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1. Introduction

Zirconia (ZrO») has in recent years become a popular dental crown material due to its good esthetic and
biomechanical properties. (1) There are many different types of zirconia materials with different
biomechanical properties as well as esthetic properties. Often are different zirconia materials used in the
same crown to gain optimal esthetical properties. (2) (3)

Zirconia is a polymorphic material that appears in different crystal forms at different temperatures;
monoclinic, tetragonal, or cubic. (4) A change in temperature, increased humidity, and increased stress
can affect the zirconia and make it undergo a phase transformation from tetragonal to monoclinal phase.
This will result in expansion of the material (3-4%), as the lattice structure of the tetragonal phase is
denser than in the monoclinal phase. (5) To prevent the uncontrolled phase transformation from
tetragonal to monoclinic and the associated volume expansion upon cooling of sintered zirconia, yttrium
is added (3 mol.%) to stabilize zirconia in tetragonal form. (6) The reason for preventing volume
expansion, is because the material becomes very brittle and the forces induced during changes between
the phases result in crack formation, therefore making it not suited as a dental material. (7) (5)

The different zirconia materials used are dependent on the yttrium concentration. We can roughly divide
them into three generations of zirconia. (8) The first generation consists of opaque zirconia material,
stabilized with 3 mol.% yttrium. This opaque appearance is due to the large intergranular alumina
(AlLO3) grain size. Alumina is added because it is effective at suppressing the hydrothermal degradation
when sintering. (9) The second generation of dental zirconia drastically reduced the concentration of the
alumina additive, as well as more evenly distributed Al,O3 content and smaller grain size. By also raising
the sintering temperature, the porosities in the material were eliminated, making the second generation
more translucent than the first generation. (10) The third-generation zirconia is a highly translucent
material. When adding 4-5 mol.% yttrium, large amount of the zirconia crystals will be stabilized in
cubic phase, which is more translucent, as the light penetrates deeper into the material because of the
cubic lattice structure. (11) 3™ generation zirconia is therefore considered to have better esthetic
properties. But strength and toughness are diminished because cubic zirconia does not undergo stress-
induced phase transformation. (12) The question with the 3" generation of zirconia is if the material has
the same mechanical properties, as well as surface properties, as the 1% and 2™ generation of zirconia.
In this study, we want to enlighten any differences between the surface properties of the 2" and 3"
generation of zirconia. A comparison between these two generations mechanical properties and clinical
indications can be seen in Table 1. As seen in Table 1, the biggest differences between 2™ and 3™
generations are the mechanical properties flexural strength and fracture toughness. These properties are
the ones that usually determine and play the biggest part on the choice of clinical use.

Table 1: Properties of different zirconia materials. (The values are from (1) and limited data sheet information)

Zirconia Flexural Fracture Translucency Clinical
material Some commercial examples strength toughness parameter (TP) indications
(MPa) (MPa m'?) after polishing*
Monolithic single
Prettau (Zirkonzahn) crowns or FDPs on
Translucent Bruxzir Zirconia (Glidewell teeth and implants
zircollllia Laboratories) = 750-1200 4-9 11.1-13.0 with or without
Wieland Zenostar translucent veneering of labial
(Ivoclar Vivadent) facades
Monolithic single
. Prettau Anterior crowns or FDPS on
High- (Zirkonzahn) teeth and implants
translucent . = 650-750 3-5 13.4-15.0 with or without
zirconia Katana High transhucent veneering of labial
(Kuraray Noritake INC) ng
facades

*The translucency parameter is measured from 1 mm thick specimens.
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The biggest downside with zirconia, compared to other materials used in fixed dental restorations, is the
difficulty in achieving suitable adhesion. (13) Zirconia does not have a glass phase, as opposed to glass
ceramics, that can be etched with hydrofluoric acid to increase the surface roughness, as well as
chemically bond with a coupling agent (silane). (14) This then affects the clinical indications and
possible use of zirconia crowns with certain implications. For optimal bonding between zirconia and the
cement, different luting agents are used. Primers containing 10-methacryloyloxydecyl dihydrogen
phosphate (10-MDP) have shown good bonding to zirconia, according to a study by Nagaoka et al. (15)
This study showed that deprotonated 10-MDP makes ionic interactions with partially positive Zr. Also,
10-MDP has the ability to create hydrogen bonds between P=0 and Zr-OH groups, strengthening the
bonding between interfaces. (15)

Some commonly used primers, Clearfil Ceramic Primer (Kuraray Noritake, Tokyo, Japan) and
Monobond Plus (Ivoclar Vivadent, Schaan, Liechtenstein) contain a silane bi-functional molecule. The
effects of silane are unknown in the bonding of zirconia. (16) In this study, we want to look at the
differences in surface properties between non-silane primers specified for zirconia (Z-prime plus (17))
compared to the universal primers containing silane (Clearfil Ceramic Primer (18) and Monobond Plus
(19)) that are also used with other dental restoration materials, and further investigate how these interact
with both generations (2™ and 3") of contemporary zirconia material.

A meta-analysis by Inokoshi et al. compares the effectiveness of different treatments to improve bonding
strength between zirconia and adhesive cements (16). This meta-analysis suggests that a pretreatment
with AL,Os3 sandblasting, ceramic coating or silica coating is favorable for bonding strength compared
to the use of chemical etching, laser irradiation or no mechanical pretreatment. This study also showed
a positive effect on the bonding strength by using primers containing 10-MDP.

