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Abstract

Rough surfaces have been shown to promote osseointegration, which is one of the keys
for a successful dental implantation. Among the diverse treatments proposed to roughen
zirconia, hydrofluoric acid (HF) etching appears to be a good candidate, however little
is known about this process. In this work, the effect of HF concentration and etching
time on the surface topography and chemistry of yttria-stabilized zirconia was assessed.
Besides, to understand the etching mechanism, the reaction products present in solution
and on the surface were characterized. The results indicate suitable parameters for a fast
and uniform roughening of zirconia. The formation of adhered fluoride precipitates on
the surface is reported for the first time and highlights the importance of cleaning after
etching. Finally, it is shown that monitoring the time allows controlling the surface
roughness, smooth-rough transition and fractal dimension, which should make possible

the fabrication of implants with an optimal topography.
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1. Introduction

Yttria-stabilized tetragonal zirconia polycrystals (Y-TZP, short: zirconia) are
biocompatible and exhibit the best combination of strength and toughness of single-
phase oxide ceramics. They were introduced as biomaterials in the end of the 1980s to
overcome the limitations of alumina in the field of orthopedics [1]. While monolithic
zirconia has been almost abandoned for orthopedic applications, in the last decade its
use in restorative dentistry has been growing fast [2]. In particular, its good esthetics,
high resistance to corrosion and the absence of allergic reaction make zirconia a good
candidate to replace titanium for the fabrication of dental implants [3]. However, some
authors reported a higher failure rate and a higher marginal bone loss when comparing
zirconia to titanium. According to them, the use of zirconia implants does not appear
recommendable at the moment except for specific cases (e.g. allergy to titanium), and

there is a need for further research before generalizing their clinical use [4,5].

The key to solve the problem of bone loss mentioned above is to achieve a good
osseointegration, which depends on numerous parameters such as surface topography
and chemistry [6]. In particular it has been shown that rough surfaces exhibit a better
bone response than smooth ones, and that the combination of micro- and nano-scale
roughness could have synergistic effects [7-9]. Nevertheless, what is the optimal
roughness for a dental implant remains unclear [8,9]. On the other hand, a
complementary approach to the classical roughness parameters calculation is to perform
a fractal analysis. It has been demonstrated that osteoblastic cells proliferation and
adhesion is strongly correlated to fractal parameters [10]. There is therefore a strong
interest in developing processes which allow controlling the roughness and the fractal

dimension of a surface.



Among the different surface chemical treatments already experimented in the
literature to achieve this purpose, hydrofluoric acid (HF) etching appears to be a good
candidate. Although other chemicals, such as hypophosphorous acid or an equimolar
mixture of potassium hydroxide and sodium hydroxide, have been reported to
successfully etch Y-TZP [11,12], HF presents the advantage to be a fast etchant at room
temperature. More importantly, Gahlert et al. evidenced that HF etching of zirconia
implants enhances bone apposition resulting in high removal torque values [13].
Besides, HF etching can be successfully associated to sandblasting. Ito et al. showed
that the combination of both treatments leads to an increase in the proliferation rate and
expression of ALP activity of osteoblast-like cells (MC3T3-E1) [14] and Bergemann et
al. found recently that it enhanced the human primary osteoblast maturation [15].
Additionally, the incorporation of fluoride at the surface could enhance osteoblastic
differentiation and interfacial bone formation, as it does for titanium [16]. Finally,
zirconia dental implants with acid etched surface are already commercialized (CeraRoot
implants with ICE™ surface) and apparently have shown a similar or higher success

rate as compared to titanium implants after five years of follow-up [17].

Despite of numerous studies in which HF has been used for the etching of Y-TZP,
to the best of the knowledge of the authors, very little is known about the chemical
reaction involved. Besides, the influence of parameters such as time and concentration
is not documented. The objectives of the present work are therefore to determine
suitable conditions for a fast and uniform roughening of dental zirconia, to provide a
complete surface characterization with a special emphasis on topography and to
contribute to the understanding of the etching mechanism. Questions related to the
influence of etching on the mechanical properties and long-term reliability are treated in

a second article [18].



