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Abstract

The aim of translucency-enhancing liquids (TEL) is to locally influence the phase com-
position of zirconia in order to increase its translucency. This study aimed to determine
the influence of TEL on 3Y- and 4Y-TZP zirconia concerning roughness, hardness, wear,
flexural strength, dynamic stability and fracture force of fixed dental prostheses after ther-
mal cycling and mechanical loading. Two zirconia materials (4Y-TZP; 3Y-TZP-LA, n =8
per material and test) were investigated with and without prior application of TEL. Two-
body wear tests were performed in a pneumatic pin-on-block design (50 N, 120,000 cycles,
1.6 Hz) with steatite balls (r = 1.5 mm) as antagonists. Mean and maximum vertical loss
as well as roughness (Ra, Rz) were measured with a 3D laser-scanning microscope (KJ 3D,
Keyence, ]). Antagonist wear was determined as percent area of the projected antagonist
area. Martens hardness (HM; ISO 14577-1) and biaxial flexural strength (BFS; ISO 6872)
were investigated. The flexural fatigue limit BESdyn was determined under cyclic loading
in a staircase approach with a piston-on-three-ball-test. Thermal cycling and mechanical
loading (TCML: 2 x 3000 x 5 °C/55 °C, 2 min/cycle, H,O dist., 1.2 x 10 force 4 50 N) was
performed on four-unit fixed dental prostheses (FDPs) (n = 8 per group) and the fracture
force after TCML was determined. Statistics: ANOVA, Bonferroni test, Kaplan—-Meier
survival, Pearson correlation; o = 0.05. TEL application significantly influences roughness,
hardness, biaxial flexural strength, dynamic performance, as well as fracture force after
TCML in 3Y-TZP. For 4Y-TZP, a distinct influence of TEL was only identified for BFS. The
application of TEL on 3Y- or 4Y-TZP did not affect wear. TEL application has a strong effect
on the mechanical properties of 3Y-TZP and minor effects on 4Y-TZP. All effects of the TEL
application are of a magnitude that is unlikely to restrict clinical application.

Keywords: zirconia; translucency-enhancing liquid; surface roughness; hardness; biaxial
strength; wear; dynamic loading; thermal cycling and mechanical loading; fracture force;
dental materials

1. Introduction

Monolithic zirconia is used for the fabrication of fixed dental prostheses (FDPs) due to
its excellent mechanical properties and tooth-colored appearance. Nevertheless, the low
translucency of a specific zirconia might limit the tooth shade appearance of a restoration [1].
By doping the zirconia with yttria, the resulting grain size and thus the translucency of
the zirconia can be influenced [2]. Therefore, zirconia is divided into different groups:
3Y-TZP is stabilized with 3 mol% yttria and is commonly the least translucent and strongest
zirconia available. A higher proportion of yttria, such as in 4Y- and 5Y-TZP, increases the
grain size and light transmission, but generally reduces strength. Multilayer zirconia are
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combining high strength and good translucency by combining different types of zirconia in
a single milling blank.

Translucency is observed when a light beam, which passes through a material is
partially scattered, reflected and transmitted by the object [3]. As the amount of light that
passes through the object increases, translucency also increases [4]. Light scattering is
influenced by various elements such as voids and porosities, differing refractive indices or
a high crystalline content [5]. Additional factors include the crystal number and size, par-
ticularly when the crystal particles are slightly larger than the wavelength of the incoming
light [6].

An increased yttria content suppresses the phase transformation from tetragonal
to monoclinic, which can be seen as the reason for the differences in translucency and
mechanical properties [7]. The lower toughness and strength of materials with a higher
yttria content (e.g., 4Y-TZP) compared to materials with a lower yttria content (e.g., 3Y-TZP)
is directly attributable to inherent differences between the tetragonal and cubic zirconia
phases. The changes in translucency are due to refractive index mismatches at the interfaces
between the tetragonal and cubic phases, which lead to light scattering and reduce light
transmission. This can be remedied by minimizing the volume fraction of the second
phase or its structure size [3,8]. Doping ions from TEL stabilize the cubic zirconia phase
and therefore have a significant effect on the densification behavior and final grain size.
Possible mechanisms also include changes in defect concentrations and changes in grain
boundary/interface properties [3].

