nowadays, bio-ceramic coatings are widely applied on
metallic implants to enhance various surface characteristics such as biocompatibility,
osseointegration, and corrosion resistance [2-6]. In this regard, porosity is known as a great
contributing factor in developing multifunctional coatings for biomedical applications [7, 8].
Coatings with sufficient volume fraction of interconnected pores can promote tissue ingrowth
and provide biological anchorage, leading to formation of a strong biological tissue-implant
interface [9]. Also, surface porosities have shown to reduce the effect of stress shielding,
which often occurs due to the elastic modulus difference between bone and ceramic coatings
resulting in increased stress distribution to bone and hence minimizing overload episodes [8,
10, 11]. Meanwhile, porosity has a negative effect on cohesion strength of the coatings [12,
13], and it can deteriorate the barrier performance of the coating against diffusion of
corrosive elements through available interconnected channels toward the substrate [14, 15].
Consequently, the size, shape, distribution and interconnectivity of the porous structure have
to be precisely controlled to maximize the functionality of the coatings.

Different processing techniques have been used to fabricate porous ceramic coatings [16].
Among them, electrophoretic deposition (EPD) is a promising method due to its simplicity,
cost-effective, and deposition capability of various ceramic and composite materials [17].
The EPD is based on migration of charged particles in colloidal suspension under an applied
electrical field and deposition on the oppositely charged substrate [18]. The obtained deposits
should then be sintered to densify and increase the adhesion and cohesion strength [19]. In
this method, pore structure can be mainly controlled by suspension and process parameters
such as type and amount of electrolyte and additives (e.g., surfactants and dispersants),

particle concentration, applied voltage, as well as type and distance of electrodes [20]. For



example, conically shaped porous structure of Al2O3 with dimensions from 500 nm up to 200
pm has been developed from aqueous suspensions due to hydrogen evolution during the
cathodic EPD process [21]. EPD is also applied to fabricate highly ordered microporous HAp
coating on titanium implant from a suspension containing polystyrene spheres (3 pm in
diameter) as a sacrificial template [22]. Recently, vertically aligned reduced graphite oxide
nanosheets on substrate developed by combination of EPD and ice template method show
pore sizes ranging from 10 to 100 um [23]. Previous studies have, hence, mainly focused on
developing porous coatings by only changing the electrophoretic parameters; however, there
are limited studies on the impact of particle chemical composition on pore refining. Although
multiphase oxide coatings such as ZrOz-Y203-CeOz2 [24], Al203-ZrO; [25], SiO2-TiO2 [26]
and HA-ZrO- [27] have been previously produced, the effect of each component on porous
structure has not been studied. Often, various methods such as mercury intrusion porosimetry
(MIP) [28], X-ray computed micro-tomography (micro-CT) [29] and focused ion beam (FIB)
tomography [30] are applied for porosity networks evaluations. MIP can provide some
evidence about pore structure (i.e. pore diameter, pore size distribution and densities), but it is
still inefficient to characterize isolated pores due to their inaccessibility. MIP theoretically
measures pore size ranging from 100 um down to a few nanometers [9], and also the entrance
toward a pore without detecting its actual inner size or shape resulting in an overestimation of
the frequency on small pores [31]. Micro-CT technique is a non-destructive 3D visualization
and is suitable for measuring the pores greater than 500 nm in diameter; however, small pores
are often not detected, which results in underestimation of total porosity owing to the
limitation of image resolution [32]. On the other hand, FIB-tomography can be categorized as
a suitable technique for 3D imaging of porous structure in the range higher than 10 nm in
equivalent diameter, which can help to overcome the limitations of these two methods [33,

34]. In this method, rich microstructural data from the internal pores of coating can be



achieved by quantitative analysis of reconstructed 3D images (i.e. volume fraction of
connected and isolated pores, shape, pore size, pore size distribution) [35]. The porosity
evaluation using FIB tomography is relatively costly compared to Micro-CT and MIP
techniques [36, 37]. However, its high potential in analyzing the isolated pores and detecting
finer pores can provide detailed information to reconstruct more actual 3D pore network. This
facilitates the study of sintering behavior of various ceramic materials especially multi-phase
ceramic coatings [38].

