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Abstract: Zirconia is a high-strength ceramic material that expands the design and application
possibilities for all-ceramic restorations and dental implants. To enhance the bonding of zirconia
restorations to tooth substrates and the osseointegration of implants with the surrounding bone,
the surface should be modified by surface treatment. Unfortunately, the effective treatment of
sintered zirconia is difficult. Surface treatment for presintered zirconia may be less difficult; thus,
the effectiveness of surface treatments of presintered zirconia was investigated herein. The zirconia
specimens were randomly divided into eight groups: (1) control (untreated) and seven treated groups
subjected to surface treatment (s.ttt.) in the presintered stage, followed by sintering: (2) s.ttt. 1:
hydrofluoric acid (HF) gel left during sintering; (3) s.ttt. 2: HF gel washed before sintering; (4)
s.ttt. 3: coated with nanosilica; (5) s.ttt. 4: coated with microsilica; (6) s.ttt. 5: coat followed by
airborne-particle abrasion; (7) s.ttt. 6: coat followed by partial etching; and (8) s.ttt. 7: coat followed
by total etching. The surface microstructure was examined using scanning electron microscopy
(SEM) and the crystalline phase was identified using X-ray diffraction (XRD). Biaxial flexural strength
was also tested. The results of SEM for s.ttt. 1 and 2 displayed irregular surfaces. S.ttt. 3 showed
deeper penetration of the nanosilica into zirconia (27 µm) compared to the microsilica used in s.ttt.
4. S.ttt. 5 and 6 showed irregular coats. S.ttt. 7 showed intergranular pores. The XRD of s.ttt. 1, 2,
and 3 revealed tetragonal zirconia as the control group. S.ttt. 4 and 5 showed cristobalite silica and
tetragonal zirconia. S.ttt. 6 and 7 contained amorphous silica and tetragonal zirconia, while s.ttt. 7
also showed monoclinic zirconia. The highest flexural strength was for s.ttt. 4 (982.4 MPa), while
the lowest was for s.ttt. 7 (386.6 MPa). There was no significant difference in the flexural strength
between the control, s.ttt. 1, and 2 (846.3 MPa, 830.0 MPa, and 835 MPa, respectively). Compared to
the control group, s.ttt. 3 had a lower flexural strength (634.1 MPa), while s.ttt. 5 and 6 had higher
flexural strengths (863.1 MPa and 872.2 MPa, respectively). It can be concluded that the surface
modification of presintered zirconia is a promising method as long as no phase transformation or
deep subsurface penetration occurs.
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1. Introduction

Zirconia (zirconium oxide (ZrO2)) has gained popularity in dentistry over the past
few years in a variety of all-ceramic restorations, including inlays, onlays, crowns, and
long-span bridges, as well as dental implants [1]. This ceramic material is referred to as
“steel” ceramic and this is due to its unique properties of high flexural strength, fracture
toughness, fatigue resistance, and radiopacity [2,3]. Therefore, the mechanical properties
of zirconia are close to those of metals, but it is white in color. Further, it is possible to
exploit different types and thicknesses of zirconia to achieve different shades and degrees
of translucency, further enhancing the aesthetics [4]. Zirconia restorations and implants
are competitive with metal restorations for esthetic cases in a high-stress loading area, and
for implants in cases with thin peri-implant tissues or the risk of gingival recession, when
the grey color of titanium implants may show through, leading to unattractive esthetic
results [5].

Adhesive dentistry has seen a paradigm shift from being invasive to being minimally
invasive due to a revolution in bonding potential [6,7] The bonding of zirconia restorations
to tooth substrates is promising if the proper surface treatment of zirconia is achieved.
Similarly, the surface characteristics of the restoration, particularly surface roughness, have
been shown to be important for bonding [8].