2. Materials and methods
2.1. Zirconia disks preparation

Commercial 3Y-TZP powder (TZ-3YSB-E Tosoh Co., Japan) was cold isostatically
compacted under pressure of 200 MPa in a cylindrical mold for producing a green body,
and then sintered in an alumina tube furnace at 1450 °C for two hours (3 °C/min heating
and cooling rates), as described in previous work [19]. The sintered ceramic cylinders
were cut into specimens in the form of disks (2 mm thick, 9 mm diameter), which were
ground and polished down to a 3 pm diamond suspension. The samples were then
successively cleaned for five minutes with acetone, ethanol and deionized water (DI
water) in an ultrasonic bath in order to remove contaminants. The polishing step, which
is not likely to be part of the processing for a commercial implant, was introduced in
order to facilitate the surface characterization. It was assumed that the effects of etching

on a machined and annealed surface or on a sintered surface would be comparable.

2.2. Chemical etching

Concentrated HF (Hydrofluoric Acid 40% QP Panreac, Spain) was used to prepare
aqueous solutions with respective mass concentrations of 5%, 20% and 40%. Etching
was performed at room temperature on zirconia disks in high-density polyethylene
flasks. The volume of acid was 1 mL by sample. The disks were placed with the
polished side upwards. Just after being removed from HF, they were rinsed with DI
water in order to stop the reaction. Unless otherwise specified, after etching samples
were cleaned twice ten minutes with fresh DI water in an ultrasonic bath in order to

remove any remaining product of the reaction from the surface.



2.3. Preliminary study: determination of adequate etching conditions

A preliminary study was carried out to determine which combinations of
concentration and time were more suitable to achieve rapidly an appropriate roughness
on the zirconia surface. One ultrasonically cleaned sample was used for each condition.
Atomic Force Microscopy (AFM Veeco Dimension 3100) in tapping mode and White
Light Interferometry (WLI, Veeco Wyko 9300NT) were used in order to characterize
the topography at different scales. AFM measurements were performed on 50 um x 50
um areas (resolution: 512 x 512 pixels) and WLI measurements were performed on 150
um x 150 um areas (stitching of 4 images acquired at magnification 50x, resolution:
758 x 758 pixels). The roughness analysis of the data from AFM and WLI was
performed using Veeco's Vision® software. Tilt was corrected and a robust short
wavelength pass Gaussian filter (cut-off wavelength: 10 um) was applied to the data in
order to separate waviness from roughness. Then the 3D roughness parameters S,, S,

and Sy were determined (for definitions, see Table 2).

The mass loss per initial external sample area and the roughness parameters were
determined as a function of concentration and etching time. Based on this preliminary
study the main part of this work was focused on the etching with HF 40% for times

between zero and two hours. The reasons for this choice will be discussed later.

Table 1. Applied restrictions for the calculation of molecular formulas from ESI-FTMS

spectra.

Isotope Minimum number Maximum number

%0 0 15

e 0 5

"H 0 30

N 0 5

Yy 0 10
Nz 0 10

F 0 10




Table 2. Description of the 3D roughness parameters used in this study [20-22].

Symbol

Category

Parameter

Description

Amplitude

Average roughness

Average of height values.

Amplitude

RMS roughness

Standard deviation of height values.

Amplitude

Skewness

Degree of symmetry of the surface
heights about the mean plane. The
sign of Sy indicates the
preponderance of peaks (Sq>0) or
valley structures (S4<0).

Amplitude

Kurtosis

Sharpness or flatness of the height
distribution curve.
Sku = 3: Gaussian height distributions
Siu < 3: “broad” height distributions
Sy > 3: “narrow” height distributions

Amplitude

Ten point peak-peak height

Average difference between the five
highest peaks and five lowest valleys.

Spatial

Fastest decay length

The shortest spatial distance in which
the autocorrelation function decreases
to 0.2 of its value.

Spatial

Texture aspect ratio

Measure of isotropy or anisotropy of
surface topography.

Spatial

Density of summits

Number of summits per unit area.

Hybrid

Developed interfacial area ratio

Percentage of additional surface area
contributed by the texture as
compared to an ideal plane the size of
the measurement region.

Hybrid

RMS gradient

RMS value of the surface slope
within the sampling area.

Hybrid

Mean summit curvature

Average of the principal curvature of
the summits.

Functional

Bearing index

Measure, relative to Sy, of the surface
height at the 5% bearing area ratio.

Functional

Core fluid retention index

Measure, relative to S, of the volume
(for example, of a fluid filling the
core surface) that the surface would
support from 5% - 80% of the
bearing ratio.

Functional

Valley fluid retention index

Measure relative to S, of the volume
that the surface would support from
80% to 100% of the bearing ratio.

Functional

Surface material volume

Amount of material contained in the
surface peaks from 0%
to 10% of the bearing area ratio.

