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Purpose. The aim of this study was to evaluate three novel surface treatments intended to improve osseointegration of zirconia
implants: selective infiltration etching treatment (SIE), fusion sputtering (ES), and low pressure particle abrasion (LPPA). The effects
of surface treatments on roughness, topography, hardness, and porosity of implants were also assessed. Materials and Methods. 45
zirconia discs (19 mm in diameter x 3 mm in thickness) received 3 different surface treatments: selective infiltration etching, low
pressure particle abrasion with 30 ym alumina, and fusion sputtering while nontreated surface served as control. Surface roughness
was evaluated quantitatively using profilometery, porosity was evaluated using mercury prosimetry, and Vickers microhardness
was used to assess surface hardness. Surface topography was analyzed using scanning and atomic force microscopy (a = 0.05).
Results. There were significant differences between all groups regarding surface roughness (F = 1678, P < 0.001), porosity
(F = 3278, P < 0.001), and hardness (F = 1106.158, P < 0.001). Scanning and atomic force microscopy revealed a nanoporous
surface characteristic of SIE, and FS resulted in the creation of surface microbeads, while LPPA resulted in limited abrasion of the
surface. Conclusion. Within the limitations of the study, changes in surface characteristics and topography of zirconia implants have
been observed after different surface treatment approaches. Thus possibilities for enhanced osseointegration could be additionally

offered.

1. Introduction

Developments in routine dental practice, including prost-
hodontic treatments, are often driven by the introduction of
new dental materials and processing technologies [1].

Zircon has been known as a gem from ancient times.
The name of the metal, zirconium, comes from the Arabic
Zargon (golden in colour) which in turn comes from the two
Persian words Zar (Gold) and Gun (Colour). Zirconia, the
metal dioxide (ZrO,), was identified in 1789 by the German
chemist Martin Heinrich [2].

The crystalline form of zirconia can be organized in three
different crystal structures; at room temperature, zirconia
adopts a monoclinic (M) structure and transforms into the
tetragonal phase (T) at 1170°C, followed by a cubic phase (C)
at 2370°C. During cooling, a phase transformation from T to

M takes place and is associated with a volume expansion of 3-
4%. The conversion of the tetragonal to the monoclinic phase
leads to the formation of surface cracks that might result in
surface degradation or bulk failure of bulk material [3].

In order to obtain mechanical stability at room tempera-
ture, addition of different metallic oxides, such as MgO, CaO,
or Y,0;, stabilizes the tetragonal phase at room temperature
resulting in fully or partially stabilized zirconia (PSZ) [4]. The
high resistance of PSZ against crack propagation is based on a
phase transformation from the tetragonal to the monoclinic
phase and its associated expansion, a mechanism known as
transformation toughening [3, 5].

In dental implantology, the development of yttria-
stabilized tetragonal zirconia polycrystal ceramics (Y-TPZ)
gained a great interest as a prosthetic and implant mate-
rial. Y-TPZ has a higher fracture resistance and flexural
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strength than the previously available aluminium oxide
ceramics, making it less sensitive to stress concentrations.
It also exhibits a moderate Young’s modulus (200 GPa) in
comparison to aluminium oxide, indicating a higher elastic
deformation capability [6].

Y-TZP has been used extensively in orthopedic surgery
as a material for ball heads in total hip replacement since its
introduction in the 1980s [7]. In dentistry, Y-TZP was success-
tully introduced as a framework material for the construction
of all-ceramic fixed partial denture restorations [8]. Today,
many types of zirconia materials are available, but yttria-
stabilized tetragonal zirconia polycrystals (Y-TZP) are the
most widely used [9]. This yttria-stabilized material presents
various interesting characteristics such as low porosity, high
density, high bending, and compression strength suitable
for biomedical applications. Moreover, its bright color offers
esthetic benefits, which makes zirconia a very popular mate-
rial in prosthetic dentistry and dental implantology [10].