Zr0,-SiO2 multi-phase coatings have been prepared by different coating techniques;
however, tailoring effect of amorphous SiO2 on its porosity structure is still inconclusive. In
this work, ZrO,-SiO, composite particles with different SiO2 content (e.g. 0, 10, 20, and 30
mol. %) are prepared by sol-gel method, and then, deposited on surface-treated 316L stainless
steel substrate using EPD method. The substrate is modified by anodic oxidation treatment to
create a porous surface structure before coating process. Effect of silica content on sintering
behavior and interlayer formation at the interface of coating/substrate is studied. The 3D
visualization of the coatings reconstructed by FIB tomography technique, and precise
information about porosity structure of ZrO2-SiO. coatings versus silica content are

thoroughly investigated.

2. Materials and methods

2.1 Materials

Zirconium propoxide (70 wt. % in propanol), tetraethyl orthosilicate (TEOS), 2-
methoxyethanol, ethanol, polyethyleneimine (PEI, Mw=10,000), iodine and ammonia
solution were prepared from Sigma Aldrich. Sulfuric acid (98 wt. %), phosphoric acid (98 wt.

%) and glycerol were prepared from Merck.



2.2 Preparation of ZrO,/SiO, composite particles

Zr0,/SiO2 nanocomposite particles were synthesized using alkaline based sol-gel method. In
brief, a certain amount of zirconium propoxide and TEOS were separately dissolved in 40 ml
of 2-methoxyethanol, and were then mixed. An agueous ammonia solution with pH of 11 was
diluted by 2-methoxyethanol, added into the resulted solution and stirred until a clear gel was
formed. The organic byproducts of the reaction were extracted from the gel by mixing with
EtOH/H20 solution (90/10 vol. %) at 60 °C for 3 times and the gel was dried at 100 °C. The
produced ZrO; and ZrO»-SiO, particles were heat-treated for 4 h at 1000 and 1100 °C,
respectively. The produced ZrO2/SiO. composites with SiO> contents of 10, 20, and 30 mol.

% are labeled as Z10S, Z20S, and Z30S, respectively.

2.3 Surface treatment of substrate

Chemical composition of 316L stainless steel (wt. %) used as the substrate was as follows:
Cr: 16.6, Ni: 13.1, Mn: 1.73, Mo: 1.97, Si: 0.2, C: 0.024 and Fe: reminder. The substrate was
mechanically polished using SiC papers up to 1200 grit and anodically oxidized in a bath
containing 60 wt. % H3PO4 (from Merck), 20 wt. % H2SO4 (from Merck), 10 wt. % glycerol
(from Merck) and 10 wt. % deionized water. For cleaning the substrate surfaces, they were
washed using water and degreased 10 min in ethanol and acetone, respectively. The substrate
was then anodically oxidized using 12 V for different times (3, 6, and 12 min) to obtain a
surface showing suitable porosity and roughness. According to Infinite Focused Microscopy
(IFM) images displayed in Fig. S1, the substrate oxidized for 6 min shows a more
homogeneously distributed porosity. This sample is considered as the optimum substrate for

further coatings.

2.4 Electrophoretic deposition of ZrO»/SiO, composite particles



Large and dense agglomerated particles formed during heat treatment were ball milled in a
placatory machine using zirconia jar and balls with a weight ratio of 20:1 (balls to powder) up
to 2 h. Then, they were wet-ball milled for 24 h in ethanol containing 3 wt. %
polyethylenemine (PEI) (Sigma Aldrich, MW=10000) as a surfactant using a polymeric cup
and zirconia balls. A suspension with particle dosage of 5 g I'* was prepared in EtOH as
solvent. The pH of the suspensions was adjusted at 4 by adding iodine to provide the highest
positive charge on the nanoparticles surface. Before electrophoretic deposition, the modified
particles were well dispersed in the suspension using ultrasonic bath for 1 h. Two disk-shaped
316L substrates with 14 mm diameter and 3 mm thickness were used as working and counter
electrodes with 2 cm distance in all tests. Electrophoretic deposition was conducted at a
constant voltage of 15 V using DC power supply and coatings with ~ 20 um thickness were

produced (Fig. S2). The wet deposited samples were dried at 100 °C for 2 h, and finally,

sintered at 1100 °C for 2 h in vacuum (107 torr) under heating and cooling rates of 2 °C/min.