Functional

Surface core void volume

Volume that the surface would
support from 10% - 80% of the
bearing ratio.

Functional

Surface void volume

Volume that the surface would
support from 80% -100% of the
bearing ratio.




2.4. Analysis of the etching solution

In order to identify the soluble products of the reaction, 1 mL of the solution resulting
from the etching of a zirconia disk with HF 40% was evaporated. The dry residue was
dissolved in 1 mL of DI water with 0.1% of formic acid (HCOOH). Electrospray
Ionization Fourier Transform Mass Spectrometry (ESI-FTMS) of the resulting solution
was carried out on a LTQ Orbitrap™ Velos mass spectrometer coupled with a Thermo
Scientific Accela™ High-Performance Liquid Chromatography system. The solution
was introduced by the flow injection analysis method (flow rate: 100 pL/min, mobile
phase: H,O/ CH3CN (1:1) with 0.1% of formic acid, injected volume: 5 pL). Mass
spectra were acquired in both positive and negative mode. For the calculation of

molecular formulas the restrictions detailed in Table 1 were applied.

2.5. Analysis of the etching products

To understand the etching mechanism and to identify the precipitates which formed
during the treatment, zirconia disks were immersed for different times in HF 40%. To
avoid removing the reaction products from the surface, after etching the samples were
not subjected to sonication but only rinsed with DI water. In the rest of this work, this

state of the surface will be referred to as “as etched”.

The “as etched” surfaces were observed by Scanning Electron Microscopy (SEM).
Energy Dispersive X-ray Spectroscopy (EDS) was used for the elemental analysis of the
etching products. To determine the elemental composition and the chemical state of the
surface, X-ray photoelectron spectroscopy (XPS) was performed with a SPECS system
equipped with an Al anode XRS50 source operating at 150 W and a Phoibos 150 MCD-9
detector XP. Spectra were recorded with pass energy of 25 eV, 0.1 eV steps and a
pressure below 7.5 x 10 mbar. Binding energies were referred to the adventitious C 1s

signal and background was subtracted. The identification of the local bonding
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environment of each element was performed by comparing the experimental peak
positions with the data from the NIST Standard Reference Database 20, Version 4.1

(http://srdata.nist.gov/xps/).

Additionally, one sample was immersed for two hours in HF 40% and ultrasonically
cleaned. A droplet of the DI water used for the sonication was evaporated and the dry

residue was observed by SEM, EDS, and Transmission Electron Microscopy (TEM).

2.6. Surface characterization
To assess the effect of etching on the surface properties, a complete chemical and
topographical characterization was carried out on samples etched in HF 40%.
The surface morphology was observed by SEM and the elemental composition was
determined by EDS. An XPS analysis similar to the one described in Table 2 allowed to
quantify the elements constituting the first nanometers of the surface and to determine

their chemical state.

Following the same methodology as described in 2.3, AFM and WLI measurements
were performed on respectively three and ten samples per experimental point. From
these measurements, the 3D roughness parameters described in Table 2 were

determined.

Additionally, a scale sensitive fractal analysis of the AFM and WLI data was
performed using the software Sfrax (www.surfract.com). Area-scale analysis is based
on the principle from fractal geometry that the area of a rough surface is not unique, but
depends on the scale of measurement [23,24]. The software uses an iterative tiling
algorithm in which the topography of the surface is modeled using triangular tiles to
calculate the relative area as a function of the scale of observation. The area of a tile

represents the scale, and the relative area is determined from the following formula:



where A, is the relative area, Ay is the area of a tile, A is the projected area and N is the

number of tiles.

An example of semi-log plot obtained by scale sensitive fractal analysis is shown

Figure 10-a. This kind of plot can be split into two parts:

- The left part, in which the curve appears to be steep and linear. The slope of the
curve is an indication of the complexity, intricacy or roughness of the surface
[23]. The fractal dimension (D) can be estimated by adding two to the absolute

value of the slope.

- The right part, in which the relative area approaches one.

The scale (i.e. the area of the tiles) corresponding to the limit between the two parts
of the graph is called the smooth-rough crossover (SRC). For scales smaller than the
SRC, the surface is considered as “rough”, whereas for scales higher than SRC, the

surface is considered as “smooth” [24].

3. Results
3.1. Preliminary study: determination of adequate etching conditions

The mass loss of the samples was strongly dependent on the etching time and there
seems to be an exponential relationship between the mass loss and the HF concentration
(Figure 1). For the HF 5% solution, the mass loss was almost insignificant during the

first hours but increased substantially for the longest etching time (24 h).