To improve surface properties of zirconia implants, two
main approaches were used: changing the surface chemistry
using bioactive coating with different materials (calcium
phosphates, bisphosphonate, collagen, etc.) and optimizing
surface architecture and microroughness using different tech-
niques [11]. Airborne particle abrasion known as sandblasting
technique is the most commonly used technique to increase
surface roughness of zirconia. However, it was associated
with noticeable surface damage in the form of scratches
and grooves resulting in marked reduction in mechanical
properties [12]. To solve this issue, low pressure particle
abrasion (LPPA) modified the application parameters to
include low air pressure and reduced blasting time, using
small particle sizes in order to minimize surface damage [12].

Selective infiltration etching technique (SIE) is a recent
method used to create surface roughness of zirconia on
a nanoscale (less than 0.05um) using principles of heat-
induced maturation and grain boundary diffusion to trans-
form the relatively smooth nonretentive surface of zirconia
into a highly porous and retentive surface [13].

Instead of abrading the surface of zirconia, fusion sputter-
ing is a simple technique used to increase surface roughness
of zirconia and to change surface architecture by the creation
of round surface beads fused with surface of the material.
Green body zirconia, unsintered structure, is sprayed with
a solution rich in round zirconia particles. Upon sintering,
the particles become fused with the sprayed structure. Only
short-term results are available about the performance of
fusion sputtered zirconia implants [14].

Implants with a rough surface yielded both greater shear
strengths and superior bone apposition compared to implants
with smooth surfaces which exhibited various degrees of
fibrous tissue encapsulation [15, 16]. Microscale roughness
and micron-sized topography have been shown to have an
essential role in the induction of bone cell adhesion and
subsequent changes in cellular function [17].

Unfortunately, there are not enough works of research
done about the expected biological response of bone tissue to
zirconia implants with different surface treatments. The aim
of this study was to investigate and characterize three novel
surface treatments of zirconia implants: selective infiltration
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etching, low pressure particle abrasion, and fusion sputtering
to evaluate osseointegration in a separate study.

2. Materials and Methods

Three novel surface treatments were performed on 45 zirco-
nia discs that were divided into 3 groups, 15 each, according
to the surface treatment performed. Surface properties and
topography were evaluated using different laboratory tests.
The same surface treatments, in a separate study, were
performed on zirconia implants in order to assess osseoin-
tegration in the femur of a rabbit model.

2.1. Fabrication of Zirconia Specimens. A special brass mold
(19mm in diameter x 3mm in thickness) was used for
isostatically pressing zirconia powder (3 mol Y-TZP, E grade
biomedical zirconia, Tosoh Inc., Japan). 60 discs were sin-
tered in special electrical furnace (Cercon heat, DeguDent
GmbH, Hanau, Germany) with a sintering program at a
maximum temperature of 1350°C for 4 hours. The discs,
thereafter, received three different surface treatments. The
discs received one of the following surface treatments while
as-sintered discs served as control (n = 15).

2.2. Selective Infiltration Etching (SIE) [13]. One surface of
the discs was coated with a thin layer of an infiltration
agent composed of a low temperature melting glass with
different additives that control its viscosity and thermal
expansion coefficient (10.1 x 107%/°C). The discs were then
heated in open air at 850°C for 2min using a computer
programmed electrical induction furnace and then cooled
to room temperature by opening the door of the furnace.
Traces of the infiltration agent were completely dissolved in
a 5% hydrofluoric acid solution in an ultrasonic bath for 15
minutes, followed by washing under demineralized water for
15 minutes.

2.3. Low Pressure Particle Abrasion (LPPA) [12]. The discs
received airborne particle abrasion with 30 ym aluminum
oxide particles at 0.15 MPa pressure at a distance of 3cm in
a special sandblasting machine (Percision Dental Laboratory
Sandblaster P-G 400; Winterbach, Baden-Wurttemberg, Ger-
many). To control the procedure, a blasting rate of 25 s/cm®
was used. Specimens were ultrasonically cleaned in distilled
water for 15 minutes.