2.5 Characterization techniques

Zeta potential and particle size distribution of suspensions were measured using Zeta sizer
(Beckman counter Delsanano, N5 Submicron). X-ray diffraction (XRD, Philips X’pert, Cu
ka) analysis was carried out using Philips PW1800 diffractometer operating with Cu Ka
radiation at 40 kV and 30 mA at scanning rate of 3 °/min with a step size of 0.02 ° in 260
range from 20 to 80 °. Topography and surface roughness of coatings were measured by
Infinite Focused Microscopy (IFM, Alicona). Surface morphology, cross sectional view and
elemental analysis of the coatings were studied using scanning electron microscope (SEM,
FEI Helios) equipped by an energy dispersive spectroscopy (EDS) detector.

In order to study the pore structure of obtained coatings, 3D FIB tomography was performed

by slice and view method [38, 39] using a dual beam FIB system (FEI Helios). The volume



region which is to be reconstructed is called “region of interest (ROI)”. To prevent surface
damage due to ion beam incidence, a thick Pt layer (~ 2 um) was applied on top of the ROI as
a protective layer (Fig. 1a). Around the ROI was milled using ion beam source to prepare a
trench with sufficient space and depth as indicated in Fig. 1b. The volume of ROI was
automatically sliced layer by layer and the stacks of 2D slices (Fig. 1c) were aligned and then
concatenate to reconstruct the final 3D modeling (Fig. 1d). These post-acquisition alignment
and 3D reconstruction process were conducted by ImageJ-win64 and Dragonfly (Dragonfly

3.6.1, 2018) [40] software packages, respectively.

slice thickness: SOnm

316L
substrate.

Fig. 1. SEM images of: (a) protective Pt layer on the ROI, (b) ROI area prepared by milling process along with
one slice of this region, (c) stacks of 2D slices milled from ROI and (d) 3D reconstructed image from ROI.

2.6 Corrosion studies

The electrochemical corrosion behavior of bare and coated samples was studied through
potentiodynamic polarization test and electrochemical impedance spectroscopy (EIS) using a
potentiostat/galvanostat (Gamry instruments, Interface 1000). All tests were done at the
similar conditions in simulated body fluid (SBF) at 37 °C after immersion for 24 h to

establish open circuit potential (OCP) prior to running each test. All measurements were



carried out in a three typical electrode cell, in which, saturated calomel electrode (SCE) was
served as reference electrode, platinum plate as counter electrode and uncoated/coated
samples as working electrode. Polarization curves were obtained over potential range from -
500 to 1500 mV versus OCP using scan rate of 1 mV s?. The impedance spectra were
obtained using the same setup in the frequency range of 100 kHz to 10 mHz at OCP
condition with an AC amplitude of 10 mV. The impedance data were fitted using Zview
software and equivalent circuit (EC) model. Each measurement was repeated three times for

evaluating the reproducibility of data.

3. Results and discussion

3.1 Chemical composition analysis

Fig. 2 illustrates XRD patterns of ZrO»-SiO> coatings sintered at 1100 °C for 2 h with various
SiO2 contents. As shown, the coatings have monoclinic crystalline structure. The monoclinic
ZrO; is often preferred in biomedical applications [41, 42], because hydroxyapatite (HA) can
form easily on this crystallographic structure due to easily formation of tri-bridging hydroxyl
groups during immersion in biological media [43]. The SiO2 phase was not detected in XRD
patterns (Fig. 2), indicating its amorphous structure. The same result has been reported for
HA-SiO. composite coating [44]. In biological applications, the evidence of zircon (ZrSiOa)
degrades the performance of ZrO>-SiO. coatings. According to ZrO»>-SiO2 phase diagram,
zircon is formed through solid state reaction between ZrO, and SiO, approximately beyond
1000 °C in ZrO2-SiO2 binary oxide system with SiO2 molar ratio lower than 50 mol. % [45].
Based on XRD results in Fig. 2, zircon is not detected after 2 h sintering of the coated
samples at 1100 °C. Similarly, Monte et al. [46] have reported no zircon formation in ZrO-
SiO, composite even after sintering at 1200 °C for 6 h. This retarding in zircon formation has

been explained well in ref. [47] and is related to the presence of carbonadoes impurities



coming from the alkoxide precursors, which probably accumulate in the grain boundaries,

acting as an effective diffusion barrier [47].