There are three categories of surface roughness, which depend on the size of the
features: macro, micro, and nanosized topologies. The macro level has a direct relationship
with topographical characteristics that are between a few millimeters and tens of microns
in size. Surface roughness is characterized as being in the micro range of between 1
and 10 µm (µm) in the microtopographic profile of dental restorations and implants.
Protein adsorption, osteoblastic cell adhesion, and osseointegration rate are all significantly
influenced by nanoroughness in the 1–100 nm range. Another strategy for changing the
surface is to apply coatings using various techniques, such as plasma spraying, sputter
deposition, sol–gel coating, electrophoretic deposition, or biomimetic precipitation [9].

Therefore, the success of restorations and implants is based on the result of a complex
interaction between the surrounding substrates and tissues and the zirconia surface. Unfor-
tunately, forming a strong bond with untreated zirconia is difficult due to its great surface
stability and chemical inertness [9]. To address this problem, the surface of fully sintered
zirconia has been treated using a variety of surface roughening and coating techniques,
including both additive techniques such as plasma spray or coatings, and subtractive
techniques, such as sandblasting, laser etching, and acid etching [8,10].

Airborne-particle abrasion is a practical method to create surfaces with microrough-
ness. However, there is a strong risk of reduction in mechanical properties after airborne-
particle abrasion, in addition to inevitable alumina contamination. It should be noted that
the effectiveness of airborne-particle abrasion varies depending on the particle material and
size, and on how aggressive the abrasion is [11]. Large particle size and high pressure have
been found to be associated with a phase change in zirconia from tetragonal to monoclinic,
causing weakened physical properties [12].

Acid etching at room temperature and electrochemical treatments are less effective
on zirconia than they are on metals [13]. Coatings have also been developed which may
improve the bioactivity, biocompatibility, or possible antibacterial properties of zirconia.
However, the stability of these coatings is questionable, with the possibility of debonding
from the zirconia restorations and implant. Unfortunately, the surface treatment of sintered
zirconia is challenging due to the hard, inert, dense structure of zirconia after the sintering
process [13].

Fully sintered zirconia is difficult to cut or modify and causes extremely severe wear
on cutting tools. This is the main reason why most manufacturers and systems prefer
handling zirconia in the green stage when it is weaker, softer, and more porous. After
sintering, zirconia’s high fracture toughness is one of its most appealing qualities as it
makes the substance less prone to crack propagation during function [14]. This is due to a
crystalline phase transformation [14].
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Zirconia is a polymorphic material, which means that it exhibits multiple crystal
structures at various temperatures without changing its chemical composition [15]. Zirconia
has three different crystal structures: monoclinic (M), tetragonal (T), and cubic (C). Of these,
the tetragonal phase is strongest, and the one required in restorations [15].

To stabilize the tetragonal phase of zirconia at room temperature, oxides such as
yttrium oxide (Y2O3) can be added. Yttrium-stabilized zirconia is of importance to dentistry,
and it contains roughly 2 to 3 mol% yttrium oxide (Y2O3) as a stabilizing factor [16].
Zirconia’s unique mechanical properties mainly depend on the fact that the transformation
from the tetragonal to the monoclinic phase is accompanied by volume expansion, which
hinders crack propagation and increases the mechanical properties [15].

Although it may be less difficult to treat the surface of presintered zirconia due to its
porous, softer structure, it is not frequently studied [16]. In this study, experiments were
carried out to modify the surface of zirconia by treating presintered zirconia rather than
sintered zirconia. In this investigation, various presintered zirconia surface treatments
were investigated. The methods used for surface treatment were subtractive, additive, or a
mixture. Seven surface modifications were performed on the presintered zirconia, and after
sintering, the surface microstructure, crystalline phase, and flexural strength were assessed
and compared to the untreated control zirconia. The null hypothesis postulated that there
would be no difference between the control and treated zirconia after sintering as regards
surface microstructure, crystalline phase, and biaxial flexural strength.

2. Materials and Methods

The commercial materials used in this study are described in Table 1.

Table 1. Materials used and their composition, according to the manufacturers.

Material Used in
S.ttt. Commercial Names Main Composition

(wt %) Manufacturer

Yttrium, tetragonal
zirconia,

polycrystalline ceramic
blocks (Y-TZP)

All
(Substructure)

In-Ceram 2000 YZ
20/19

ZrO2, Y2O3 5%,
HfO2 < 3%,

Al2O3, and SiO2 < 1%.