2.4. Fusion Sputtering Technique (FS) [14]. Five grams of
unsintered (Y-TZP) powder (Tosoh zirconia, E grade, Tokyo,
Japan) was placed in a plastic capsule, with 1 mm zirconia
balls. The sealed capsule was placed in an electric mixer for 15
minutes to allow fine grinding of the zirconia powder. Only
12-18 ym particles were selected by the use of fine stainless
steel meshes. 30 grams of the selected particles was added
to a glass jar filled with 150 mL of 70% ethyl alcohol and 30
gm of polyvinyl glycol. Thereafter, the mixture was placed
on an ultrasonic shaker to allow homogenous distribution of
the particles. The suspension was transferred to a spraying
container with air pressure set at 0.3 MPa (Badger 155-19
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Anthem 155 Airbrush Set w/Modelflex Paints, USA). One
surface of unsintered zirconia discs was sprayed for 5 seconds.
The surface sputtered discs were then stored at 60°C for 2
hours to allow proper drying of surface before sintering.

2.5. Profilometer Analysis. The surface roughness of the discs
was measured using a contact profilometer (Taylor Hobson
Precision Form Talysurf 60, Leicester, UK). The specimens
were mounted on an XY cross-table of the profilometer,
and three tracings 5mm in length and separated by a total
distance of 140 ym were evaluated. The following roughness
parameters were evaluated:

(i) amplitude parameters (bi-dimensional surface struc-
ture),

(ii) R, value which is the arithmetical mean of the
absolute values of the surface departures from the
mean plane within the sampling area (in ym),

(iii) R, value which is the root mean square value of the
surface departures within the sampling area (in ym).
This parameter is more sensitive to extreme values
than the R, parameter due to the squaring operation,

(iv) R, value which is the average value of the absolute
heights of the five highest peaks and the absolute value
of the five deepest valleys within the sampling area.

2.6. Porosity and Density Measurements. Specimens were
tested for porosity percentage using the mercury porosimetry
apparatus (QUANTACHROME Instruments 1900, Corpo-
rate Drive Boynton Beach, Florida, USA). This was done by
immersing the specimens in a mercury bath and then pres-
sure (up to 4000 bar) was applied, thus forcing nonwetting
mercury into smaller and smaller pores of the disc surfaces.
The pressure required to intrude the mercury into the pores
is inversely proportional to the size of the pores. An intrusion
volume was recorded at each point and converted to pore size.
Bulk and surface density were also calculated.

2.7. Vickers Microhardness Test. Vickers microhardness tester
(Instron Wolpert HMV-2000, Wolpert Wilson Instruments,
USA) used a diamond indenter, in the form of a right pyramid
with a square base and an angle of 136 degrees between
opposite faces subjected to a load of 10 kg. The full load was
applied for 15 seconds. The two diagonals of the indentation
after removal of the load were measured using an optical
microscope and their average was calculated. The area of the
sloping surface of the indentation was calculated. The Vickers
hardness was the quotient by dividing the load by the square
area of indentation:

F

HV =5,

@

where HV = the Vickers hardness value, F = load in kg, and
d? = arithmetic mean of the two diagonals, dI and d2, in mm.

2.8. Scanning Electron Microscopy. The surface morphology
and topography created by different surface treatments were

examined by scanning electron microscopy (SEM) (Jeol,
JSM-5300, Tokyo, Japan) performed at various magnifica-
tions under an acceleration voltage of 15 keV.

2.9. Atomic Force Microscopy. The surface morphology and
topography on a nanoscale were examined with atomic force
microscope (AFM) (THERMO MICROSCOPES Auto probe
AP-0100-contact mode, USA). A surface three-dimensional
(3D) imaging was collected in contact mode.

Statistical analysis was performed using one-way analysis
of variance (ANOVA) and Bonferroni post-hoc tests (a =
0.05) using a computer software (SPSS 15.0, SPSS, Chicago,
IL).