The values of the roughness parameters determined from AFM and WLI

measurements differed (Figure 1), which could be expected because of the distinct



resolutions and areas of measurement of both techniques, but in general evidenced the

same tendencies:

For HF 5%, S, Sar and S; increased very slowly in a first phase which we will
call the “initiation phase”, and then more rapidly in a second phase which we
will call the “effective etching phase”. This evolution correlates with the mass

loss measurements.

For HF 20 %, there was a short “initiation phase”, followed by an “effective
etching phase”. For long etching times, the increase rate of S, and Sg

diminished.

For HF 40%, the “initiation phase” was probably too short to be observed. In a
first stage, S,, S4r and S, increased rapidly with etching time, then S, increased
more slowly, S4 seemed to decrease and S, decreased or increased slightly
depending on the measurement device. The maximal value of Sy was reached
for one hour of etching with AFM and for two hours with WLI. The ratios S,/S,

and S,/S4: were low as compared to other concentrations.

3.2. Analysis of the etching solution

The identification of the species present in the solution was performed by comparing

the different series of peaks from both positive and negative mass spectra to theoretical

simulation. The analysis evidenced the presence of zirconium fluoride, zirconium oxide

and zirconium hydroxide complexes (Table 3). The presence of compounds containing

Yttrium was not detected. It has to be taken into account that the solution which was

subjected to ESI-FTMS was obtained by redissolution of the dry residue of the etching

solution, therefore only non-volatile species were present and some structural changes

may have occurred during the process. For two series of peaks of the positive-ion
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spectrum, the search for corresponding chemical compounds resulted in non-matching
results however the isotopic profiles were characteristic of the presence in the

compound of respectively one or two Zirconium ions.
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Figure 1. Left: mass loss per initial sample external area as a function of a) etching time
for different HF concentrations, b) HF concentration for different etching times. Right:
¢) Sa, d) Sdr and e) Sz parameters determined from AFM and WLI data as a function of
etching time for different HF concentrations. For all graphs each data point corresponds

to a distinct specimen.
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Table 3. ESI-FTMS peaks identification.

Polarization Resil :(fir?lﬁhe Compatible ions Comments
Relative intensities
+ 122 mDa - 132 mDa [ZrO(OH)]" slightly diverged from
theory.
+ 140 mDa -148 mDa [Zr(OH);]"
HCOOH and CH;CN
) [ZrO.2H,0.HCOOH]" come from the
* 182 mDa - 198 mDa [Z1F5.CH5CN]" redissolution and/or the
mobile phase.
HCOOH and CH;CN
[ZrO.2H,0.HCOOH.CH come from the
+ - . .
228 mDa - 236 mDa ;CNT" redissolution and/or
mobile phase.
Characteristic isotopic
+ 359 mDa - 366 mDa Not identified profile of the presence of
1 atom of Zr.
Characteristic isotopic
+ 392 mDa - 412 mDa Not identified profile of the presence of
2 atoms of Zr.
- 180 mDa - 195 mDa [ZrFs]
. 205 mDa - 225 mDa [ZrF, HCOOT HCOO" comes from the
mobile phase.
- 350 mDa - 365 mDa [Z1,Fo]

3.3. Analysis of the etching products

3.3.1. Particles in suspension in the cleaning water

The observation by TEM of the particles present in suspension in the DI water used

for ultrasonic cleaning of samples etched two hours in HF 40% showed the presence of

octahedral particles (octahedrons) and needle-like particles (needles) (Figure 2).

The selected area electron diffraction (SAED) pattern of an octahedron showed a

crystalline structure, which is consistent with their regular shape. The SAED of a needle

revealed a textured polycrystalline structure. In both patterns, low intensity quasi-

amorphous rings were observed.
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EDS analysis of the octahedrons showed that they are composed of Yttrium and
Fluorine (Figure 2-e). The EDS analysis of the needles substantiated that they are

composed of Yttrium, Zirconium and Fluorine (Figure 2-f).

3.3.2. “As etched” surface

SEM observations of the “as etched” surface showed the presence of octahedrons
(Figure 3). The average size of the octahedrons increased with the etching time.
Besides, an additional “adhered layer” appeared between 40 min and 60 min. Some
features similar to the needles described previously could be observed in the layer
however it was not possible to acquire images at sufficiently high magnification to
confirm it because of charge effects. EDS analysis of the octahedrons and the “adhered
layer” revealed the presence of Zirconium, Yttrium and Fluorine (Figure 4-a and Figure
4-b). However, the proportion of Zirconium in the octahedrons was low, and given the
previous EDS analysis of the particles present in the cleaning water, it is probable that

the signal was originated from the material below.