Micromechanical roughening of the zirconia is used to achieve a better bond. (20) This is done with
airborne-particle abrasion (APA) with alumina and gives the zirconia a higher surface area that results
in more micromechanical retention. The most commonly used parameters for airborne-particle abrasion
are 50 um AlOs at 2,5 bar at approximately 10 mm distance from the surface. (21) To consider that the
novel aesthetic cubic zirconia materials might be used for bonding procedures other than flat-to-flat (as
in resin bonded fixed dental prostheses, RBFDP) we wanted to investigate whether the abrasion angle
alter the surface topography enough to alter the behavior of the bonding agent on the surface.
Understanding the effect of the abrasion angle is important at it is not possible, for example, to abrade
the inner walls of a single crown at a 90° angle, but more of a 45° angle. In this study airborne-particle-
abrasion was performed with 2 bar, 1 bar and 0,5 bar to consider the commonly used range of clinical
airborne-particle abrasion devices and inaccuracy of manometers of these instruments.

The material surface properties such as surface free energy play an important role for the bonding of the
zirconia. Since it is not possible to directly measure the surface free energy of a solid material, indirect
methods are needed. The most common method is to measure the contact angle of different liquids with
known parameters (density, surface energy, viscosity, and polarity) on the surface of the solid. (22)
Surface energy is always composed of two components, one that relates to the omnipresent dispersive
interactions caused by London dispersion forces (e.g., van der Waals forces) between molecules or
atoms that are usually symmetric in terms of their electron distribution (non-polar) and one that relates
to polar interactions between permanent dipole molecules with nonsymmetrical electron distribution,
such as water. (23) In this study, we used a derivation of the Young’s equation (OWRK model (24)) to
determine the surface energy of the different zirconia surfaces.

1.1 Purpose of the studies

The aim of this study was to determine the surface energy of sandblasted zirconia, and if airborne-
particle abrasion with parameters normally used clinically affects the apparent surface energy. Our main
research question was whether there is a significant difference between two different angles of airborne-
particle abrasion and the use of three different pressures to determine if this has an impact on the physical
and chemical surface properties. We also want to compare the 2™ and 3" generation of zirconia to
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determine if these materials could be treated the same way, even though they have very different phase
composition and mechanical properties.

2. Materials and Methods

2.1 Zirconia specimens

In this study we utilized two different zirconia types. One soft-machined translucent Y-TZP Prettau
Zirconia or ICE Zirconia translucent (Zirkonzahn, Gais South Tyrol, Italy) further referred to as Prettau
Posterior. Prettau Posterior is described as a high translucent zirconia with 4-6% yttria (2™ generation).
The other zirconia material, Prettau Anterior (Zirkonzahn, Gais South Tyrol, Italy), has been promoted
as an ultra-translucent zirconia with a content of maximum 12% yttria (3" generation). This material is

Negative control APA 90 degrees APA 45 degrees
n=36 n=90 n=90
| |
| 1 | | 1 |
— non primed n=9 0,5 bar n=36 1 bar n=18 2 bar n=90 0,5 bar n=36 1 bar n=18 2 bar n=36
— clearﬂrl‘:;ramlc — non primed n=9 non primed n=9 | = non primed n=9 | |~ non primed n=9 non primed n=9 | |~ non primed n=9
. clearfil ceramic monobond plus clearfil ceramic clearfil ceramic monobond plus clearfil ceramic
i z-prime n=9 | | | |
n=9 n=9 n=9 n=9 n=9 n=9
monobond plus . . . .
— n=9 - z-prime n=9 - z-prime n=9 - z-prime n=9 -~ z-prime n=9
monobod plus |_| monobond plus || | monobod plus || monobond plus
n=9 n=9 n=9 n=9

Figure 1: Flow chart of specimens for our zirconia specimens. Prettau Anterior and Prettau Standard with identical disc
specimens after APA.

further referred to as Prettau Anterior zirconia. Disc-shaped specimens of both materials were prepared
with a thickness of 1,2 mm and a diameter of 13 mm according to ISO 6872 standard for biaxial fracture
strength.

2.2 Surface treatment — Specimen preparation

The discs were ground at 500 grit silicon carbide paper to dimensions mentioned and parallelism of the
flat surfaces. Excess dust was removed using a clean, soft porcelain brush and compressed air. The
specimens were treated equally on both sides, so the available surfaces for testing were double the
number of discs. All discs were subsequently sintered in a furnace programmed for the different
materials according to the manufacturer (Zirconofen 700, Zirconzahn, Gais, Italy).

The specimens from each of the two zirconia materials were randomly assigned for seven different
groups (Figure 1): Two different blasting angles in two subgroups (90° and 45°) and different pressure
in three airborne-particle abrasion groups (0,5 bar, 1 bar and 2 bar), and finally one control group for
both zirconia materials.

2.2.1 Airborne-particle abrasion (APA)
The abrasive of choice was aluminium oxide (Al:Os3;, Korox-50-BEGO) with a grit size of 50 pm.
Airborne particle abrasion was performed with 2 bars, 1 bar and 0.5 bar. The air abrasion nozzle was
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mounted on an adjustable holder and the discs were sandblasted for approximately 20 seconds at
pressures described above, and the discs oscillated back and forth while air abrasion were performed
perpendicular and in an angle of 45° to the surface at 10 mm. The air abrasion technique was
standardized through ten test discs, the time for each procedure (angle and pressure) where clocked and
were repeatable for the last eight tests. The discs were colored with a marker pen for even airborne-
particle abrasion distribution of the whole surface. After surface treatment, all specimens were
thoroughly cleaned by steamer and ultrasonically rinsed with ethanol for 10 min, steamed once again
and thoroughly air-dried before the surface energy analyses.