Vita, Zahnfabrik,
Germany

Hydrofluoric acid gel S.ttt. 1 and 2 Porcelain Etch Buffered 9% hydrofluoric acid. Ultradent Products,
South Jorda, UT, USA

Silicon dioxide S.ttt. 3 and 4 Dentex
Nanosilica dispersed in water,
SiO2 40%, Na2O 0.34%, and

H2O 59.66%.
Bee Chems, India

Neutral porcelain S.ttt. 5, 6, and 7 Vita VM13 Kit

SiO2, Na2O
K2O, MgO, CaO, BaO, B2O3,

Al2O3, Fe2O3, TiO2, P2O5,
ZrO2, and SnO2.

Vita, Zahnfabrik,
Germany

2.1. Presintered Zirconia Specimen Preparation

A total of 80 disc-shaped presintered zirconia specimens (19 mm diameter × 1.5 mm
thickness) were prepared from yttrium-stabilized zirconia blocks. The cutting tip of a
milling machine (BV 20B-L, Shandong, China) was used to remove the zirconia blocks’
handles. The zirconia blocks were cemented to flat polymeric bases with cyanoacrylate
adhesive (Amir Alpha Co., Tokyo, Japan). The milling tip of the same machine was used to
convert the zirconia blocks (15.5 × 19 × 20 mm) into zirconia cylinders (19 mm diameter).
The zirconia specimens were cut every 1.5 mm interval using a low-speed saw (Isomet,
Buehler, Palatine, IL, USA) and a diamond-coated cutting disc (Struers, Copenhagen,
Denmark), resulting in specimens of 19 mm diameter × 1.5 mm thickness.
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2.2. Specimen Grouping and Presintered Zirconia Surface Treatment

The zirconia specimens were randomly divided into 8 groups: 1 control and 7 treated
groups in which the surface of presintered zirconia was treated, followed by the sintering
process. The surface treatments were either roughening (subtractive), coating (additive), or
both (coat followed by roughening). The study design is shown in Figure 1 with different
surface treatments (s.ttt).
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The different presintered surface treatment (s.ttt.) techniques:

2.2.1. Subtractive Surface Treatment Technique

This technique was based on roughening the zirconia surface by applying hydrofluoric
acid gel (9%) on the presintered zirconia surface. The acid was either left in place during
sintering or washed away.

Hydrofluoric Acid Gel Left on Presintered Zirconia Surface (s.ttt. 1)

Hydrofluoric acid (HF) gel (Ultradent, South Jordan, UT, USA) was applied to the
surface of the presintered zirconia and was left when the latter was sintered.

Hydrofluoric Acid Gel Washed from Presintered Zirconia Surface (s.ttt. 2)

The HF gel was applied to the surface of the presintered zirconia for 5 min. Then, the
acid was removed before sintering by washing under tap water for 5 min, then ultrasonically
cleaning for 5 min in distilled water.

2.2.2. Additive Surface Treatment Technique (Silica Coating)

Due to the high porosity of the presintered zirconia, a gel-forming agent, carboxymethyl-
cellulose (CMC) (Oxford Laboratory Reagent, Navghar, India), was used to coat the zirconia
with silica. Without CMC, absorption of the liquid into the pores of the presintered zirconia
occurred, with a subsequent detachment of the silica particles. However, using CMC, a
thin gel consistency was obtained and applied with a brush (Firster No.12, China) on the
surface of the presintered zirconia specimens, which were then sintered.

Denfex nanosilica (Bee Chems, Kanpur, India) was used in this technique, where the
nanosilica was dispersed in liquid. The pH of Denfex nanosilica liquid was measured with
a pH meter (Accumet, Fisher Scientific, Hampton, NH, USA) and was found to be 9.3.
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Due to the alcoholic nature of the liquid, it evaporated rapidly, within 3 min, limiting the
working time. To overcome this, two approaches were attempted:

Nanosilica Mixed with Gel-Forming Agent (s.ttt. 3)

The nanosilica liquid was diluted with distilled water and then mixed with CMC in
the following ratio, giving a thin gel consistency:

0.4 mL of distilled water: 1.2 mL of Denfex nanosilica: 0.0175 g of CMC.