Translucency-enhancing liquids (TELs) might represent an alternative or supplement
to combine favorable general stability with locally enhanced translucency. As the liquid is
applied to the incisal part of a restoration in order to increase the translucency in a very
localized manner, the basal and cervical areas as well as the inner layer of the restoration
are not affected, which are thus supposed to feature full stability. In order to influence
the grain structure, the TEL is applied before final sintering. The liquid is supposed to
infiltrate the porous material and locally increase the yttria content to up to 10 percent by
weight. During sintering, this process leads to a coarsening of the grains and stabilizes the
cubic structure, which ultimately increases light transmission [9]. A typical TEL consists
of yttrium(Ill)-nitrate hexahydrate or yttrium carbonate hydrate, which is dissolved in
hydrochloric or nitric acid [10]. Alternatives include magnesium, calcium or cerium
compositions [3] or different solvents [11]. The solutions are usually used as dopant or
precursor in the preparation of Yttrium-based materials [12]. The general effect of TEL
on zirconia was shown by a study that revealed reduced fracture toughness and opacity
in TEL-modified zirconia [13], but there are no studies considering the effects of TEL
on the mechanical properties of zirconia. Therefore, this study focused exclusively on
mechanical properties after TEL application. Since TELs are applied superficially and
diffuse into the framework, it can be expected that the induced modifications can be
characterized especially by superficial properties such as hardness [14,15], roughness [16]
or wear stability [17,18]. It is possible that the changes induced by TEL-modification are
so small that neither strength [14,19] nor the dynamic properties of the zirconia [20] are
relevantly affected. Ultimately, only an examination of restorations under clinically relevant
simulation conditions [21] may adequately assess the influence of the TEL on the stability
of restorations. Fracture tests performed in restorations can help to detect damages such
as cracks that occur during simulation and to specify differences between restorations
with and without TEL. Against this background, the question arises as to what extent the
mechanical properties of 3Y- and 4Y-TZP zirconia are affected by the application of TEL.

The null hypothesis of this investigation was that the application of TEL significantly
reduces roughness, hardness, wear/antagonistic wear, flexural strength and dynamic
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performance as well as the in vitro performance and fracture force after simulated aging in
3Y- and 4Y-TZP zirconias.

2. Materials and Methods

Two zirconia materials (DD cube one ML (4Y-TZP); DD Bio ZX2 color (3Y-TZP-LA))
were investigated with and without application of TEL (Incisal X; all Dental Direkt, Spenge,
D). According to the safety data sheet, Incisal X contains 45-55 weight-% ytterbiumtrinitrat
pentahydrate, and <0.5 weight-% hydrogen chloride. Test specimens and three-unit FDPs
were dry milled (MCXL, Dentsply-Sirona, Charlotte, NC, USA) from each material and
treated with TEL. Specimens were completely infiltrated and FDPs were either completely
infiltrated or infiltrated only in cusp region.

The application was performed with a microbrush and specimens were dried for
20 min at 90 °C (TSU-S, Mihm-Vogt, Stutensee, D). For sintering, the standard sintering
protocol was used: specimens were heated up to 900 °C at a rate of 8 °C/min, and a dwell
time of 30 min, then heated up to 1450 °C at a rate of 3 °C/min with a dwell time of
120 min. Cooling was performed at a rate of 10 °C/min down to 200 °C (inFire HTC speed,
Dentsply-Sirona, Charlotte, NC, USA).

All specimens were also investigated without prior infiltration with TEL for reference
(Figure 1).

‘ Zirconia materials ‘ ‘ 3Y-TZP | ‘ 4YTZP ‘
-

‘ Translucency-enhancing liquids (TEL) ‘ ‘ Yes H No |
= ]

‘ Specimen | | Martens hardness HM

| Biaxial flexural strength BFS

| Fatigue limit in biaxial flexural strength design BFSayn ‘

| Pin on block (POB) wear test (specimen and antagonist)

‘ Roughness Ra/Rz | v

‘ Fixed dental prostheses H Thermal cycling and mechanical loading |

| Fracture test |

Figure 1. Study design.