2.3 Wettability of zirconia discs

Surface energy of the air-abraded zirconia surfaces was determined using the OWRK-model (24). For
this purpose, the contact angle of several liquids with varying surface energies (Table 2) on the sample
surface was measured. OCA 20 goniometer (Dataphysics, Germany) was used to measure the contact
angle for each test liquid on three non-overlapping areas on three sample discs per group (n =9). The
contour of a 1 pl sessile drop of each test liquid on the sample surface was recorded at room temperature,
and the contact angle was determined using SCA20 V.3.7.4 software. Depending on the droplet shape,
different fitting parameters were applied to determine the contact angle (CA): ellipse fitting for 30° <
CA < 90° tangent fitting for CA < 30° and Young-Laplace algorithm for CA > 90°.

Table 2: Liquids for contact angle measurement with known surface firee energy for the polar and the dispersive component.

Surface energy values liquid (mN/m)

o’ o-d o-total
Diiodomethane 23 48,5 50,8
Formamide 18,4 39,5 57,9
Glycerol 26,4 37 63,4
Water 51 21,6 72,6

With each alternation between liquids, the syringe of the goniometer was cleaned with 2% sodium
dodecyl sulfate (SDS), and bath sonicated in deionized water for 3 minutes. The syringe was then
thoroughly rinsed with ethanol and dried with pressured air. All the values were recorded in each group
and the mean value was calculated.

Table 3: List of materials used in this study and their main compositions according to the manufacturers. MDP: 10-
methacryloxydecyl dihydrogen phosphate, HEMA: 2-hydroxyethyl methacrylate. BPDM: biphenolic dimethacrylate.

System (code) Main composition Manufacturer Lot no.
Monobond Plus Universal MDP, silane methacrylate, Ivoclar Vivadent Y51618
primer ethanol,
sulfide methacrylate
Clearfil Ceramic Primer MDP, silane, ethanol Kuraray Noritake Dental 7L0055
Plus
Z-Prime™ Plus Zirconia, MDP, BPDM, HEMA, ethanol Curion (BISCO Dental) 2000002125
Alumina and Metal Primer
sodium hydroxide, ZrO,, water, Ivoclar Vivadent X56369
Ivoclean Cleaning paste polyethylene glycol, pigments

The surface energy was also determined on the same zirconia surfaces following application of
commercially available primers (Table 3).

The primer was applied on the entire disc surface with a micro brush that is for clinical use according to
manufacturer’s instructions. All primers in Table 3 were tested with deionized water droplets to confirm
our assumptions. All samples for all groups were only measured for Monobond, the other two primers
were only tested on control and both 2 bar surfaces per zirconia (as the presumably roughest treatment).
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The different surfaces were tested nine times per subgroup, per liquid, and the mean of these
measurements were used to calculate the interpolation line of the three test liquids.

2.3.1 Cleaning of discs after treated with primer

Because we had a limited number of discs, compared to the number of samples that where necessary to
get a significant result, it was necessary to clean the discs thoroughly so there were no rest polymers
after the priming process and no organic material left from our different solutions.

We applied Ivoclean solution (Ivoclar Vivadent, Liechtenstein) on the entire surface of the discs for 20 s
according to manufacturer’s instruction. The discs were then rinsed with deionized water before bath
sonication in 2% SDS, deionized water and ethanol for 3 min each. The specimens where then allowed
to dry on clean filter paper sheets before they were placed on trays with clean aluminum foil. The trays
were then placed in Novascan PSD-UV4 Ozone Cleaner (Novascan Technologies, Inc., USA) for 15
min to remove any remaining organic contaminants and create atomically clean surfaces.

After 48 h storage in fume hood, the discs were packed in paper towels and zip lock bags as previously
described.

2.3.2 Surface energy parameters

0y
liquid 6, gas
< > Og
Og]
solid

Figure 2: Contact angle measurements explained with parameters to utilize in Young's equation. (Illustration made by
author)

Surface free energy must be measured utilizing methods with contact angle measurements. The contact
angle method was used to calculate the surface energy parameters utilizing Young’s equation:

Equation 1: Young’s equation

O;, = 0y + 0; ~cos@
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Figure 3: Figure that represents the interactions between two phases with similar (top) or different (bottom) dispersive
and polar parts of the surface energy/tension. (26)

where 8 is the contact angle and oy, gy, and g; are the surface tensions of the solid, solid-liquid, and
liquid surfaces, respectively (Figure 2). Young’s equation gives us the relationship between the contact
angle and the solid-liquid interfacial energy. (25)

Hence, by measuring the contact angles of four liquids with known surface energy parameters on solid
surfaces, the solid surface free energy, and its components can be calculated using linear regression with
the least square method. In addition, the total surface energy o of the materials is derived by the
equation.

The total surface free energy of a surface can be explained as the cause of the interaction between polar
and dispersive components. (23) This is shown in Figure 3. The interaction between the polar and
dispersive is described with the equation:

Equation 2: Surface free energy
— ~d p
0; = 0; to0;

where the surface free energy or surface tension g; of component i , in this case the surface of the
zirconia disc, is additively made up of dispersive o and polar parts aip . (26)

The surface free energy of the liquids is known (see Table 3), hence can be used to calculate the effect
of the polar and dispersive component combined and as a result find the surface free energy of a solid.
We did this using the OWRK model of Owens, Wendt, Rabel and Kaelble, in the form of a linear
equation of the type y = mx + c. (27)

Equation 3: OWRK model

o, (1+ cosB) o?
= 0 — O-Sz? . L/O-Ei + O-_g
2 /a,fl

N—— N——
m — Cc
X

y

Contact angles were converted from degrees to radians. After plotting in our known parameters for polar
and dispersive components combined with known surface free energy of the liquids, we got a plot where:
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Figure 4: OWRK method using graph showing a linear regression of surface free energy for different liquids.