Microsilica Mixed with Gel-Forming Agent (s.ttt. 4)

The liquid of the Denfex nanosilica was left to evaporate and the agglomerated solid
mass was crushed using an agate mortar and pestle, followed by sieving through a 38 µm
pore size mesh. The produced powder was easily handled with an adequate working
time. The sieved silica powder was mixed with a gel-forming agent (GFA) which had been
previously mixed with distilled water in the following ratio:

0.0175 gm of GFA: 0.4 mL of distilled water: 0.02 g of silica powder.
The GFA powder was hand-mixed with the distilled water using a plastic spatula for

three minutes until a homogenous gel was obtained. Afterwards, the silica powder was
added to the gel and mixed for an additional three minutes. Mixing of the silica powder
with the mixture of GFA and water was performed just before application to the presintered
zirconia. A thin gel consistency was obtained and applied by a brush on the surface of the
presintered zirconia specimens once and then sintered.

2.2.3. Combination

The presintered zirconia specimens were subjected to a combined surface treatment.
First, the surface was coated with neutral porcelain (VITA Zahnfabrik, Bad Säckingen,
Germany) in the following ratio: 0.0175 gm of CMC: 0.4 mL of distilled water: 0.03 g
of neutral porcelain. A smooth glassy surface was produced after sintering and then
roughened using either airborne-particle abrasion or etching.

Coating Followed by Airborne-Particle Abrasion (s.ttt. 5)

After coating, the resultant glassy surface was exposed to airborne-particle abrasion
using a sandblaster (Basic Quattro, Renfert, Germany). Airborne-particle abrasion was
performed using a 50 µm aluminum oxide powder (Al2O3). The latter was applied for ten
seconds at a working distance of ten millimeters perpendicular to the ceramic surface with
two-bar pressure.

Coating Followed by Etching

After coating, the glassy surface was etched with the HF gel (9%) (Ultradent, USA).
Partial and complete etching of the glassy layer was performed.

Coating followed by partial etching (s.ttt. 6):
The HF gel was applied on the glassy surface of the coated zirconia for 1 min, followed

by washing under tap water for 5 min and then ultrasonically cleaning for 5 min in distilled
water.

Coating followed by complete etching (s.ttt. 7):
The HF gel was applied for 10 min on the glassy surface of the coated zirconia, followed

by washing and cleaning as mentioned previously.

2.3. Specimen Sintering

The specimens were put in a ceramic crucible filled with sintering beads and sintered
in a high-temperature sintering furnace according to the manufacturer’s instructions. After
sintering, the specimens’ dimensions were 15 mm diameter and 1.2 mm thickness.
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2.4. Test Procedures
2.4.1. Surface Microstructure

The surface microstructure of the specimens (presintered and sintered; control and
treated) was investigated using a scanning electron microscope (SEM) (Supra-40, Carl-Zeiss
NTS-GmbH, Oberkochen, Germany) with accelerating voltage ranging from 20.0 kV to
30.0 kV.

2.4.2. Crystalline Phase Identification

X-ray diffraction (XRD) analyses were conducted to identify the crystalline phases of
the presintered and sintered zirconia (control and various treated groups). The crystallo-
graphic structures of the specimens were analyzed using an X-ray diffractometer (X’Pert,
Philips, Eindhoven, The Netherland). The surfaces of the specimens were scanned with a
copper X-unit (Cu Kα) X-ray at 2theta angles from 0 to 80 degrees with a step size of 0.05
and 2-s step interval.

2.4.3. Flexural Strength Test

According to ISO standard 6872 for dental ceramics, a piston-on-three-balls biaxial
flexural strength test was conducted [17]. The disc specimens (15 mm diameter × 1.2 mm
thickness) used in the biaxial flexural strength test were balanced on three balls and loaded
in the center (n = 10 per group).