Martens hardness (HM): Specimens were investigated using instrumented indenta-
tion testing (ISO 14577-1 [22]) in a universal hardness-testing machine (ZwickiLine Z2.5,
ZwickRoell, Ulm, D). The indentation depth was constantly monitored at a loading speed
of 0.1 mm/min to a maximum force of Fmax = 100 N using a Vickers indenter and a dwell
time of 2 s. Unloading was performed at 0.1 mm/min. The recorded force-indentation
depth curves were used to calculate HM. Poisson’s ratio of the diamond indenter was set
to vi = 0.07. Young’s modulus of the indenter was Ei = 1140 GPa.

Biaxial flexural strength BFS: Biaxial flexural strength (BFS) was determined with a
piston-on-three-ball test (ISO 6872 [23], Z010, ZwickRoell, Ulm, D). Specimens (¢ = 16 mm,
h = 2 mm) were positioned on a supporting ring-like bearing (THS1620, Grip-Engineering
Thiimler GmbH, Rastede, D) that consisted of three stainless steel spheres (& 3 mm), which
were arranged in the form of an equilateral triangle at 120° (diameter = 10 mm). Specimens
were placed centrally with a 0.05 mm thick polyethylene film (1-7090, neoLab Migge GmbH,
Heidelberg, D) between the specimen and the piston as well as between the specimen and
the bearing in order to evenly distribute contact forces. Specimens were preloaded with
0.5 N. The piston (diameter 1.6 mm) applied the load at 1 mm/min. The fracture force was
measured and the biaxial flexural strength was calculated.
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Fatigue limit in biaxial flexural strength design BFSdyn: The flexural fatigue limit was
determined under cyclic loading in a staircase approach with a piston-on-three-ball test
(ISO 6872). Specimens (o = 16 mm, h = 2 mm) were positioned on a supporting ring-like
bearing, consisting of three stainless steel spheres (& 3 mm), which were arranged in the
form of an equilateral triangle at 120° (diameter = 10 mm). Specimens were centrally loaded
with a piston (diameter 1.6 mm). In the stepwise loading test, each specimen was loaded
with a dynamic force (Dynamess TP 5 HEF, Stolberg, D; f = 10 Hz, 30,000 load changes
per force step) in 250 N steps starting at 1000 N. The measured fracture force was used to
calculate the biaxial flexural strength during dynamic loading BESdyn. Number of cycles
until failure was determined.

Pin on block (POB) wear test: Two-body wear tests were performed on eight speci-
mens per group (8 x 2 mm, thickness: 2 mm) in a pneumatic pin-on-block design (Wear
Tester, Inso, Lonnerstadt, Germany, vertical load 50 N, 120,000 cycles, 2.5 Hz; lateral
movement = 1 mm, occlusal movement = 1 mm) with steatite balls (radius = 1.5 mm;
magnesium silicate, CeramTec, Plochingen, D) as antagonists in a water bath. Mean and
maximum vertical loss as well as roughness within (Ra, Rz) and besides the wear trace
(Ra Ref, Rz Ref) were measured with a 3D laser-scanning microscope (KJ 3D, Keyence, J).
Antagonist wear was determined as percent area of the projected antagonist area (Digital
microscope, Keyence, Osaka, J).

Thermal cycling and mechanical loading (TCML): Artificial teeth with a preparation
design suitable for all-ceramic restorations (tooth 16 and 14; preparation: thickness of
1.5 mm, n = 16 per group) were printed (Form 3B, Formlabs, Berlin, D). The roots of the
teeth were coated with a layer of polyether impression material (1 mm thickness; Impregum,
3 M, St. Paul, USA) to simulate the resilience of the human periodontium. The teeth were
fixed in resin bases (Palapress, Kulzer, Hanau, D) in a distance of 10 mm towards each
other to simulate a three-unit FDP situation. FDPs were fabricated (n = 8 per group).
The teeth and the intaglio surfaces of the FPDs were sandblasted (Al;O3, 1 bar, 50 um),
steamed, cleaned for 3 min in an ultrasonic bath (99% isopropanol) and dried. The inner
surfaces of the FDPs were pretreated with a bonding agent for 60 s (UniBond, Dental Direkt,
Spenge, D). The agent was applied with a disposable brush, left to act for 60 s and then
carefully dried with oil-free air. The FPDs were adhesively bonded (Solid Link, Dental
Direkt, Spenge, D) to the artificial teeth. Solid link was applied into the FPDs and the
FPDs was inserted and held in position with slight pressure for 4 min. A small excess was
removed after light curing. Final light polymerization was performed from four sides with
a light curing unit for a period of 40 s for each side (1200 mW /cm?; 385-515 nm; Bluephase
G4, Ivoclar Vivadent, Schaan, FL).