By looking at the parameters of the line we were given a slope that became our m value, / O'Sp ,and a
——
m
crossing point that became our ¢ value, /Gsd , in the OWRK-model. By summing up the dispersive and

———
c

polar parts together we got the total surface free energy o + 0‘? =0;.

2.4 Profilometry: Roughness of zirconia discs

The roughness of the zirconia discs was evaluated by profilometry measurements by means of an 3D
optical profiler (S Neox optical profiler, Sensofar, Barcelona, Spain) controlled with the SensoSCAN
6.3 software, also from Sensofar. Samples were imaged with an EPI 150x (NA0.95) objective using the
brightfield mode with area field of view of 113 x 94 um?® All images were flattened by subtraction,
reconstructed, and numerically processed to 3D topographical parameters using SensoMap Standard 7.3
(Sensofar, Digital Surf's Mountains Technology®, Spain).

All profilometry results were obtained from the measurements performed at three randomly distributed
non-overlapping spots on three different samples per surface treatment (n=9) The calculated surface
roughness values (Sa) are presented as the mean + SD.

2.5 Scanning electron microscopy (SEM)

A scanning electron microscope equipped with energy-dispersive x-ray spectroscopy (EDX) was used
for chemical surface characterization (TM3030, Hitachi, Japan). The sample discs (n = 3) were mounted
on aluminium stubs using conductive double-sided carbon tape and imaged using backscattered
electrons at 15 kV acceleration voltage. Characteristic x-rays emitted from the sample surface were
detected using Bruker XFlash EDX systems and the elemental composition of the sample surface was
analysed with Quantax 70 software (Bruker, USA).
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2.6 Statistical analysis

Results were analyzed by one-way analysis of variance (ANOVA) to compare the surface treatments
for each specimen group. All statistical analyses were performed using the SigmaPlot version 14.0
software system (Systat Software, San Jose, CA). Pairwise multiple comparisons were performed using
the Holm-Sidak method. Values are presented as mean + standard deviation and statistical significance
was considered at p < 0,05.

3. Results

Ilustration of droplets

Control Anterior - Water Control Posterior - Water

45— 1 Ant - Water

45 — 1 Ant - Glycerol 45 — 1 Pos - Glycerol

L

45 — 1 Ant - Formamide 45 — 1 Pos - Formamide

45 — 1 Ant - Diiodomethane 45 — 1 Pos - Diiodomethane
Figure 5: Pictures of results taken during droplet measuring with The OCA 20 by Dataphysics where the contact angle was
determined using SCA20 V.3.7.4 software. Images in order of decreasing surface energy of the test liquid.
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Figure 5 shows the observed droplet shape of the different test liquids on zirconia coins with 1 bar, 45°
airborne-particle abrasion with the four different liquids used. You can see a difference in how the
different liquids behaved on the surface, with the contact angle decreasing as the total surface energy of
the test liquid decreased. The water droplet has the highest contact angle, while the diiodomethane has
the lowest contact angle. Water is the most polar test liquid, while diiodomethane is the most dispersive,
suggesting that the sandblasted zirconia surface is more dispersive than polar. Glycerol contact angles
were measured, but not included in the calculation for surface free energy, because they were
consistently out of the linear fit. Comparing the water droplet on the control and 45-1 bar, the contact
angle is higher on the sandblasted surface than on the control surface. In between the posterior and
anterior zirconia, there are very small differences, and in general, they seem to behave the same way.

3.1 Roughness of zirconia discs

The roughness is presented as the arithmetical mean surface height deviation (Sa), and it is obtained
from the mean value of three measurements taken at random non-overlapping regions on three
independent test samples for each group.

0.6

3 Anterior
05 4 I Posterior

0.4 4

0.3 -

0.2 4

Surface roughness (um)

0.1

0.0 -
control 45-0,5 45-1 45-2 90-0,5 90-1 90-2

Figure 6: Visual presentation of the surface roughness on the different specimen groups with standard deviation.

Figure 6 shows the results obtained with the profilometer and we can only observe small differences in
the roughness on the disc itself and in between the discs in the same group. After statistical analysis we
determined that the Posterior sample with APA 45° 2 bar was significantly different than the 1 bar
sample in the same APA group, with increased surface roughness. The differences in the mean values
among these treatment groups are greater than would be expected by chance. The APA 90° 2 bar sample
was only significantly different to the 0,5 bar specimen, but not the 1 bar specimen. The statistically
significant increase in surface roughness values for the 2 bar samples supports the overall tendency
towards higher roughness values with increasing APA pressure observed in Figure 6.

The result of the equal variance test indicates the likelihood that the two groups, anterior and posterior
with APA 45° with both 0,5 and 1 bar in pressure and APA 90° with both 0,5 and 2 bar pressure, are
sampled from populations with equal variances, but does not guarantee the equality or inequality of the
two variances. The difference in the mean value is not great enough to reject the possibility that it is due
to random sample sampling. The difference in the mean values of the two groups posterior and anterior,
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with APA 90° with 1 bar pressure and APA 45° and 2 bar pressure, is greater than would be expected
by chance; there is a statistically significant difference between the input groups.

In Figure 16 and 17, machining pattern can be seen in the control groups, when measuring the surface
roughness. Machining pattern can be seen clearly on 45 — 0,5 and this completely disappears on the
other APA treated surfaces. We still see the distinguishable grooves, much more than on the other. This
is clearer on the anterior discs.