A crosshead speed of 0.15 mm/min was employed in a universal testing machine
(Sintec 2/G, MTS system, Eden Prairie, MI, USA) at a speed of 1 mm/min. Three hardened
steel balls (3.2 mm diameter) were spaced 120 degrees apart on a 10 mm diameter support
circle to support the test specimen. A flat punch (1.4 mm in diameter) applied the load
at the center of the disc-shaped specimens, which were arranged concentrically on these
supports, as shown in Figure 2.
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The biaxial flexural strength for each specimen was estimated using the following
equation, considering the load at the fracture point [18]:

S = −0.2387 P (X − Y)/d2

where S is the flexural strength at fracture (MPa) (maximum center tensile stress),
P is equal to the total stress that causes the fracture (N),

X = (1 + ν) ln (r2/r3)2 + [(1−)/2]. (r2/r3)2, Y = (1 + ν) [1 + ln (r1/r3)2] + (1 − ν) (r1/r3)2 (1)

where ν = Poisson’s ratio; r1 = the radius of the support circle; r2 = the radius of the loaded
region; r3 = the radius of the specimen; and d = the specimen thickness at the origin of
fracture (mm). Poisson’s ratio of 0.25 is used if the value for the ceramic in question is
unknown. In this investigation, ν = 0.25, r1 = 5 mm, r2 = 0.7 mm, and r3 = 7.5 were the
values used.

The Shapiro–Wilk test revealed that the data had a normal distribution. One-way
ANOVA and the Tukey post hoc test were used to statistically analyze the data in software
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(IBM-SPSS version 27.0, New York, NY, USA). The significance level was set at p ≤ 0.05.
The sample size calculator “G*Power (version 3.1.9.7)” was used to determine the sample
size. The estimated sample size was 10 per group.

3. Results
3.1. Surface Microstructure

The presintered zirconia specimens showed a porous structure, as shown in Figure 3.
On the other hand, after sintering, the control untreated specimens exhibited a dense grain
structure, as shown in Figure 4.
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HF acid gel left during sintering (s.ttt. 1) resulted in an irregular zirconia surface, as
seen in Figures 5 and 6.
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When the HF acidic gel was washed before sintering (s.ttt. 2), this also resulted in an
irregular zirconia surface, as seen in Figures 7 and 8.
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Applying nanosilica to presintered zirconia followed by sintering (s.ttt. 3) led to the
deep penetration of the silica, up to 27 µm in depth, as shown in the lateral view of the
treated specimens in Figures 9 and 10.
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Lateral view, magnification: 500×.
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Using silica powder with the gel-forming agent on presintered zirconia followed
by sintering (s.ttt. 4) resulted in the formation of a glassy layer over the zirconia grains
(Figure 11) with no subsurface penetration, as shown in the lateral view in Figure 12.
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Figure 11. SEM micrograph of sintered zirconia specimen, where silica was used in powder form.
Top view, magnification: 20,000×.
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Coating the specimens followed by the airborne-particle abrasion of the coat (s.ttt. 5)
revealed an abraded surface with surface irregularities, as shown in Figure 13. Figure 14
shows the change in the structure of the coat after abrasion, with Figure 14a showing the
coat before abrasion and Figure 14b the coat after abrasion.
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The partial etching of the coated zirconia (s.ttt. 6) revealed etched parts with irregular-
ities, as shown in Figures 15 and 16.
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J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 13 of 21 
 

 

 

Figure 15. SEM micrograph of coated zirconia specimen followed by partial etching of the silica. 

Top view, magnification: 150×. 

 

Figure 16. SEM micrograph of coated zirconia specimen followed by partial etching of the silica. 

Top view, magnification: 6500×. 

In the coated zirconia specimen followed by the complete etching of the coat (s.ttt. 7), 

imaging revealed intergranular spaces, as seen in Figures 17 and 18. 

Figure 16. SEM micrograph of coated zirconia specimen followed by partial etching of the silica.
Top view, magnification: 6500×.