TCML (2 x 3000 x 5 °C/55 °C, 2 min/cycle, temperature change during cycling
within 30s; HO dist., 1.2 x 10° force 4 50 N) was performed to simulate five years of
clinical service. For all FDPs that survived TCML, the fracture force was determined (Z010,
ZwickRoell, Ulm, D). The force was applied on the center of the FDPs by using a steel ball
(diameter = 12 mm, v = 1 mm/min). A tin foil of 1 mm thickness was inserted between the
crown and the steel ball to produce equal force distribution. The failure determination was
set to a 10% loss of the maximum loading force or an acoustic signal (crack).

Statistics: Means and standard deviation were calculated (SPSS 29, IBM, Armonk, NY,
USA). Comparisons between groups were performed using one-way ANOVA, Bonferroni
post hoc test and Pearson correlation. Cumulated fatigue limit was calculated with Kaplan
Maier Log Rank (Mantel-Cox) test. The level of significance was set to « = 0.05.
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3. Results

Martens hardness: Mean HM results for 3Y-TZP ranged between 9335.3 & 356.9 MPa
and 6458.1 + 1604.9 MPa after infiltration with significant (p < 0.001) differences be-
tween infiltrated and non-infiltrated specimens. HM for 4Y-TZP showed values between
6444.8 £ 1271.4 N and 7090.4 £ 2152.7 N after infiltration without significant (p = 0.477)
differences (Table 1).

Table 1. Mean and standard deviation (hardness: HM; biaxial flexural strength: BFS, dyn. Biaxial
flexural strength, cycles until failure; p-values Anova, Bonferroni).

Hardness HM [MPa] Stf;;;lti}ill ;::esx:ll\rzll’a) Dy;zl:gtﬁl(i}[?;ral Cycles Until Failure (n)
Mean Std Mean Std Mean Std Mean Std

3Y-TZP-LA 9335.3 356.9 1305.3 183.1 928.1 254.2 96,919 57,391

3Y-TZP-LA + full X 6458.1 1604.9 757.6 76.6 559.3 105.0 19,320 29,438
p= <0.001 <0.001 0.008 0.015

4Y-TZP 6444.8 12714 1157.7 178.0 967.9 70.2 111,525 24,208

4Y-TZP + full X 7090.4 2152.7 790.9 124.1 753.6 253.1 58,907 54,741
= 0.477 <0.001 0.074 0.057
ANOVA p= 0.002 <0.001 0.005 0.007

Biaxial flexural strength: Mean BFS results for 3Y-TZP ranged between 1305.3 4= 183.1 MPa
and 757.6 & 76.6 MPa after infiltration with significant (p < 0.001) differences between the values.
BES for 4Y-TZP showed values between 1157.7 & 178.0 N and 790.9 & 124.1 N after infiltration
with significant (p < 0.001) differences (Table 1).

Biaxial flexural strength dyn: Mean BFSdyn results for 3Y-TZP ranged between
928.1 & 254.2 MPa and 559.3 & 105.0 MPa after infiltration with significant (p = 0.008) differ-
ences between the values. BFSdyn for 4Y-TZP produced values between 967.9 £ 70.2 N and
753.6 £ 253.1 N after infiltration without significant (p = 0.074) differences. After infiltration,
the number cycles until failure was significantly reduced for 3Y-TZP (p = 0.015) but not
for 4Y-TZP (p = 0.057; Table 1). Log Rank (Mantel Cox) revealed significant differences in
survival between reference and infiltrated groups of 3Y-TZP (p = 0.020) but not for those of
4Y-TZP (p = 0.383, Figure 2).