3.2 Surface free energy of zirconia discs

Table 4 shows small differences in surface energy between the anterior and the posterior zirconias when
sandblasted. On the other hand, there is a clear difference between the control group and the treated
zirconias. Anterior zirconia has a much higher polar component compared to posterior zirconia, raising
the total surface energy on the anterior zirconia to 58,78 mN/m, while the total surface energy was only
29,75 mN/m on the posterior zirconia. The surface energy on the anterior zirconia seems to decrease to
the same level as the posterior zirconia when the airborne-particle abrasion pressure increases.

Table 4: Surface energy measurements after calculating the polar and dispersive component in each specimen group.
Comparison between non primed and Monobond (primed) surface. Surface energy is presented in mN/m.

Variables Non-Primed Monobond (primed)
Material Angle (Degrees)  Pressure (bar) Polar Dispersive Surface energy Polar Dispersive Sel:ll;agc;
Control 30,48 28,30 58,78 28,57 33,72 62,29
0,5 bar 0,64 43,00 43,64 1,13 50,92 52,05
45° 1 bar 0,13 29,29 29,42 96,43 20,08 116,51
Anterior 2 bar 0,55 28,56 29,10 124,86 16,59 141,45
0,5 bar 0,58 29,37 29,96 125,60 16,63 142,22
90° 1 bar 9,69 21,44 31,12 110,86 18,69 129,55
2 bar 0,14 32,18 32,32 124,17 16,79 140,96
Control 6,91 22,83 29,75 34,64 33,83 68,48
0,5 bar 0,15 29,95 30,10 3,10 51,16 54,26
45° 1 bar 1,18 21,73 22,92 96,94 20,83 117,77
Posterior 2 bar 0,95 24,01 24,95 82,47 23,03 105,49
0,5 bar 0,13 26,75 26,87 108,68 19,29 127,97
90° 1 bar 2,49 23,87 26,35 125,60 17,32 142,92
2 bar 0,26 24,80 25,06 121,75 17,89 139,64

Page 12 of 29



Master Thesis Susanna Patifio Walbaskken
May 20, 2022 Arne Sebastian Rossow

Surface Free Energy - Non-Primed

~ 5878

I

g
4

E 43,64

&

g 2975 30,10 2942 20.10 2996 o 31,1226 y 32,32

§ 292 2495 ; : 2506
[

g I
(31

E]
wn
0,5 bar 1 bar 2 bar 0,5 bar 1 bar 2 bar
Control 45° 45° 45° 90° 90° 90°

m Anterior mPosterior

Figure 7: Surface free energy measurements after calculating the polar and dispersive component in each specimen group.
Non-primed surface.
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Figure 8: Surface free energy measurements after calculating the polar and dispersive component in each specimen group.
Surface primed with Monobond.

On primed surfaces, we see very small to no differences between the posterior and anterior zirconia.
There are almost no differences between the surfaces treated with APA 90°. Priming had limited effect
on the surface energy of APA 45° 0,5 samples on either type of ZrO,. On all other surfaces the polar
component of the surface energy was significantly increased. This resulted in an increased the total
surface energy of the sample.
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Table 5: Influence of surface treatment on the surface free energy of zirconia ceramics determined by the measurement of
contact angles with 3 different liquids

Material Angle Bar Polar Dispersive S Polar  Dispersive S Polar  Dispersive S
energy energy energy
Control 28,99 29,49 58,48 28,96 5,81 34,77 28,57 33,72 62,29
Anterior 45° 2 103,00 20,52 123,52 68,13 27,20 95,32 124,86 16,59 141,45
90° 2 124,17 16,79 140,96 82,00 25,00 107,00 124,17 16,79 140,96
Control 129,37 16,96 146,32 40,65 34,14 74,79 34,64 33,83 68,48
Posterior 45° 2 113,96 19,11 133,06 93,38 23,27 116,65 82,47 23,03 105,49
90° 2 126,32 17,89 144,21 81,74 24,93 106,67 121,75 17,89 139,64
Surface Free Energy - Primed
146,32
14145 14096  140.96 14421 139 64
133,06
123,52
? 116,65
*E 107,00 105,49
4
T 95,32
>
%l) 74,79
s 68,48
o 5848 62,29
=)
g
£ 34,77
=
w I
2 bar 2 bar 2 bar 2 bar
Control 45° 90° Controll 45° 90°
Anterior Anterior Anterior Posterior Posterior Posterior
mZ-PRIMER = CLEARFIL CERAMIC =MONOBOND

Figure 9: Visual representation of surface treatment on the surface free energy of zirconia ceramics determined by the
measurement of contact angles with 3 different liquids.

Comparing the primers with each other (Figure 9) shows that the primers behave quite the same. Clearfil
Ceramic has generally a bit lower surface energy than the other primers. Z-prime is almost identical to
the Monobond on every aspect, except from control posterior.
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After being through the UV/ozone cleaner the discs changed to a darker color (Figure 10), from white
to beige immediately after UV/ozone cleaning but returned to their usual color after exposure to ambient

o4 b %, .
Figure 10: Anterior discs on the left and posterior on the right after UV/Ozone
cleaning.

air. For anterior ZrO, samples, this color changed happened within a matter of minutes but for the
posterior material it took several hours. The original color did not return until overnight exposure to
ambient air. Because of this we were unsure if the surface had been changed and we made further
measurements on these discs right after going through the UV/ozone cleaner.

The discs where tested right after UV/ozone cleaner, without letting them rest over the night. The angles
where significantly lower than previous measurements where we left the specimens overnight, as you
can see in Figure 11. We also observe that we do not have the same effect when only cleaning with SDS
and ethanol.