Intensity (a.u.)

Degrees (20)

Fig. 2. XRD patterns of ZrO,-SiO; coatings on anodic oxidized surface of 316L substrate sintered at 1100 °C
for 2 h.

Crystallite size of coatings was calculated from the XRD patterns using Debye Scherrer
equation [48], and found to be 29, 26, 15 and 13 nm for ZrO, Z10S, Z20S and Z30S
coatings, respectively. Although diffraction patterns of ZrO, and Z10S samples are almost
similar, they look different for Z20S and Z30S samples. In fact, the diffraction peaks broaden
with increasing SiO2 content, indicating smaller crystallite sizes formation. This is known as
“constrained effect”, in which, zirconia nuclei are surrounded by a shell of amorphous silica
and inhibited to grow [49]. The constrained effect is intensified by increasing the silica

content.

3.2 Surface morphology and interface structure of coatings
Fig. 3 shows surface morphology of the coatings sintered at 1100 and 1150 °C for 2 h. As
seen, surface topography of coatings and crack density are strongly affected by SiO, content.

In low-magnification SEM images given in Figs. 3ai-di, it appears that the coatings with no



cracks and free of defects are achieved following sintering at 1100 °C. The ZrO; coating
revealed a rough surface with a wavy-like structure similar to the bioactive glass coatings
produced on 316L substrate using EPD at high DC voltage (90 V) [50]. However, by
introducing amorphous SiO into ZrO; structure, surface of the coatings became more
uniform and the most homogeneity was achieved for Z30S sample (Fig. 3d:). All coatings
consisted of submicron particles with no coarse agglomerates on the surface, revealing a
packed structure. As it is obvious from Fig. 3d2, Z30S particles showed the best sintering

behavior by forming a closely packed structure without large voids.

400 pm 400 pm X X ] > 400 pm

100 pm 100 pm

Fig. 3. SEM images of coatings sintered with heating rate of 2 °C/min for 2 h in vacuum furnace under pressure
of 107 torr at 1100 °C: (a1, az) ZrOy, (b1, bz) Z10S, (c1, ¢2) Z20S and (d, d2) Z30S and 1150 °C: (as) ZrOa, (bs)
Z10S, (c3) Z20S and (ds) Z30S

By increasing the sintering temperature to 1150 °C, intensive cracking due to coating
shrinkage is observed for ZrO; coating resulting from the difference in coefficient of thermal
expansion (CTE) between coating and 316L substrate [55] (Fig. 3as). However, the
possibility of cracking is reduced for Z10S and Z20S coatings, although some small micro-

cracks are still present on their surface (Fig. 3bs-cs, black arrows). By further increasing the
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SiO2 content, cracks were varnished and a smooth and defect-free surface is achieved for
Z30S sample (Fig. 3ds). During sintering, ceramic coatings usually shrink and tensile stresses
are developed, which are relieved by crack formation [17]. Introducing amorphous silica into
ZrO» structure has hindered stress-induced cracking, indicating efficient sintering properties
of Zr0O,-SiO; particles containing appropriate SiO2 content (e.g. 30 mol. % SiO,).

Porosity of coatings produced using EPD process can be influenced strongly by particles
morphology [51], particles size [52] and electrophoretic mobility [53]. As particles used in
this study have irregular shapes (Fig. 4a-d), the porosity is not influenced by particles
morphology. As shown in Fig. 4e, the mean particle size, determined by ImageJ software,
decreases with increasing SiO2 content. As fine particles provide high effective surface area,
they create dense deposits with packed arrangement which ultimately leads to minimize

coating cracking [54].
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Fig. 4. SEM images of particles: a) ZrO2, b) Z10S, c) Z20S and d) Z30S; and €) mean size of the particles.