3. Results

Statistical analysis revealed significant differences in surface
roughness parameters between the tested groups (F = 1678,
P < 0.001). FS and LPPA increased the surface rough-
ness compared to as-sintered surface, while SIE failed to
increase the surface microroughness. Roughness parameters
are summarized in Table 1. Profilometer graphs are depicted
in Figure 1.

There were significant differences in pore area (F =
131039, P > 0.001), pore diameter (F = 14, P < 0.001), bulk
density (F = 192422, P < 00.01), and porosity percentage
(F = 3278, P < 0.001), as shown in Table 1. There were also
significant differences in VH values between the four groups
as the lowest hardness value was for as-sintered surface (920 +
7.1), followed by SIE (1346 + 11.2), and then LPPA (1608 +
28.6), and the highest was for FS (2137 + 68); see Table 1.

SEM examination of as-sintered zirconia surface revealed
parallel lines created by fine polishing procedure. Selec-
tive infiltration etched specimens had a characteristic
nanoporous surface without prominent surface changes in
surface roughness; some areas pores, elevations, and depres-
sions were observed. LPPA images indicated the presence of
microscratches, grooves, and surface abrasions. The entire
surface was roughened but in an irregular pattern. Fusion
sputtered specimens had a granular microrough surface
covered with rounded irregular zirconia particles fused to the
outer surface of the specimens. The surface granules had an
average height of 10 ym, which accounts for the increased
surface roughness measurements (R, = 10.23+0.09). Surface
granules demonstrated even distribution and an identical
morphological pattern along the entire surface, as shown in
Figure 2.

Three-dimensional (3D) imaging collected by the AFM
created an examination field of 25 x 25um. The small
examination field presented morphological description on a
nanoscale, as shown in Figure 3.

4, Discussion

Yttria-stabilized tetragonal zirconia polycrystal ceramic is
the most commonly used zirconia type by dental manufac-
turers [18]. The increasing use of all-ceramic restorations
has resulted in a heightened demand for improvements in
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TABLE 1: Surface parameters of different test groups.

95% confidence interval for mean

Mean  Std. deviation Minimum Maximum
Lower bound Upper bound
As-sintered 0.2883 0.01722 0.2703 0.3064 0.26 0.31
SIE 0.3883 0.03710 0.3494 0.4273 0.34 0.44
LPPA 2.3100 0.14670 2.1561 2.4639 2.12 2.55
R, ES 10.2300 0.09274 10.1327 10.3273 10.10 10.35
Total 3.3042 4.16756 1.5444 5.0640 0.26 10.35
Model Fixed effects 0.08915 3.2662 3.3421
Random effects —4.1905 10.7989
As-sintered 0.3800 0.02449 0.3543 0.4057 0.35 0.42
SIE 0.4767 0.04633 0.4280 0.5253 0.42 0.54
LPPA 2.9600 0.04940 2.9082 3.0118 2.89 3.03
Rq ES 13.0000 0.09274 12.9027 13.0973 12.87 13.12
Total 4.2042 5.29425 1.9686 6.4397 0.35 13.12
Model Fixed effects 0.05871 4.1792 4.2292
Random effects —5.3181 13.7264
As-sintered 2.2383 0.02714 2.2098 2.2668 2.20 2.28
SIE 2.3117 0.03710 2.2727 2.3506 2.26 2.36
LPPA 12.2333 0.06154 12.1688 12.2979 12.15 12.31
R, FS 57.5183 0.27701 572276 57.8090 56.98 57.74
Total 18.5754 23.34012 8.7197 28.4311 2.20 57.74
Model Fixed effects 0.14373 18.5142 18.6366
Random effects —23.4058 60.5566
As-sintered 8.6033 0.01211 8.5906 8.6160 8.59 8.62
SIE 6.8633 0.01033 6.8525 6.8742 6.85 6.88
LPPA 6.1500 0.00894 6.1406 6.1594 6.14 6.16
Pore area EFS 9.1883 0.01169 9.1761 9.2006 9.17 9.20
Total 7.7013 1.26498 71671 8.2354 6.14 9.20
Model Fixed effects 0.01084 7.6966 7.7059
Random effects 5.4260 9.9765
As-sintered 0.0133 0.00516 0.0079 0.0188 0.01 0.02
SIE 0.0100 0.00000 0.0100 0.0100 0.01 0.01
LPPA 0.0167 0.00516 0.0112 0.0221 0.01 0.02
Pore diameter FS 0.0133 0.00516 0.0079 0.0188 0.01 0.02
Total 0.0133 0.00482 0.0113 0.0154 0.01 0.02
Model Fixed effects 0.00447 0.0114 0.0152
Random effects 0.0090 0.0177
As-sintered 5.2400 0.00000 5.2400 5.2400 5.24 5.24
SIE 5.1200 0.00632 5.1134 5.1266 511 513
LPPA 6.0000 0.00000 6.0000 6.0000 6.00 6.00
Bulk density ES 6.1400 0.00000 6.1400 6.1400 6.14 6.14
Total 5.6250 0.45943 5.4310 5.8190 5.11 6.14
Model Fixed effects 0.00316 5.6237 5.6263
Random effects 47986 6.4514
As-sintered 16.0600 0.09695 15.9583 16.1617 15.92 16.19
SIE 10.8583 0.07627 10.7783 10.9384 10.75 10.95
LPPA 13.5017 0.26992 13.2184 13.7849 12.98 13.75
Porosity ES 20.0017 0.15145 19.8427 20.1606 19.75 20.17
Total 15.1054 3.44851 13.6492 16.5616 10.75 20.17
Model Fixed effects 0.16659 15.0345 15.1764