Mean Value of Contact angle measurements
before and immediately after UV/ozone

Contact angle (Degrees)
BN W A U O
o O o O O o

o

Figure 11: Comparison of contact angles before and after UV/Ozone cleaning

3.3 Surface contamination after airborne-particle abrasion with aluminum oxide
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Table 6: Surface contamination after APA treatment (wt.%)

Anterior Oxygen | Zirconium | Carbon | Yttrium | Aluminium | Sum
Ant-45-0,5 23,64 56,47 9,28 7,38 1,49 98,26
Ant-45-1 23,46 59,33 3,99 7,50 2,29 96,57
Ant-45-2 25,52 62,05 425 8,17 s 103,16
Ant-90-0,5 23,07 58,93 422 7,51 2,22 95,95
Ant-90-1 23,22 55,61 3,84 7,08 2,06 91,82
Ant-90-2 23,15 55,09 6,59 6,39 297 9419
Ant-con 21,05 66,02 4,44 8,36 009 999
Posterior
Pos-45-0,5 22,27 61,13 5,68 4,14 1,85 95,07
Pos-45-1 2291 67,21 4,86 4,85 1,41 101,24
Pos-45-2 25,28 61,20 5,75 4,81 99,96
P0s-90-0,5 22,56 60,63 4,61 4,20 1,62 93,63
Pos-90-1 25,88 64,04 5,23 4,71 2,42 102,27
P0s-90-2 24,71 42,97 20,55 426 s 9556
Pos-con 21,52 64,71 5,81 4,48 o 9662

Table 6 shows that the airborne-particle abrasion pressure affected the alumina content on the surface.
This table shows higher alumina content when airborne-particle abrasion was performed with 2 bar
compared to 0,5 and 1 bar. Table 6 shows that the zirconia surfaces also became contaminated by carbon.
Around 5 wt.% of the surface is carbon atoms.

Mapping of surface

30 um 5-os_oon_1

Control Anterior Control Posterior

Figure 12: Mapping of control discs. Comparison between anterior and posterior

The SEM images of the control surfaces for anterior and posterior zirconia are presented in Figure 12.
Although microroughness can clearly be observed on these images, the anisotropic microgrooves seen
on the control surfaces in the 3D images obtain by profilometry were not visible in the SEM images.
However, when the BSE imaging mode was switched to topography mode in the SEM by switching of
one of the detector panel, the machined pattern was revealed on the sample surface (Figure 13, left panel)
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Comparison of BSE and topography imaging mode on the same spot on a control surface

ot

reserve_C_0003 x1.0k 100 pm

reserve_C_0002 ; 30 pm

reserve_C_0004 x1.0k 100 gm

Figure 13: Mapping of surface on reserve discs. Discs were not chemically cleaned or treated with APA. No prior testing on
these discs.

On the mapping images (Figure 14), it is possible to see where the different elements are on the surface.
The first images show zirconia, yttria and oxygen in different shades of blue. These elements are widely
and evenly spread across the whole surface, while the aluminium, highlighted in orange, is more spread
around the surface in clusters, suggesting that these are aluminium particles originating from the
airborne-particle abrasion process. When comparing the aluminium (Al) map with the backscattered
electron (BSE) micrograph in Figure 14, the aluminium signal detected with EDX directly corresponds
to the location of the black spots observed on the BSE image. While such aluminium particles were
detected on all APA-treated surfaces (Figure 14), there is almost none of these black spots on the control
surfaces (Figure 12 and Figure 13), which compliments the low aluminium content for the control groups
in Table 6.
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Figure 14: Mapping of discs and comparison between the different surface treated specimen groups.
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After statistical analysis, our results showed no significant difference between most groups. The
differences in the mean values among the treatment groups APA 45° between 2 bar and 0,5 bar in the
anterior group, are greater than would be expected by chance. In the group with posterior discs there
was a difference with 2 bar pressure between the APA 90° and APA 45°. Also, in the APA 45° group
between 2 bar and 1 bar.

= Anterior
I Posterior

Aluminium concentration (wt.%)

control 45-0,5 45-1 45-2 90-0,5 90-1 90-2

Figure 15: lllustration of aluminium concentration on the different zirconia groups with standard
deviation.

3.4 Profilometry imaging
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Profilometry
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Information
Layer Topography layer

Control Anterior

Figure 16: Profilometry. Final topography layer of control anterior disc specimen.

Profilometry

pm

Information
Layer Topography layer

Control Posterior

Figure 17: Profilometry. Final topography layer of control posterior disc specimen
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Figure 18: Profilometry. Final topography layer and comparison of all specimen groups after APA.

Figure 18 shows grooves from the machining on all the specimens treated with a pressure of 0,5 bar.
The grooves are less visible on the specimens treated at 1 bar and not visible at all on the specimens
treated at 2 bar pressure. This difference between the surface texture of samples treated with 0,5 bar and
2 bar pressure becomes even more obvious in the 3D presentation of the surface topography shown in
Figure 19. The control specimens and 0,5 bar treated specimens have significant grooves on the surface,
but the specimen treated at 2 bar has no signs of machining pattern.
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Figure 19: 3D topography comparison of different specimen groups after APA.