The XPS quantitative analysis evidenced substantial increases in Yttrium and
Fluorine together with substantial decreases in Zirconium and Oxygen concentrations as
compared to the non-etched sample (Figure 4-d). Most of the peaks of the high-
resolution spectra could be identified (Table 4). In particular, the presence of ZrF4 and

YF; chemical bonds was detected.
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Figure 2. Observation by TEM (top) and EDS (bottom) of the particles present in the
DI water used for ultrasonic cleaning of a sample etched two hours in HF 40%: a)
agglomerate of octahedrons and needles, b) a needle at high magnification, c) SAED
pattern of an octahedron, evidencing a crystalline structure, d) SAED pattern of a
needle, evidencing a textured polycrystalline structure, ¢) EDS spectrum of an
octahedron, f) EDS spectrum of a needle. In ¢) and f), Cu and O signals come from the

substrate.
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Figure 3. SEM observations of the surface in the “as etched” state (no ultrasonic

cleaning) after etching in HF 40% for: a) 20 min, b) 40 min, ¢) 60 min, d) 90 min, e)
120 min, f) 120 min (high magnification). The inset in f) shows the “adhered layer” at

high magnification and possibly the same needles as observed Figure 2.
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Figure 4. Quantitative elemental analysis performed on the “as etched” (a, b, d) and on
the ultrasonically cleaned (c, d) surface. a) EDS spectrum of an octahedron, b) EDS

spectrum of the “adhered layer”, ¢) EDS spectrum of the cleaned surface, d) XPS

quantitative analysis.
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Table 4. Identification of the peaks of the XPS high-resolution spectra of an “as etched”

surface (spectra available in the supplementary information).

Element | Orbital Binding | Closest value found in | Identified chemical Reference
energy (eV) the literature (eV) environment
683.2 - - -
F Is
684.9 685.1 ZrF4; YF; [25]; [26]
526.6 - - -
(0] Is 528.8 528.8 Pure Y,0; (cubic) [27]
5314 531.3 Zr0O, [28]
v 3d3/2 161.7 - YF; -
3d5/2 159.6 159.8 YF; [26]
183. 184. Y-TZP 2
332 83.8 84.0 3 [27]
7 187.6 - ZrF, -
T
181. 181. Y-TZP 2
3d5/2 81.5 81.6 3 [27]
185.3 185.3 ZrF, [29]

3.4. Surface characterization

3.4.1. Surface morphology

Figure 5. SEM observations of the surface for 5 min (a) and 10 min (b) of etching in

HF 40%, evidencing intergranular and intragranular etching.

After the cleaning procedure, SEM inspection of the samples did not evidence any
remaining octahedrons or “adhered layer” on the surface, confirming the ultrasonic
cleaning efficiency. Regarding the preferentiality of the etching, SEM observations

showed that the attack was both intergranular and intragranular (grain size of the

17




original material measured by the intercept method: 0.3 um), being slightly faster at the
grain boundaries (Figure 5) and demonstrated a substantial evolution of the morphology
at different scales depending on etching time (Figure 6). Nevertheless, observations at
high magnification showed no significant evolution of the granular texture. On the other

hand, the presence of randomly dispersed pits was detected on the surface.

30min LN 2h

Figure 6. SEM observations of the surface at different magnifications and for different

etching times in HF 40%.

3.4.2. Surface chemistry

The results of XPS indicated a slight increase of the Fluorine content and a slight
decrease of the Oxygen content in the first nanometers of the surface of etched samples
as compared to the non-etched (control) sample (Figure 4-d). However the results of

EDS showed that at the micrometric level the chemical composition of the surface was

18



not substantially affected by etching, in particular the presence of Fluorine was not
detected (Figure 4-c). As it will be discussed further, the analysis of the XPS high-
resolution spectra allowed identifying the chemical environment corresponding to most

of the peaks (Table 5).

Table 5. Identification of the peaks of the XPS high-resolution spectra of an etched

surface after ultrasonic cleaning (spectra available in the supplementary information).