According to Fig. 5, Z30S particles with the lowest size show the highest zeta potential and
thus the highest electrophoretic mobility and suspension stability [55], resulting in a denser
coating (Fig. 3d2). As seen, the coating densification is under the influence of intrinsic
chemical composition of particles, which consecutively, affects the particles’ size and zeta
potential. In fact, integration of amorphous silica into ZrO> structure facilitates atomic surface

diffusion at the interface of attached particles at elevated temperatures [46]. For this reason,
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silica facilitates the sintering process and refines the coating porosity through building up
strong chemical bonding between the particles. In this way, Z30S coating possesses the

highest packing structure.
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Fig. 5. Zeta potential of ZrO, and ZrO,-SiO, composite particles as a function of pH.
To evaluate the influence of SiO2 content on the interaction of particles with anodic oxidized
surface of 316L stainless steel substrate, SEM cross sectional images were provided from
coatings sintered at 1100 °C (Fig. 6). As is seen, a dense interlayer is formed at the
coating/substrate interface of all samples. The interlayer thickness increased with the increase
of SiO2 content and was measured 0.34, 0.60, 1.11 and 1.15 pm for ZrO2, Z10S, Z20S and
Z30S coatings, respectively. This is because of a more facile incorporation of ZrO-SiO>
particles containing higher silica into the porous anodic oxide layer due to the higher atomic
surface diffusion supported by silica at the interface of attached particles as discussed before.
This indicates the crucial role of silica in interlayer formation. The dense interlayer formed
here is very similar to those intermediate layers developed by plasma electrolytic oxidation
(PEO) on metals such as Al [56], Mg [57] and Ti [58]. However, the accessible thickness of
compact interlayers created by PEO method [59] is significantly higher than these obtained in

our study.
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Fig. 6. Cross-sectional SEM images from interface of (a) ZrO,, (b) Z10S, (c) Z20S and (d) Z30S coatings
sintered at 1100 °C.

EDS elemental mapping was performed for further analysis of chemical composition of
newly formed interlayers. As seen in Fig. 7, for all coatings, the interlayer is mainly enriched
by Cr, Mn and O elements, and therefore, it probably consists of chromium and manganese
mixed oxides. In addition, as seen from Figs. 7c and d, Ni has also diffused from substrate
into the interlayer region of Z20S and Z30S coatings, evidenced as parallel bonds at the
coating/substrate interface (marked in Fig. 7c and d). The thickness of Ni-rich bond is higher
for Z30S coating, indicating that the interfacial diffusion is facilitated by raising the silica
content. Thus, the interlayer is enriched by more diffused elements especially in Z30S

coating, which can also be another reason for its higher thickness.

Fig. 7. EDS elemental mapping of: (a) ZrO,, (b) Z10S, (c) Z20S, and (d) Z30S coatings sintered at 1100 °C.
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3.3 FIB tomography of coatings

In order to reconstruct actual pore structure of coatings using FIB tomography, the captured
SEM image resolution of each slice needs to be more than the minimum dimensions of pore
volume existing inside the ROI area. The voxel volume, representing the resolution in three
dimensions, is the volume that a new 3D image can be reconstructed by repeating in X, y and
z dimensions [60]. The dimension in z direction is the thickness of each slice, considered 50
nm in this study (Fig. 1b); the x and y dimensions are based on the pixel sizes of SEM
images, pixel resolution, and both of them are considered 50 nm. Therefore, minimum
detectable pore volume, known as voxel resolution, and equivalent pore diameter are
approximately 1.25 x 10" um? and 50 nm, respectively.

3D reconstructed images from ROI of the deposited coatings sintered at 1100 °C are
presented in Fig. 8. These images consist of particles firmly attached together during the
sintering process which reveal a pore network including connected and isolated pores. Other
defects such as internal cracks were not detected for coated samples, designating on a
homogeneous crack-free porous structure through cross section of the coatings. As seen from
Fig. 8, by increasing the SiO> content, the volume fraction of isolated pores increases at the
expense of connected pores. In this regards, ZrO> coating reveals the highest volume fraction
of connected pores (Fig. 8a), while the lowest one is obtained for Z30S sample (Fig. 8d).
However, the volume fraction of connected pores is almost the same for Z10S and Z20S
coatings, which is clear from red color sub-reconstructed 3D images (Figs. 8b and c¢). To
explore precise statistical information and classify the connected and isolated pores,

quantitative analysis is conducted and the results are summarized in Table 1.
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Open pores Total pores
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Fig. 8. 3D reconstructed and sub-reconstructed images of: (a) ZrO, (b) Z10S, (c) Z20S and (d) Z30S coatings.