4. Discussion

4.1 Color change after UV/ozone cleaner

The observed color change is likely to be caused by change in oxidation state of the superficial Zr ions
due to reduction of Zr and formation of oxygen vacancies on the zirconia surface by chemical oxidation
during the UV/ozone cleaning procedure. A weak reduction of yttrium-stabilized zirconia to lower
surface oxidation states (ZrO») has been shown to alter the color from white to yellow or black,
depending on the amount of reduction and oxygen vacancies that form. (28) (29) Since ZrO> is the most
stable oxidation state for this material, this altered surface oxidation (ZrO,.x) was only temporary, and
both anterior and posterior zirconia returned to their original oxidation state over time. Based on the
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deeper brownish color and longer time it took for the posterior surface to “recover” to its normal state,
we can assume that more reduction occurred on posterior than anterior zirconia surface (29).

Due to the difference in the oxidation state of the metal cations in Y>O3; and ZrO,, addition of yttrium
oxide increases the number of oxygen vacancies in yttrium-stabilized zirconia. In the metastable
tetragonal phase, these vacant oxygen lattice positions or oxygen diffusion may be more accessible to
changes than in the cubic phase. The fact the low temperature phase transformation (aging) in the
presence of water and elevated temperatures only happens in 3Y-YZP and not in >5Y-YZP (30) may
indicate that oxygen vacancies are more available for oxygen diffusion from the external environment
to interact with in the metastable tetragonal phase than in the cubic phase of ZrO,. We also noticed that
after treatment with UV/ozone the contact angle decreased compared to samples without the exposure
to UV/ozone. The one we tested by applying a drop of water, before going through the cleaner, had a
higher contact angle than the one we tested after we exposed the disc to UV/Ozone. This also stabilized
over time as hydrocarbons from the ambient environment adsorbed on to the surface of the cleaned
samples.

4.2 Aluminum oxide and surface contamination after APA

The results in Table 6 show a higher contamination of aluminium when airborne-particle abrasion is
done with 2 bar pressure. As expected, the alumina particles penetrate the surface on a bigger scale when
more pressure is applied. The results between 0,5 bar and 1 bar are somewhat more surprising. We
would think that the contamination of aluminium is higher at 1 bar, but our results show no substantial
difference. 1 bar is the standard pressure used in a clinical setting, and these results reinforce the
assumption that it most probably is the optimal pressure. At 2 bar, the aluminium contamination
increases notably. This will probably affect the bonding strength to the cement as well because the
alumina will be an extra interface on the surface and neither bond to the cement nor the zirconia.

In addition, our results show no substantial difference between the two angles of APA. We assumed that
there would be a higher contamination of aluminium on the 90° specimen, but our results show that this
is not the case. Another point to consider is that the higher the pressure the higher the risk of creating
microcracks and impair the entire surface.

One of the main disadvantages with aluminum contamination is that these areas with an added interface
could give more stress to the material, where microfractures might start. Aluminium does not chemically
bond to the cement either, therefore lowering the surface area it is able to bond to. The extra interface,
that is only mechanically retained to the zirconia surface, could behave differently after several years
with wear. Meaning that the aluminum contamination could have a more significant effect after cyclic
loading.

4.3 Surface energy

Our results showed that the polar part of the surface energy on the unprimed specimen was lower than
expected, compared to other studies. (31) (32) (33) This might be because of the contamination from
hydrocarbons, as we can see on our contamination chart (Table 6) that around 5 wt.% of the surface is
carbon. This is airborne carbon, that has reacted with the hydroxyl group on the zirconia surface. This
will probably affect the priming as well, because the 10-MDP that reacts with the hydroxyl group will
then have fewer vacant spots for attachment. The study from Al-Akhali (33) shows that surface free
energy decreased significantly within 24 hours after airborne-particle abrasion, suggesting that zirconia
restorations should be sandblasted as close to the cementation as possible because of the contamination
from hydrocarbons and their influence on the zirconia surface. Our results support this, where we
measured lower contact angles immediately after chemical cleaning. This suggests that chemical
cleaning of the zirconia could be as effective as mechanical cleaning (APA) in removing contamination
of hydrocarbons. Furthermore, chemical cleaning can be performed without the micromechanical
damage from alumina-particles disturbing the surface at a high pressure.
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Glycerol was intended to be used as one of our liquids to measure surface free energy. Because of its
considerably higher viscosity compared to the other test liquids it was difficult to form proper droplets
that would be comparable with the other liquids. All values from the contact angles were off the linear
fit of the test array, and these measurements are therefore of little value in determining the apparent
surface energy of the rough zirconia, and therefore omitted from the linear interpolation.

The glycerol contact angles were still measured on the non-primed specimen, as it is interesting to
observe the effect of increased viscosity and how that behaves on the different surfaces. The cements
usually have quite high viscosity, and glycerol is somewhat comparable to the cement in this matter.
When the contact angles measured with glycerol were plotted for the surface energy calculation, these
values were consistently below the values expected from the linear fit for the four test liquids used in
this study. This implies that higher contact angle values were measured for zirconia than expected based
on its surface energy. This can be explained by the roughness of the test surfaces, as higher force is
generally needed to wet a surface with high viscosity fluid than a fluid with low viscosity and similar
surface energy. (34) This discrepancy in wetting behavior becomes even more pronounced when the
surface and the liquid have different surface energy components, as illustrated in Figure 3. The tested
zirconia surface had low polar components and total surface energy (Table 4) and allowed only partial
wetting of the surface with glycerol with higher polar component and total surface energy.

Comparing the anterior and posterior zirconia, the differences in surface free energy are small. However,
we do see a clear difference between the untreated specimens. This might indicate that the surface of
anterior zirconia is more affected by the APA than the posterior zirconia. The fact that the posterior
zirconia already is stabilized in the tetragonal phase might be the reason why we do not see as many
differences between the different groups on the posterior zirconia group. Since the results show that the
treated zirconia materials behave very alike, there is no clear indication to treating the 2" and 3™
generation differently. The treated anterior zirconia will probably “bind” the same way to the cement as
the posterior zirconia.