.. Closest value found ‘ .
Element | Orbital Binding in the literature Identlﬂed chemical Reference
energy (eV) (V) environment
F 1s 683.1 - - -
5279 - - -
O Is 529.3 529.3 3Y-TZP [27]
531.3 531.0 YOOH [27,30]
158.4 158.6 3Y-TZP [27]
3d3/2
v 160.1 - YOOH -
156.3 156.5 3Y-TZP 2
3d5/2 [27]
158.1 158.5 YOOH [30]
7 3d3/2 184.1 184.0 3Y-TZP [27]
T
3d5/2 181.7 181.6 3Y-TZP [27]

3.4.3. Surface topography

0 min 30 min 60 min 120 min nm

wLI \/ ’ :m

i

AFM

Figure 7. WLI (150 um x 150 um) and AFM (50 um x 50 um) topographical images

for different etching times in HF 40%.

19




AFM and WLI images revealed a substantial evolution of the topography
depending on the etching duration (Figure 7). The apparition of high peaks and deep

valleys was more pronounced for long etching times.

3.4.3.1. Roughness analysis
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Figure 8. Evolution of amplitude and spatial roughness parameters over etching time in
HF 40% determined from AFM and WLI measurements. Error bars represent the

standard deviation.

- Amplitude parameters (Figure 8)

For both AFM and WLI measurements, the surface average roughness (S,) and
RMS roughness (Sq) increased substantially from zero to one hour and then slightly
between one hour and two hours. The ten point peak-peak height (S,) increase was

substantial even after one hour. The skewness (Sg) was negative after etching,
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indicating that valleys were predominant on the surface and the kurtosis (Sku) was

superior to three, indicating a narrow height distribution and steep side-walls.

- Spatial parameters (Figure 8)

For both AFM and WLI measurements, the texture aspect ratio (Sy) approached the
value of one when increasing the etching duration, which evidenced that the process
leads to an isotropic surface. The fastest decay length (S,) first decreased from zero to
thirty minutes but then increased from thirty minutes to two hours. The density of
summits (Sqs) evidenced a different behavior at small and large scale. At small scale
(AFM measurements), the Sy4s decreased with etching time to reach a minimum at t = 60
min, meanwhile it increased at large scale (WLI measurements) to reach a maximum at

the same time point.

- Hybrid parameters (Figure 9)

For both AFM and WLI measurements, the RMS gradient (Sqq), the mean summit
curvature (Ss.) and the developed interfacial area ratio (Sq4) reached a maximum after

one hour of etching and then remained almost constant.

- Functional parameters (Figure 9)

For both AFM and WLI measurements, the bearing index (Sy;) first decreased from
zero to thirty minutes and then increased slightly from thirty minutes to two hours,
whereas the opposite happened with the core fluid retention index (S.i). The valley fluid
retention index (Sy;) had a slightly different evolution depending on the scale: for WLI
measurements it increased until thirty minutes, and then remained constant, whereas for

AFM measurements the maximum value was reached only after two hours.
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For both AFM and WLI measurements, the surface material volume (S;,) and the

surface core void volume (S.) increased significantly until one hour and then remained

almost constant. By contrast, the surface valley void volume (S,) kept increasing after

one hour of etching, especially considering WLI measurements.
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Figure 9. Evolution of hybrid and functional roughness parameters over etching time in

HF 40% determined from AFM and WLI measurements. Error bars represent the

standard deviation.

3.4.3.2.

Fractal analysis

Scale-sensitive fractal analysis of both AFM and WLI data showed that in the first

hour of etching the fractal dimension D increased rapidly over time, and then did not

evolve substantially (Figure 10-e). Regarding the Smooth-Rough Crossover, results

diverged depending on the technique: the analysis of the AFM data showed that the
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Figure 10. a) Example of scale-sensitive fractal analysis, showing how SRC and fractal
dimension are obtained, b) relative area as a function of the scale of observation for
different etching times in HF 40% calculated from AFM data, c) the same with WLI
data, d) Smooth-Rough Crossover as a function of etching time determined from b) and
c), e) fractal dimension as a function of etching time determined from b) and c¢). The
vertical distance between solid lines in b) and c) and the error bars in d) and e) represent

the standard deviation at each point.

SRC tended to increase proportionally to the etching time whereas the analysis of the
WLI data did not evidence any substantial evolution (Figure 10-d). This discrepancy

was probably due to the distinct lateral resolution and area of measurement associated to
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each technique, which, besides, implies a different range of scales for which the relative

area can be computed by the tiling algorithm.

4. Discussion
4.1. Preliminary study: determination of adequate etching conditions

The exponential relationship between the mass loss and the HF concentration may
indicate a phenomenon of auto-catalysis as it has been observed for instance during the
HF etching of silicon oxide [31,32]. On one hand, the reaction products could increase
the etch rate. On the other hand, the S4; increase over time implies an increase of the

area available for reacting and thus a faster etching.