Random effects 8.9089 21.3019
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TaBLE 1: Continued.
Mean Std. deviation 95% confidence interval for mean Minimum  Maximum
Lower bound Upper bound
As-sintered 920.0000 7.07107 912.5794 927.4206 910.00 930.00
SIE 1346.0000 11.26055 1334.1828 1357.8172 1330.00 1360.00
LPPA 1608.0000 28.64263 1577.9414 1638.0586 1576.00 1651.00
VHN ES 2137.0000 68.01470 2065.6229 2208.3771 2055.00 2220.00
Total 1502.7500 451.72272 1312.0042 1693.4958 910.00 2220.00
Model Fixed effects 37.49400 1486.7852 1518.7148
Random effects 692.6738 2312.8262

properties and reliability [19]. To improve surface properties
of zirconia implants, three novel surface treatments were
used. Two resulted in optimizing the microroughness (LPPA
and FS) and one optimized nanoroughness (SIE).

Mechanical properties depend not only on the micro-
structure but also on the size and distribution of structural
defects that, in turn, are dependent on the characteristics
of the starting powders and on the manufacturing pro-
cess [2]. Surface texture is believed to play a major role
in affecting the strength and clinical survival rate of the
restoration [20]. Aggressive surface roughening techniques
resulted in the creation of surface defects ending in marked
deterioration of the mechanical properties of the restoration
[13].

Selective infiltration etching technique created a nanor-
oughened surface with mean roughness of 0.38 + 0.04 ym and
an increase in the total surface area of the specimen without
creation of any structural defects [13, 21]. Numerous studies
have treated zirconia with different airborne particle abrasion
systems [22, 23]. In this study, another novel treatment was
introduced: low pressure particle abrasion technique (LPPA)
using 30 #m aluminum oxide particles at 0.15 MPa pressure
resulting in microroughened surface with mean roughness
of 2.31 + 0.15 yum; while, in previous studies, sandblasting
was carried out using coarser parameters as 110 ym alumina
particles applied perpendicularly to the surface and at higher
pressure (2-3bar) [20]. In this study, a microroughened
surface was observed due to the low pressure particle abrasion
technique (LPPA).