Comparing the results of the surface energy of primed surfaces shows that the primers act quite alike.
Clearfil Ceramic has a somewhat lower surface energy compared to the other primers. The non-silane
primer (Z-prime) acts very similar to the Monobond (which contains silane). This gives us an indication
that the silane is not affecting the surface energy of the primed surface, and we therefore suggest that
the silane-containing primers could be used with the same cements as the non-silane primers. It is
important to further investigate the effect of the silane as well. In a meta-analysis of bonding to zirconia
(16), a main point in the discussion is the difference between non-silane vs silane primers. It is mentioned
here that there are not enough studies showing if silane has a synergistic effect or a counteracting effect.
Our results show no difference between the silane and no silane primers, suggesting that the silane does
not affect the surface energy. None the less more studies on the bonding effect will be needed.

Many of the results with Anterior APA 45° 0,5 bar seem like outliers, behaving differently than is to be
expected with the trend we see with increased pressure. If we look at the 3D-topography illustrations,
we notice the grooves from the machining process almost unchanged to the control. A reason the
discrepant wetting behavior on these samples could be a capillary effect that “pulls” and disperses the
droplets to having a lower contact angle. The discs without these areas filled with deep grooves, will not
have this effect, and give us a droplet with higher contact angle. The same principle is used when making
zirconia implants, where microgrooves make the implants more hydrophilic to optimize the
osseointegration. (35) This could be the explanation for the big variation of contact angle results we got
in this specimen group that resulted in a surface free energy, on non-primed specimens, that looks like
an outlier in Figure 7.

4.4 Surface roughness

Figure 13 consists of two images of the same spot with different imaging settings to show why we did
not see the grooves on the control surface in the regular BSE images (Figure 12). BSE signal typically
comes from 0.5-1 um depth on the surface and is not very sensitive to surface topography. Switching
off one of the detector panels in the electron microscope gave us more detail regarding the surface
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topography and we could visualise the grooves on the control surface also with SEM. In addition to the
microgrooved pattern, the higher resolution of SEM revealed the presence of large amount of ZrO2
debris from the polishing sintered on the surface, which further contributed to the high surface roughness
values of the control samples.

There is no indication that the APA angle has a significant impact on the surface properties between the
same pressure. Our results indicate that the angle does not change the roughness on the anterior discs.
The results in the posterior discs indicate a statistically greater difference than would be expected by
chance with 1 bar pressure, between APA 45° and 90°. However, we do not have a significant sample
size to exclude outliers and need therefore more tests to conclude if this is a real significant difference.
What we do see represented in Figure 6 is a trend of increased roughness with increased pressure, at
least for the posterior discs, and somewhat for the anterior discs. We also see a difference between the
control groups and the treated groups.

Statistically there is no difference in surface roughness between the anterior and posterior discs. With
this, we conclude that crowns after sandblasting treatment (APA) should be treated the same in terms of
roughness.

4.5 Sources of error

The cutting method must resemble the crown production process, here we have cut the discs
mechanically which gave them a very rough surface compared to after the sintering process.

There is a need to test the surface free energy right after APA, to see the real effect if not right before
cementation, since these measurements were made weeks after surface treatment.

5. Conclusions

Interestingly the results show differences in the surface energy of the anterior and posterior zirconia
when the surface is untreated with APA. When the surface is treated, the anterior and posterior zirconia
have almost identical surface free energy values. Suggesting that these materials can be treated the same
way, even though they are completely different when untreated.

Our results do not tell us how much the fouling of the surface influences the effect of the primer. The
different primers do behave very alike, and the silane content does not affect the surface free energy
according to our results.

When the zirconia surfaces are treated with air particle abrasion, the surface will be contaminated by
alumina. When sandblasting at 2 bar pressure, the contamination is significantly higher than at 1 and 0,5
bar pressure. In this study a tendency can be seen as a slope in the bars in the graph in Figure 6, more
pronounced to the posterior group, where increased pressure tends to increase the aluminum content
concentration (wt.%) on the zirconia surface after APA.

There is a significant contamination of the zirconia coins from airborne hydrocarbons as well. It could
therefore be interesting to compare the results with newly APA treated surfaces, to determine the effect
of the contamination on the surface free energy right before cementation. What we concluded with this
study is that there is a need to either mechanically or chemically clean the zirconia surface after APA.

The surface roughness measurement (Sa) only tells us the average height deviation. This parameter does
not explain the surface texture. In the illustrations of surface texture, we see that APA mostly eliminates
the machined pattern and the highest peaks, where the patterns are almost no longer recognizable in the
2 bar imaging. The surface texture must also be considered for further research, for example in the
effects on bonding between zirconia and cement.
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5.1 Clinical implication

The two versions of Zirconia do behave very alike and can be treated the same way after APA. The
angle used when APA, does not affect the roughness or the surface free energy. This means that the
surface roughness and energy is not different inside the crown where an angle of 90° is not always
possible to achieve.

Chemical cleaning of zirconia should be considered as a good option, as it is a gentler cleaning method
to the surface compared to mechanical cleaning and have the same effect. Either way, some sort of
mechanical or chemical cleaning is needed before cementation of the crown to remove hydrocarbon
contamination.

Since these parameters have only been tested in vitro we will not be able to determine if these minimal
differences have an effect in total for the retention and lifetime of a zirconia crown that has been
cemented inside a patient’s mouth, or the failure rate after wear.
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