Code

3Y-TZP-LA +full X

_I3Y-TZP-LA
4Y-TZP +full X

—4Y-TZP

1.0

0.8

0.6

survival

0.4

0.2

0.0

0 50,000 100,000 150,000 200,000
Cycles until failure

Figure 2. Survival curve (Log Rank Mantel Cox: different survival between reference and infiltrated
groups of 3Y-TZP (p = 0.020) but not for the 4Y-TZP (p = 0.383)).

Wear: Mean wear results for 3Y-TZP ranged between —12.5 £ 5.8 ym and —15.5 £+ 4.3 pm
after infiltration. Wear for 4Y-TZP showed values between —11.5 4+ 4.3 um and 13.7 + 6.2 um
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after infiltration. No significant differences were identified between the results (p > 0.225,
Table 2).

Table 2. Mean and standard deviation (wear, maximum wear, wear antagonist; p-values Anova,

Bonferroni).
Wear [um] Wear Max [um] Wear Antagonist [%]
Mean Std Mean Std Mean Std
3Y-TZP-LA —125 5.8 —344 10.0 24.1 5.8
3Y-TZP-LA + full X —15.5 4.3 —45.8 13.1 28.5 11.7
p= 0.255 0.070 0.351
4Y-TZP —11.5 3.1 —36.3 8.7 25.2 6.4
4Y-TZP + full X —13.7 6.2 —39.8 10.5 24.8 6.4
p= 0.375 0.478 0.899
ANOVA p= 0.421 0.131 0.689

Wear max: Maximum wear for 3Y-TZP ranged between —344 + 10.0 pm and
—45.8 + 13.1 um after infiltration. Maximum wear for 4Y-TZP showed values between
—36.3 £ 8.7 um and 39.8 & 10.5 um after infiltration. No significant differences were identified.

Wear antagonist: Wear of the antagonist for 3Y-TZP ranged between -24.1 & 5.0% and
—28.5 & 11.7% after infiltration. Wear of the antagonist for 4Y-TZP showed values between
—25.2 & 6.4% and 24.8 & 6.4% after infiltration. No significant differences were identified
between the results (p > 0.351, Table 2).

Roughness: Ra Ref values after fabrication ranged between 1.0 & 0.3 pm (4Y-TZP) and
1.4 £+ 0.8 (3Y-TZP-LA + full X) without significant (p > 0.211) differences between the groups.
Ra results in the wear trace for 3Y-TZP ranged between 1.2 & 0.4 pm and 1.8 £ 0.5 pm
after infiltration with significant (p = 0.011) differences between the values. Ra results for
4Y-TZP ranged between 1.3 £ 0.4 pm and 1.7 & 0.9 um after infiltration without significant
(p = 0.131) differences between the results (Table 3). Rz Ref values after fabrication varied
between 8.3 £+ 1.7 um (4Y-TZP- + full X) and 13.1 £+ 0.8 (3Y-TZP-LA + full X) without
significant (p > 0.075) differences between the groups. Rz results for 3Y-TZP ranged
between 10.6 & 3.9 um and 16.1 & 4.8 um after infiltration with significant (p = 0.026)
differences between the values. Ra results for 4Y-TZP ranged between 12.0 & 3.9 um and
13.3 &£ 5.9 um after infiltration without significant (p = 0.084) differences between the results
(Table 3).

Table 3. Mean and standard deviation (Roughness Ra, Rz in the wear trace and Ra, Rz reference;
p-values Anova, Bonferroni).

Ra [um] Ra Ref [um] Rz [um] Rz Ref [um]
Mean Std Mean Std Mean Std Mean Std
3Y-TZP-LA 1.2 04 1.0 0.5 10.6 3.9 8.7 1.2
3Y-TZP-LA + full X 1.8 0.5 14 0.8 16.1 4.8 13.9 1.8
= 0.011 0.211 0.026 0.093
4Y-TZP 1.3 04 1.0 04 12.0 3.9 8.4 1.3
4Y-TZP + full X 1.7 0.9 1.0 0.3 13.3 5.9 8.3 1.7
= 0.229 0.888 0.603 0.940
ANOVA p= 0.131 0.264 0.084 0.075