Regarding particle size, Queiroz et al. noticed a large
difference between R, and R, values in particle abraded
specimens due to the presence of deep valleys in the surface
for tested specimens. When the 145 ym alumina particles
were used, R, achieved the highest value, suggesting that large
particles promoted more punctual damage in a surface than
small particles, regardless of the pressure [24].

Frequently, R, value has been used to express changes
in zirconia surface in dental literature. However, the mean
roughness (R,) associated with 2D surface images only
provides limited information and can lead to an erroneous
interpretation of surface roughness. R, cannot detect dif-
ferences in the spacing of surface irregularities (peaks and
valleys); thus, it cannot provide information regarding their
shape [25]. In the current study, R, R, and R, were measured
to provide a better insight of surface topography.

New conditioning strategies have been recently proposed
to enhance the surface roughness of zirconia in order to
promote adhesion of resin cements to zirconia. Serkan et al.
[18] applied a low pressure air abrasion (0.05 MPa/0.5 bar)
before testing the bonding effectiveness of a conventional
luting resin to the treated ceramic putting in mind the
reduction of surface damage [26, 27].

Analysis of porosity tests indicated the presence of a direct
relationship between porosity and density using correlations
between different parameters as pore area, pore diameter,
bulk density, and porosity percentages putting in mind that
only the pores that are connected to the surface can be
measured [28]. On the other hand, He et al. proved that
surface roughness decreases with decreasing porosity and
that the presence of porosity generally has a negative influ-
ence on mechanical properties since pores can cause stress
concentration and deterioration of fracture resistance [29].
This explains why porosity created by SIE was comparable to
the as-sintered surface.

Surface porosity could be used as a carrier of bioactive
materials on the surface of zirconia implants. This coating
technique could solve delamination problems observed when
coat material is subjected to body fluids. Combination of
chemical coat and optimized microrough surface could
enhance performance of zirconia implants, the data presented
in the second part of this study [30].

The surface microhardness (VHN) in the current study
was in the range of 920-2173. In general, there were significant
differences in microhardness between all groups as the
increase in surface roughness was associated with the increase
in surface hardness. This finding was in disagreement with
previous studies which reported that an increase in porosity
and roughness of material was associated with low surface
hardness [2, 31]. Fusion sputtering was associated with an
observable increase in surface hardness; this is directly
associated with fusion of round surface beads which increase
surface capacity to resist the applied load [31].

The conventional sand blasting method with large par-
ticles (>100 ym) caused massive sputtering on the Y-TZP
surface; thus, air-abrasion as LPPA technique used in current
study with small-sized particles (30 um) should be consid-
ered due to the potential reduction in flexural strength and
possible material loss with bigger particles, particularly along
the margins of restorations [32, 33]. In a different line, Kern
et al. applied a low pressure air abrasion (0.05 MPa/0.5 bar)
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FIGURE 1: (a) Surface roughness parameters of as-sintered zirconia
surface. (b) Surface roughness parameters of selective infiltration
etched zirconia surface. (c) Surface roughness parameters of LPPA
zirconia surface. (d) Surface roughness parameters of fusion sput-
tered zirconia surface.
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FIGURE 2: (a) SEM image, 1000x, demonstrating dense nonretentive
as-sintered surface zirconia. (b) SEM image, 1000x, of selective
infiltration etched zirconia surface with characteristic nanoporous
surface. (¢) SEM image, 500x, of fusion sputtered zirconia surface
with characteristic fused beads on the surface.

before testing the bonding effectiveness of a conventional
composite luting agent to the so-treated ceramic in order to
reduce the surface damage. New conditioning strategies have
been recently proposed [26].

5. Conclusions

Within the limitations of this study, surface topography and
architecture of zirconia implants could be optimized using
different surface treatments.
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FIGURE 3: (a) AFM image for as-sintered zirconia surface. (b) AFM
image of selective infiltration etched surface. (c) AFM image for
fusion sputtered surface.
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