J. Compos. Sci. 2023, 7, 396 14 of 21

In the coated zirconia specimen followed by the complete etching of the coat (s.ttt. 7),
imaging revealed intergranular spaces, as seen in Figures 17 and 18.
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3.2. Crystalline Phase Identification

According to the XRD patterns, the presintered zirconia specimens revealed both a
tetragonal phase (at 2◦theta angles of 30.6, 34.9, 35.6, 50.6, 51, 59.7, 60.4, 63.1, 73.4, and 74.7)
and a monoclinic phase (at a 2◦theta angle of 28.6), as shown in Figure 19.
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Figure 19. XRD pattern of presintered zirconia specimen; green lines: peaks of tetragonal zirconia (T)
and red line: peak of monoclinic zirconia (M).

Tetragonal zirconia was only identified in the control sintered zirconia (without treatment)
and after etching with HF gel (either partial or complete; s.ttt. 1 and 2) (at 2◦theta angles of
30.6, 34.9, 35.6, 50.6, 51, 59.7, 60.4, 63.1, 73.4, and 74.7), as seen in Figures 20 and 21.
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Figure 21. XRD pattern of sintered zirconia specimen after etching with HF gel (either partial or
complete); green lines: peaks of tetragonal zirconia (T).

When using the nanosilica (either in the liquid or the powder form; s.ttt. 3 and
4), cristobalite silica (at a 2◦theta angle of 21.8) and tetragonal zirconia (at the 2◦theta
angle previously mentioned) was detected after sintering, as seen in Figure 22. (Note: the
crystallized silica resisted any etching trials.)

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 16 of 21 
 

 

 

Figure 21. XRD pattern of sintered zirconia specimen after etching with HF gel (either partial or 

complete); green lines: peaks of tetragonal zirconia(T). 

When using the nanosilica (either in the liquid or the powder form; s.ttt. 3 and 4), 

cristobalite silica (at a 2°theta angle of 21.8) and tetragonal zirconia (at the 2°theta angle 

previously mentioned) was detected after sintering, as seen in Figure 22. (Note: the crys-

tallized silica resisted any etching trials.) 

 

Figure 22. XRD pattern of sintered zirconia specimen using nanosilica (either in liquid or powder 

form), red line: peak of cristobalite silica and green lines: peaks of tetragonal zirconia(T). 

On the other hand, zirconia coated with neutral porcelain and subjected to airborne-

particle abrasion or partial etching (s.ttt. 5 and 6) revealed tetragonal zirconia and amor-

phous silica (since no peaks were detected), as seen in Figure 23. (Note: this amorphous 

silica could be etched.) 

     
   Figure (58): XRD Pattern of treated specimen (T), 

Silica 

T 

T 

T 

T 

T T 

Figure 22. XRD pattern of sintered zirconia specimen using nanosilica (either in liquid or powder
form), red line: peak of cristobalite silica and green lines: peaks of tetragonal zirconia (T).
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On the other hand, zirconia coated with neutral porcelain and subjected to airborne-
particle abrasion or partial etching (s.ttt. 5 and 6) revealed tetragonal zirconia and amor-
phous silica (since no peaks were detected), as seen in Figure 23. (Note: this amorphous
silica could be etched.)
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Figure 23. XRD pattern of sintered zirconia coated with neutral porcelain; green lines: peaks of
tetragonal zirconia (T).

After the complete etching of the silica (s.ttt. 7), several monoclinic zirconia peaks
appeared (the highest peaks were at 2◦theta angles of 24, 28.6, 31.8, and 34.1), as seen in
Figure 24.
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Figure 24. XRD pattern of sintered zirconia specimen after complete etching of the silica; red line:
peaks of monoclinic zirconia (M) and green lines: peaks of tetragonal zirconia (T).
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3.3. Flexural Strength

The results for biaxial flexural strength (MPa) are presented in Table 2. The highest
flexural strength was for s.ttt. 4, coated with microsilica (982.3 MPa), while the lowest one
was for s.ttt. 7 (386.6 MPa), which was subjected to total coat removal by acid.

Table 2. Biaxial flexural strength (MPa).