Fracture force after TCML: Fracture forces after TCML for 3Y-TZP ranged between
1059.1 £ 243.4 N (3Y-TZP-LA), 1368.4 £ 289.0 N (3Y-TZP-LA + full X) and 1630.3 + 476.9 N
(BY-TZP-LA + X). ANOVA comparisons revealed significant (p = 0.036) differences between
the groups. Bonferroni comparisons showed significant (p = 0.011) differences in fracture
force only between 3Y-TZP-LA and 3Y-TZP-LA + X. Fracture forces after TCML for 4Y-
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TZP ranged between 1020.1 £310.6 N (4Y-TZP), 1065.5 £ 337.2N (4Y-TZP + full X) and
881.3+ 385.4 N (4Y-TZP + X). ANOVA (p = 0.784) and Bonferroni comparisons (p = 0.896)
revealed no significant differences between the groups (Table 4).

Table 4. Mean and standard deviation (fracture force; p-values Anova, Bonferroni) and fracture pattern.

Fracture Force [N] Fracture Pattern (n=)
Mean Std Co CoMa Cr
3Y-TZP-LA 1059.1 243.4 2 6
3Y-TZP-LA + full X 1368.4 289.0 1 2 5
3Y-TZP-LA + X 1630.3 476.9 4 4
p= 0.036
4Y-TZP 1020.1 310.6 1 6 1
4Y-TZP + full X 1065.5 337.2 4 3 1
4Y-TZP + X 881.3 385.4 3 5
p= 0.784
ANOVA p= 0.001

Fracture pattern was characterized as a fracture of the connector (Co) (n = 11) or at the
crown (Cr) (n = 11). The highest number of failures was observed at the connector/margin
(CoMa) (n = 24). With increasing infiltration, the number of failures at the crown increased
for 3Y-TZP and the number of failures at the connector increased for 4Y-TZP.

For 3Y-TZP, significant correlations with infiltration could be identified for fracture force
(0.578/p = 0.003), HM (0.798/p < 0.001), BFS (0.899/p < 0.001), BES dyn (0.720/p = 0.008), cycles
until failure (0.682/p = 0.015), Ra (0.615/p = 0.011) and Rz (0.554/p = 0.026). For 4Y-TZP, a
correlation between infiltration and BFS (0.783/p < 0.001) could be determined.

4. Discussion

The hypothesis of this investigation suggesting that the application of TEL does
significantly reduce roughness, hardness, wear/antagonistic wear, flexural strength and
dynamic performance as well as the in vitro performance and fracture force after aging has
to be partially rejected. In general, a distinct influence of TEL application was identified for
most of the investigated properties in 3Y-TZP, whereas in 4Y-TZP only BFS was affected.

Martens hardness: Mean HM was about 30% lower for 3Y-TZP after infiltration,
whereas 4Y-TZP showed no significant HM change after infiltration. Zirconia hardness
is determined by the packing density and the strength of the atomic bonds [19]. The
HM for infiltrated 3Y-TZP was at the same level as for 4Y-TZP, which suggests a similar
structure. The reason for this phenomenon could be a change in phase configuration from a
tetragonal to a cubic phase due to infiltration. However, whether the cubic phase is harder
than the tetragonal phase depends on composition, fabrication conditions or porosity [24].
3Y-TZP consists of about 100% tetragonal phase (tetragonal zirconia polycrystal (TZP)),
whereas zirconia with a yttria content between 3 and 8 mol% has a tetragonal and cubic
phase (partially stabilized zirconia (PSZ)) [7]. The fact that HM for 4Y-TZP hardly changed
after infiltration could be a further indication that a corresponding phase was already
existent. However, studies showed hardly a significantly different hardness for zirconia
with different configurations [14], with HM between ~6500 and 7500 MPa. It must be
clarified whether a possible reason for the change in the hardness of 3Y-TZP could also
be the influence of TEL on aluminum oxide, which is added at the grain boundaries to
increase the flexural strength and improve the durability. The manual application of the
TEL proved to be very limited in its handling, which is why the resulting infiltration and
reproducibility are not easy to control. This is certainly also reflected in the increase in
standard deviations in HM after infiltration. The different deviations in the variability of
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the HM in the two non-infiltrated groups may be due to a different homogeneity and pores
in the material. Influences from surface roughness cannot be ruled out either.