(@: particles, @: connected pores, @: isolated pores)

Table 1. Volume percent of pores distribution for ZrO,-xSiO; coatings (x=0, 10, 20, 30)

Volume (umd)

Sample
Code

Zr0, 3375 953.77 (2827 %) 93151 (27.61%)  22.28 (0.66 %)
Z10S 3375  764.45(22.68%)  681.75(20.23%)  82.68 (2.45 %)
Z20S 3375  490.39 (1453 %)  384.08 (11.38%)  106.31 (3.15 %)
Z30S 3375 39251 (11.63%) 20959 (6.21%)  182.93 (5.42 %)

ROI Total pores Connected pores Isolated pores

It was found that the total pores volume of Z30S coating (392.51 um?®) has decreased ~ 2.43
times in comparison with ZrO, sample (953.77 um?3). In addition, the portion of isolated

pores in ZrO, coating was only 0.66 % of total pore volume, while this value increased to
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5.42 % for Z30S coating. Furthermore, the highest compact structure was obtained for Z30S
coating indicating that the silica acts as a pores refining component. This finding can open a
new approach for fabrication of future ceramic coatings with tailored porosity through
combination of various amorphous and crystalline structures of ceramic materials. Here, the
pore refining effect of SiO: is in agreement with the results obtained for PEO coating
produced on 6061 Al, where the incorporation of SiO2 nanoparticles provides higher compact
coatings [61]. In another example, adding 4 and 20 wt. % SiO2 nanoparticles considerably
reduced the porosity of ZrO»-calcium phosphate coating from 54 % down to 7 % and 1 %,
respectively, after sintering at 1200 °C [62]. Using FIB-tomography technique, Lim et al.
[63] have shown that nano-silica particles have refined the pore structure of cement paste
materials and improved the durability. They concluded that the total porosity and also pore
diameter decrease with entering the nano-silica into the cement paste structure, indicating that
it acts as a suitable pores filler component. Fig. 9 displays the porosity values obtained using

tomography technique.

- Total pores
1000 - Connected pores
- Isolated pores
42 800 -
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=,
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=
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ZrO2 Z10S 2208 Z30S

Coating sample
Fig. 9. Pore volume of various type of porosities (total, connected and isolated pores) calculated from
tomography technique as a function of coating composition.
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To investigate shape, volume and size of the isolated pores, 3D sub-reconstructed images
along with related volume histograms were extracted and shown in Fig 10. The volume
histogram describes the frequency of volume size distribution of isolated pores inside the
ROI area. The ZrO, coating revealed the narrowest distribution as well as the smallest
isolated pore size among the coatings (Fig. 10a). However, the volume distribution of isolated
pores in Z10S coating (Fig. 10b) was raised to 0.25 um?3, approximately three times higher
than that of ZrO; coating (0.075 pm?®). The volume and also distribution of isolated pores
remain almost unchanged with further increasing the SiO> content, i.e. Z20S sample (Fig.
10c). As seen in Fig. 10d, the volume percent of isolated pores in Z30S coating (5.42 %) was
suddenly increased ~ 14 times relative to that of ZrO; coating (0.66 %) and ~ 4 times
compared with Z10S and Z20S ones. The Z30S coating contained isolated pores with volume
size less than ~ 1 um?®; however, some larger pores showing volume size of 1.5 um?®and even
3.5 pm?® were distributed at the edge of 3D image with lower frequencies (Fig. 8d). Clearly,
some parts inside the 3D sub-reconstructed image were locally free of the isolated pores
resulted by firm attachment of particles, indicating inhomogeneous distribution of the isolated
pores in Z30S coating. The isolated pores for all coatings have irregular and complicated
shapes, which become larger and more complex in Z30S coating.