Since a high value of S, is crucial for osseointegration [8], HF 40% seems to be the
most suitable etching solution because it leads to the most substantial increase of this
parameter in the minimum amount of time. Moreover HF 40% likely leads to a more
homogeneous etching of the surface: the value of the relation S,/ S, is low compared to
other concentrations, which indicates probably less exceptional events such as very deep
valleys (for instance pits) / high peaks. On the other hand, S4, which is another
important parameter for osseointegration [8] decreased after two hours of etching in HF
40% whereas the mass loss kept increasing, potentially inducing more damage to the
material. It appears thus that within the limits of this study a concentration of 40% and
an etching time below two hours are the most appropriate conditions for the etching of

zirconia dental implants.

4.2. Analysis of the etching solution
The results of ESI-FTMS highlighted that the etching of 3Y-TZP with HF leads to the
formation of soluble zirconium complexes. Two compounds could not be identified

however their isotopic profiles evidenced that they contained Zirconium. Consequently
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the presence of compounds containing Yttrium was unlikely although it cannot be
discarded. Literature regarding the ESI-FTMS of Zirconium complexes is scarce,
nevertheless the existence of hydroxides such as [Zr(OH);]+ and of fluorides such as
[ZrFs]- and [Zr,Fg] is in good agreement with other studies [33-35]. Doubly charged
species [ZrFé]z' were not observed, but solid salts such as K,ZrF¢ or (NHy4),ZrFs, and
hexafluorozirconic acid (H,ZrF¢) are known to be stable. Therefore, taking into account
that structural changes may have occurred during the drying/redissolution process, their

presence in the original etching solution should not be excluded.

4.3. Analysis of the etching products

To the best of the knowledge of the authors, this is the first time that the presence of
adhered reaction products on the surface of zirconia is reported during HF etching. For
short etching times, only octahedrons were present. As evidenced by the SAED and the
EDS analysis they are crystalline and composed of Yttrium and Fluorine. Besides, XPS
showed the presence of YF; bonds at the surface of “as etched” zirconia, which suggest
that the octahedrons could be YF; crystals. This hypothesis tends to be confirmed by
their morphology which is consistent with what can be found in the literature regarding

this kind of crystals [36].

After an etching time of about one hour, the “adhered layer” appears. EDS showed
that it was composed of Zirconium, Yttrium and Fluorine, which is similar to the
needles found in the cleaning water. Besides, some needle-like features were observed
by SEM on the “as etched” surface. Therefore the adhered layer could be formed at least
partially by an agglomeration of needles. The delayed apparition of the layer could be

explained by the saturation of the solution with Zirconium fluorides.
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Finally, it should be highlighted that the effect of these reaction products on the
bonding between implant and bone and on the patient health is unknown. This
underlines the importance of the cleaning step in the fabrication of an HF etched
implant. The procedure proposed in this work was very efficient as none of the reaction

products described above was observed on the surface after sonication.

4.4. Etching mechanism

Literature regarding the etching mechanism of zirconia is very scarce. It seems that
there has been only one attempt to describe the dissolution of ZrO, in HF [37], but the
study, based on the Pourbaix speciation diagrams, was essentially theoretical. Besides,

the case of 3Y-TZP is more complex because of the presence of Yttrium oxide.

Based on the experimental results presented above, an attempt to describe the etching
mechanism of 3Y-TZP in HF 40%, summarizing previous observations, is presented

here:

- HF dissolves zirconium oxide and yttrium oxide. Fluoride, oxide, and hydroxide
complexes are formed. Etching is slightly preferential at the grain border, but

also occurs inside the grains.

- Yttrium complexes have very low solubility. From the beginning of the etching

process, Yttrium trifluoride (YF;) octahedral crystals precipitate on the surface.

- Zirconium complexes are partially soluble. After a certain time, an “adhered
layer” composed of Yttrium, Zirconium and Fluorine precipitates, probably
because the saturation threshold for Zirconium fluoride complexes is reached. It
may be formed at least partially by agglomerated textured polycrystalline

needles.