Biaxial flexural strength: Zirconia’s biaxial flexural strength typically falls within
the range between 900 and 1200 MPa [25]. 3Y-TZP showed a significantly higher BFS in
comparison to 4Y-TZP. The values observed in the current study confirm the principal
differences but are considerably 20% higher than those reported in the literature [14]. This
phenomenon certainly reflected the different composition, fabrication and treatment of
the different commercially available zirconia materials [26,27]. Nevertheless, infiltration
lowered mean BFS for both types of zirconia by around 30—40%. The weakening effect of
TEL seemed to be higher for 3Y-TZP than for 4Y-TZP, resulting in an almost identical BFS
for 3Y-TZP and 4Y-TZP after infiltration. The fact that the BFS after infiltration was at a
similar level indicates a similar phase configuration of the zirconias in the tensile zone.
Nevertheless, as in clinical routine TEL is only applied incisal or occlusal (pressure zone),
the effects might be rated as uncritical.

Biaxial flexural strength dyn: 3Y-TZP showed no differences in BFSdyn in compar-
ison to 4Y-TZP, which confirms earlier studies [19] providing almost identical values of
~500 MPa 3Y-TZP and of 550-600 MPa for 4Y-TZP. BFSdyn for 3Y-TZP decreased by 40%
after infiltration, whereas BFSdyn for 4Y-TZP showed a loss of only 20%. This observation
also suggests that the materials undergo different phase transformations. However, this
assumption must be verified by EDX analysis or Raman spectroscopy. The influence of
TEL on 3Y-TZP was much more evident, presumably due to a change from tetragonal and
cubic phases. Starting from a comparable survival number, a stronger decrease for 3Y-TZP
during testing indicated that 3Y-TZP is also more affected by TEL than 4Y-TZP. Only the
infiltrated 3Y-TZP group showed failures that occurred much earlier during the dynamic
tests, again indicating a significant modification due to infiltration. Zirconia polycrystals
with higher tetragonal-phase content and lower cubic-phase content were supposed to
feature better fatigue behavior [28]. Accelerated fatigue in general can help to analyze the
lifetime of zirconia so that the specimens are exposed to loads greater than those occurring
during mastication.

Wear: For both 3Y- and 4Y-TZP, mean and maximum wear showed only a slight
increase after the application of TEL. The results without infiltration are comparable to
previous data [17], where 3Y-TZP-LA-, 4Y-TZP- and 5Y-TZP showed comparable wear
behavior with mean wear between 10 and 20 um. Considering the generally low wear
of the different zirconia types, these small differences would probably not be noticed in
a clinical setting. In addition, antagonistic wear was not different between the different
types of zirconia and after TEL infiltration. This could be due the fact that the coefficient of
friction of zirconia is lower than that of other ceramics [29].

Roughness: For both materials, the reference roughness was comparable or even
higher after TEL infiltration. Although the effects are measurable, they might be too small
for producing a clinical effect. On the other hand, the increase in Ra and Rz for 3Y-TZP
in the wear trace was more pronounced, again indicating a change in the phase of 3Y-
TZP. Infiltrated material is roughened more pronouncedly than non-infiltrated zirconia.
However, the altered surface roughness could have an effect on the wear of the FPDs and
the antagonists. Particularly in the contact areas, this phenomenon could indicate higher
or antagonistic wear in the long term. In addition, the altered roughness could have a
negative effect on the color and gloss and thus the aesthetics of the restoration. While these
results correspond to previous data [16], conflicting data [17] have also been published.

Fracture force after TCML: All FDPs survived TCML without failure, indicating the
general usability of TEL in FDPs. Fracture forces of the non-infiltrated FDPs after TCML are
in the range of comparable previous studies using non-infiltrated zirconia [21,30]. Contrary
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to expectations, the application of TEL on 3Y-TZP even led to an increase of fracture
forces after TCML. Local application, on the other hand, caused an even greater increase
compared to complete infiltration of the FDP. The reason for this observation might be the
local initiation of stress due to local phase transition. The localized occlusal application
could build up compressive stress on the connectors and basal areas, which could lead to
an increased strength of the FDPs. The application of TEL, in turn, appears to have an effect
on the phase configuration and changes the stability of the restoration. However, an effect
of different sintering behavior cannot be excluded [31].