As seen from 3D images in Fig. 8, connected pores consist of channels irregularly
interconnected to each other leading to the formation of undefined and puzzled routes. As
seen in Table 1, volume percent of the connected pores was reduced by increasing the silica
content of coating, as the least value (6.21 %) was obtained for the Z30S coating compared
with 27.61 % for ZrO. coating. Fig. 11 represents the size distribution histogram of the
connected pores for all coatings. As it is seen, the equivalent diameter of pores also decreased
with increasing the SiO> content. Decreasing of both volume percent and size of connected

pores indicate a restriction on path-through channels of coating permitting the diffusion of
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corrosive solution. However, it should be remarked that dimension of the connected pores
contacting with living tissues, i.e. surface connected pores, is the important contributing
factor that influences the bioactive properties of the coated surface [8, 64]. It has been
reported that the nano-porous structure (i.e. pore size < 100 nm [65]) can accelerate HA
formation (bioactivity) and enhance osteoblast function [66, 67]. On the other hand,
microporous structure (pore size < 10 um [68]) improves bone ingrowth and mechanical
fixation of bone to the implant [69]. Clearly, all coatings show a microporous structure (Fig.
11) confirming their potential applications for improving bone fixation and reduction of stress

shield effect.
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Fig. 10. 3D sub-reconstructed images and volume histograms of isolated pores of: (a) ZrO,, (b) Z10S, (c) Z20S
and (d) Z30S coatings.
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coated samples.

3.4 Corrosion behavior of coated samples

Fig. 12 illustrates the potentiodynamic polarization plots of uncoated anodic oxidized 316L
substrate and coated samples sintered at 1100 °C for 2 h in an SBF solution for 24 h at 37 °C.
All curves display a passive behavior. By applying ZrO> coating, significant lower current
values can be observed demonstrating its good barrier properties. By adding and increasing
the SiO> content, more shift in polarization curves to the lower current densities and also
more positive potentials were seen, indicating that ZrO>-SiO> composite coatings provide
higher barrier effect than ZrO coating. As seen, Z30S sample demonstrates the lowest
passive current density and the most noble corrosion potential. Moreover, the passive region

of uncoated substrate is relatively narrow; while, it extends for the coated samples and
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reaches to a maximum value for Z30S sample. This is believed to be due to its capability to
form a more dense interlayer through the sintering process. According to ref. [70], ZrO2-50
mol. % SiO. composite coating produced on 316L substrate exhibited a significant
improvement in corrosion performance compared with ZrOz, SiO, and ZrO,-70 mol. % SiO>

composite coating.
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Fig. 12. Potentiodynamic polarization plots drawn after 24 h immersion in SBF solution at 37 °C.

The obvious inflection on anodic branch of polarization curves shows breakdown potential
representing the start of localized attack. The 316L substrate shows the lowest value of
breakdown potential owing to the presence of numerous defects and pores introduced by
anodic oxidation treatment. The breakdown potential is significantly shifted toward a nobler
potential when ZrO> coating is applied on the substrate and remains almost constant for Z10S
coated sample. On the other hand, Z30S coated sample reveals the highest value of
breakdown potential, resulted by its lower porosity and higher thickness of interlayer.

In order to further evaluate the corrosion performance of samples, electrochemical impedance
spectroscopy (EIS) was performed at OCP in the same condition as potentiodynamic

polarization tests. Fig. 13a illustrates Nyquist plots of experimental and simulated data of
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coated samples. The Nyquist curve related to ZrO, coated sample shows an incomplete
capacitive behavior, representing the passivation behavior. According to the Bode-phase
curve (Fig. 13b), two distinct humps close to 1 Hz and 1 kHz indicating two time constants
are present for ZrO, sample. For ZrO>-SiO, composite coatings, the humps are somewhat
merged to appear as a semi-plateaus and lie at higher phase angles with increasing SiO>
content, denoting a more effective barrier behavior. The barrier effect is more dominantly
provided by the interlayer created through sintering process. Increasing the silica content of
coating intensifies the interlayer thickness which subsequently improves the barrier effect of
the coating. The interlayer thickness is the highest for Z30S sample, and thus, it reveals the
highest corrosion performance. In our previous study [71], it was found that the interlayer
was formed by integration of ZrO-SiO; particles with anodic oxide layer at upper parts of the
substrate surface porosities. For Z30S sample, the minimum volume percent of connected
pores (6.21 % based on tomography results) represents its resistance against entering of