26



4.5. Surface characterization

4.5.1. Surface chemistry

The binding energies associated to the Zr 3d peaks, to the O 1s peak at 529.3 eV
and the Y 3ds, peak at 156.5 eV found during the analysis of the XPS high-resolution
spectra were in very good agreement with values found by Majumdar et al. for 3Y-TZP
[27]. Besides, Fluorine was not detected during the EDS analysis. These two
observations tend to indicate that the effect of HF etching on the surface chemistry is
limited. Nevertheless, XPS quantitative analysis evidenced a small increase of the
Fluorine content due to etching which indicates a slight change of composition in the
very near surface, which was not related to etching time. Additionally, the presence of
an O 1s peak at 531.3 eV and of the pair of Y 3d peaks at 158.1 eV and 160.1 eV was
compatible with the existence of yttrium hydroxide groups [27,30]. Contrary to what
was observed for the “as etched” surface, the presence of YF; and ZrF4 bonds was not
detected. This confirms that the ultrasonic cleaning procedure is efficient and that the

products precipitated during the reaction are not strongly adhered to the surface.

4.5.2. Evolution of the surface topography over etching time
The roughness parameters analysis showed that a transition takes place around one
hour of etching:
- The increase rate of amplitude parameters such as S, and Sq was high until one
hour, and then became much lower. Nevertheless, the ten point peak-peak height
S, kept increasing substantially even after one hour. The same tendency was
observed when comparing functional parameters S, and S; to S,. This indicates
that although the average roughness, the surface material volume and the surface
core void volume do not increase substantially after one hour, localized events

such as etching pits likely become bigger. This was confirmed by topographical
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images (Figure 7) and is not desirable from the mechanical point of view since
those localized events could act as defects originating fracture [18]. On the
other hand, it has to be noticed that for the functional indexes Sy;, S¢; and S,; the
transition seems to happen around thirty minutes.

- The density of summits Syq reached a maximum at large scale (WLI
measurements) and a minimum at small scale (AFM measurements) for one
hour of etching. This means that for longer etching times the number of large
peaks tend to increase whereas the small peaks tend to be eroded.

- A maximum was reached around one hour for hybrid parameters Sg;, Ssc and Sqq.
This indicates that the specific surface, the summit curvature and the mean
surface slope do not increase anymore beyond this time.

The scale sensitive fractal analysis confirmed that a transition takes place around
one hour of etching: the fractal dimension first increased rapidly and then reached a
plateau (Figure 10). The interpretation of the evolution of the Smooth-Rough Crossover
is not as straightforward given the differences observed depending on the measurement
device. As commented previously, these differences are likely to be due to the distinct
lateral resolution and area of measurement. However, the analysis of AFM data tended
to show that one of the effects of increasing etching time is to increase the scale at
which the surface can be considered as “rough”, as evidenced by the proportionality
between the SRC and the time. This is substantiated by the evolution of the morphology
which starts at small scale and continues at large scale for long etching times (Figure 6).

The main outcome of all these observations is that HF etching makes easy to tailor a
surface with the desired smooth-rough transition, fractal dimension and roughness
parameters. This constitutes an interesting result given the high sensitivity of osteoblasts

to roughness at different scales [7,9,38—41] and the strong influence of fractal
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dimension on osteoblastic adhesion and differentiation [10]. Regarding the roughness
parameters, although the lack of standardization in the measurements makes comparison
difficult with other studies, the values of S,, S4r, Sqs and S.; which were obtained here
fall within the range of the reported values for commercial dental implants with proved
high success rate [8,42—44]. On the other hand, the limited evolution of S,, S4:, S¢s and
S.i after one hour of etching tends to indicate that inferior etching times are more
appropriate for the treatment of dental implants. Unfortunately most of the studies in the
literature omit the other roughness parameters and therefore their influence on the bone

response is currently not well understood.

5. Conclusion

The present work shows that HF etching of zirconia is a complex phenomenon
involving the dissolution of Zirconium and Yttrium oxides and the precipitation of
fluoride crystals, which is reported for the first time. The formation of these precipitates
on the surface highlights the importance of the cleaning step, since their effect on the
bonding between implant and bone and on the patient health is unknown. At room
temperature and within the limits of this study, a concentration of 40% leads to the
fastest and most uniform etching, and appears therefore to be the most appropriate for
the treatment of zirconia dental implants. On the other hand, monitoring the etching
time allows producing surfaces with controlled roughness, smooth-rough transition and
fractal dimension. The roughness analysis was exhaustive and evidenced that a
transition was taking place around one hour of etching, after which the evolution of the
roughness parameters known to be important for osseointegration was limited.
Chemical changes at the surface were moderate and not time related. This work could
constitute a sound basis for future biological studies aiming at determining the influence

of the topography of zirconia on cell response and osseointegration.
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