In comparison, the application of TEL on 4Y-TZP did not result in obvious changes of
fracture forces, but only a slight reduction due to partial application. Thus, small changes in
fracture forces might be a confirmation of a limited effect of TEL on the phase and structure
of 4Y-TZP. These observations match the results from the other tests in the current study,
showing that 4Y-TZP is only partially affected by infiltration.

Fracture Pattern: Without TEL application, 3Y-TZP and 4Y-TZP showed no differences
in fracture patterns, but the influence of TEL is obvious: with increasing infiltration,
fractures of the crown became more frequent for 3Y-TZP. The effect of TEL on the connector
in FDPs seemed apparently circumstantial compared to the effect on the crown. Infiltrating
4Y-TZP seemed to have a stronger impact on the connector than on the crown: without
infiltration, the fracture line reached the crown margin in 75% of the cases, whereas fully
infiltrated FDPs provided fracture mostly in the connector. This phenomenon could be an
indicator of a reduction in flexural strength due to phase variation. A previous study [32]
reported a fracture rate of 100% at the distal connector for 4Y-PSZ and 87.5% for 3Y-TZP.
Nevertheless, distinct studies are difficult to compare because of the influence of the design
of the restoration (influence connector cross-section; crown dimension) [33].

Fully covering an FDP with TEL is not recommended according to the instruction
manual. However, the current study did not reveal problems resulting from an intentionally
wrong application technique, as the fracture force for fully infiltrated 3Y-TZP was even
higher than for standard 3Y-TZP. Different infiltration procedures did not affect 4Y-TZP.
This phenomenon is important, because TEL might be accidentally applied on a connector.
Nevertheless, local infiltration might cause unexpected effects as observed by the increase
of force in 3Y-TZP after occlusal application. Manual application has been reported to be
limited in handling and reproducibility and the resulting exact infiltration does not appear
to be clearly controllable [9]. This is certainly also reflected in the high standard deviations
after application. Overall, each test group in the current study still exceeded the maximum
bite forces of approximately 500 N [34], which indicates that all groups can withstand
clinical condjitions.

The results show that the application of TEL caused changes in the zirconia and
influenced its mechanical properties to varying degrees. Nevertheless, the effect of TEL on
translucency and microstructure of the fused zirconia should be further investigated. A
structural analysis seems mandatory to clarify the changes in the mechanical properties [35].
In addition, long-term studies must show how far the application of TEL can influence
zirconia in the long-term. For example, it has been reported that the translucency of zirconia
may increase with thermomechanical ageing [14].

5. Conclusions
The application of TELs significantly influences the properties of 3Y-TZP. The effect of
TEL application was only minor on 4Y-TZP. TEL infiltration

- Resulted in a reduction of HM by approximately 1/3 for 3Y-TZP, while there was no
effect for 4Y-TZP.
- Led to a 30—40% reduction in BFS for both types of zirconia.
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- Resulted in a 40% reduction in BFSdyn for 3Y-TZP and a 20% reduction for 4Y-TZP.

- Had only a small effect on the wear behavior of the two zirconia types.

- Showed only minor effects and in some cases a slight increase in the roughness.

- Of 3Y-TZP, FPDs led to an increase in fracture forces, while for 4Y-TZP FPDs, it caused
no obvious changes.

- Caused an increase in fractures in the crown region of the FPDs.
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Abbreviations

The following abbreviations are used in this manuscript:

TEL Translucency-enhancing liquid
FDP Fixed dental prostheses

TZP Tetragonal zirconia polycrystal
pPSz Partially stabilized zirconia
HM Martens hardness

BFS Biaxial-flexural strength

BFSdyn Fatigue limit in biaxial-flexural strength
POB Pin on block wear test
TCML Thermal cycling and mechanical loading

Co Fracture at the connector
CoMa Fracture at the connector/crown margin
Cr Fracture of the crown
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