aggressive solution inside the coating.
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Fig. 13. (a) Nyquist, (b) Bode-phase plots from ZrO,-SiO, coated samples after 24 h immersion in SBF at 37 °C
and (c) EC model applied for fitting impedance.
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An equivalent electrical circuit (EC) with two-layer structure dielectric (inner compact layer
and outer porous layer) is applied for fitting the experimental data using the Z-view software
and the extracted impedance data are summarized in Table 3. As seen in Fig. 13c, the
proposed EC model consists of Rs, (Rin-CPEin) and (Rout-CPEout) combinations. The Rs
represents the uncompensated solution resistance, (Rin-CPEin) which accounts for the low-
frequency time constant mostly raised by the interlayer and (Rout-CPEout) refers to the high-
frequency time constant corresponding to the bulk coating effect. The constant phase element
(CPE) is used instead of pure capacitance (C) because of non-ideal capacitive behavior,
which is explained by several reasons such as microscopic surface roughness, surface defects
and heterogeneity at the interfaces [72]. Moreover, total coating resistance (R¢) is considered
as sum of the inner and outer resistances, (Rin+ Rout), Showing the highest value for Z30S. Rin
of coatings stems mostly from dense interlayer with a value proportional to its thickness;
while, Rout is responded from porous structure of coating body in coincidence with the
volume fraction of connected pores. As is seen, Rin is significantly higher than Rout for all
coated samples indicating that the overall corrosion performance of the coatings is mostly

determined by the barrier effect of interlayer.

Table 2. Electrical elements extracted by fitting EIS data using EC in Fig. 13c
Sample CPEin Nin Rin CPEout Nout Rout
Code  (UF.cm?2s™) (MQ.cm?) (UF.cm2.s™h) (Q.cm?)
ZrO,  0.15(0.02) 0.89(0.02) 101.42(8.21)  1.34(0.08)  0.89(0.02) 498.13 (15.31)
Z10S  0.10 (0.01) 0.73 (0.03) 133.00 (12.18)  0.59 (0.05)  0.81(0.03) 657.00 (19.76)
Z20S  0.08 (0.02)  0.69(0.03) 157.27 (11.18)  0.41(0.01)  0.75(0.01) 822.12 (17.41)
Z30S 0.07 (0.01) 0.64 (0.01) 183.84 (10.31) 0.37 (0.03) 0.72 (0.03) 931.75 (15.35)

Fig. 14 illustrates variation of Rout values and volume percent of connected pores obtained
from 3D FIB-tomography, as a function of coating composition. Clearly, the Rout values are
inversely proportional to the percent of connected pores indicating a correlation between

electrochemical impedance response and the coatings microstructure. The maximum value of
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Rout (931.75 Q.cm?) is obtained for Z30S coated sample with 6.21 % volume of connected
pores, which is the least value compared to other coated samples. Moreover, this sample
shows the most thickness of dense interlayer. For these two reasons, it could be expected that
the Z30S coated sample presents the best barrier performance along with the less

permeability against corrosive solution, leading to the most corrosion performance.
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Fig. 14. Variation of Roy Values and volume percent of connected pores as a function of coating composition.

4. Conclusions

Incorporation of amorphous SiO- into the ZrO- structure hindered crack propagation in ZrO--
SiO2 composite coatings and also increased thickness of the dense interlayer formed at the
coating/substrate interface. Based on 3D-FIB tomography results, the coating with the highest
SiO; content (i.e. ZrO»-30 mol. % SiO>) represented highly packed structure with the lowest
volume percent of total porosity (11.6 %) as compared with ZrO, coating (28.27 %).
Furthermore, volume percent of isolated pores increased at expense of connected pores with
increasing SiO> content. Equivalent diameter of connected pores was also decreased by
increasing the SiO2 content. However, all coatings contained macro-porous structures
indicating that these coatings can improve bone ingrowth and mechanical fixation.
Correlation between corrosion performance and tomography results indicated that the outer

layer resistance of coatings was inversely proportional to the volume percent of connected
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pores, while the inner layer resistance of coatings was responded by the interlayer. Corrosion
performance of ZrO,-SiO; coatings was improved with increasing SiO; content, due to the
higher barrier effect resulted by increasing the interlayer thickness as well as the lower

permeability against aggressive solution created by the lower amount of connected pores.
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