S.ttt. Control
(No ttt) s.ttt. 1 s.ttt. 2 s.ttt. 3 s.ttt. 4 s.ttt. 5 s.ttt. 6 s.ttt. 7

Flexural
strength
(MPa)

846.3 c ± 3.6 830 c ± 7.4 835 c ± 7.1 634.1 b ± 2.4 982.3 e ± 3.5 863.1 d ± 5.4 872.2 d ± 6.4 386.6 a ± 4.1

Different small letters indicate significant difference.

There was no significant difference in flexural strength between the control and s.ttt. 1
and 2 (846.3, 830, and 835 MPa, respectively). Compared to the control group, the nanosilica-
coated specimens (s.ttt. 3) had a lower flexural strength (634.1 MPa), while sttt. 5 and 6
(with roughened coats) had higher flexural strengths (863.1 and 872.2 MPa, respectively)
than the control group.

4. Discussion

Zirconia is a ceramic material with unique characteristics that allow it to be used in
dental restorations and implants. However, establishing a strong, stable bond with zirconia
is difficult due to its inertness and acid resistance [19]. Several surface treatments have
been proposed to modify the surface to aid in bonding [20]. However, the material is liable
to be weakened by aggressive surface treatments [19]. This research was conducted to
modify the zirconia surface in its presintered state using seven different surface treatments
and compare them to an untreated control. The null hypothesis was rejected as there were
differences between the control and treated groups.

In the SEM observations, presintered zirconia showed a porous structure, which was
obviously reduced in the control group (C) due to the sintering process. The HF acid gel left
during sintering (s.ttt. 1) or HF treatment with washing before sintering (s.ttt. 2) resulted
in an irregular zirconia surface. Although zirconia is a non-silica-based ceramic, it is not
etched by HF at normal temperature, yet it is feasible to etch a zirconia surface at high
temperatures [21]. The HF that remained during sintering was heated, and so could have
etched the surface then. However, there should not have been HF on the surface during
sintering in s.ttt. 2. In this case, it may be that HF was able to etch the presintered zirconia
in a way that prevented the creation of a smooth surface. Further research is needed to
determine the mechanism here.

Applying nanosilica to presintered zirconia followed by sintering (s.ttt. 3) led to a
deep penetration of the silica up to 27 µm in depth. This may be due to the nanosize of the
silica that entered the porosity of the presintered zirconia and became trapped between
the grains during the grains. The SEM of the microsilica-treated group (s.ttt. 4) showed
a glassy coat upon the zirconia surface with limited penetration due to the larger silica
particles compared to s.ttt. 3. A previous study coated the zirconia in its presintered state
with a zirconia slurry with carbon nanoparticles [18].

In the abraded or partially etched coat (s.ttt. 5 and 6), surface flaws were detected
because of airborne abrasion and etching, which caused irregularities within the coat. On
the other hand, the complete etching of the coat (s.ttt. 7) revealed intergranular spaces.
Complete etching of the infiltrating glass has been previously presented but in sintered
zirconia, called the selective infiltration etching technique [17].

The crystalline structure of the presintered zirconia specimens, revealed with XRD,
showed the presence of the monoclinic phase in addition to the tetragonal one. This agrees
with Tsalouchou et al. [22], who found that zirconia powder before sintering included
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tetragonal and monoclinic phases. However, this finding contradicts that of Moon et al. who
stated that presintered zirconia ceramics consisted of almost 100% tetragonal structures [23].

After sintering, only the tetragonal phase was identified in the control group. This
result is consistent with both Tsalouchou E et al. and Moon JE et al., who noted that there
were no monoclinic structures in as-sintered Y-TZP [22,23]. This might be explained by
the monoclinic–tetragonal phase transformation induced by the sintering temperature,
with an end temperature of 1530 ◦C [16]. It is known that heating zirconia above 1170 ◦C
induces a phase transformation from monoclinic to tetragonal [16]. Most surface treatments
(s.tttt. 1-6) displayed tetragonal zirconia, as in the control [16]. This means that these
modifications did not affect the crystalline phase. On the other hand, the aggressive etching
in s.ttt. 7 led to a phase transition from tetragonal to monoclinic, which caused material
deterioration [24].

It should be noted that amorphous silica could be etched, in contrast to crystalline
silica (cristobalite), which resisted any etching procedure. This may be due to the random
arrangement of atoms in the amorphous structure, which does not require as much energy
to react with acids [25].

Flexural strength defines how materials reacted to loading forces [26]. Flexural strength
is a crucial mechanical characteristic that can help predict the performance of a material [26].
The size of flaws and defects present on the surface of a tested material have a significant
impact on its flexural strength [27]. The biaxial flexural strength test was employed in
this investigation due to its advantages over the other tests [28]. In comparison to three-
or four-point flexural tests, the biaxial flexural test is less sensitive to edge effects and to
surface flaws brought on by specimen preparation [29]. Three- and four-point bend tests
are most sensitive to faults that are almost perpendicular to the specimen’s beam axis, but
the biaxial test probes for the greatest flaws oriented over a wider range of angles [29].

The highest flexural strength was for s.ttt. 4 coated with microsilica (982.3 MPa). This
may be attributed to the presence of an intact coat, which required additional force to
fracture, in addition to the sealing of any existing flaws by the glassy layer [30]. This was
followed by s.ttt. 5 and 6 (with roughened coats), which had higher flexural strengths
(863.1 and 872.2 MPa, respectively) than the control but lower ones than s.ttt. 4. This may
be due to the strengthening effect of the coat [31], but because of the irregularities within
the coat, it showed a lower flexural strength than the intact coat in s.ttt. 4 [32]. This was
followed by the control and s.ttt. 1 and 2 (846.2, 830, and 835 MPa, respectively), with no
significant difference in their flexural strengths (p = 0.1), as these treatments did not induce
a monoclinic phase transformation [32]. It was reported previously in the literature that a
significant loss of flexural strength occurred in zirconia treated in its presintered state by
airborne-particle abrasion due to monoclinic phase transformation [33].

In this study, it was observed that two surface treatments weakened the flexural
strength of zirconia: deep subsurface silica penetration or monoclinic phase transformation.
The nanosilica-coated specimens (s.ttt. 3) had a lower flexural strength (634.1 MPa) than
the control group (846.3 MPa). This may be attributed to the deep penetration of the silica,
even though there was no monoclinic phase transformation [32]. The presence of silica
between the zirconia grains led to a lower flexural strength as the mechanical properties of
silica are lower than those of tetragonal zirconia. The lowest flexural strength (386.6 MPa)
was for the surface treatment accompanied by a monoclinic phase transformation (s.ttt. 7),
which was subjected to total coat removal by acid [32]. This may be due to the lower me-
chanical properties of the monoclinic phase compared to the tetragonal phase, as described
previously [32,34]. The phase transformation may be due to low-temperature degradation
in an acid environment, as a previous study reported that an acidic environment accelerates
the tetragonal to monoclinic phase change of yttrium-stabilized zirconia [33].

The last-mentioned two surface treatments (s.ttt. 3 and 7) are not recommended as
they reduced the flexural strength. The other five treatments could be beneficial as they
preserved the high flexural strength of zirconia and formed a rough surface or coat. It has
been reported that the surface roughness of dental implants, especially nanoroughness,
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encourages undifferentiated mesenchymal cell attachment, proliferation, and differentiation
to osteoblasts. However, this study did not apply cells and did not measure the surface
roughness after treatment. Therefore, these points should be studied in future work. In
addition, the coated specimens could reduce the low-temperature degradation of zirconia
implants and orthopedic appliances and need further investigation. Other research could
be conducted to determine whether the incorporation of bioactive material within the
roughness could stimulate biointegration. It is also recommended to add bond strength
tests to future studies to investigate the effect of these pretreatments on their bonding to
different substructures.

5. Conclusions

The treatment of a presintered zirconia surface can successfully create a rough surface
on the sintered material. However, treatments that result in the deep penetration of silica,
or that promote a phase change from tetragonal to monoclinic, also substantially weaken
the material and should be avoided. This approach is promising, but the surface treatment
must be carefully specified to avoid negative effects on material properties.
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