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Abstract

Purpose: Zirconium dioxide ceramic has been successfully introduced as a framework
material for fixed dental prostheses. To reduce manufacturing constraints, joining of
subcomponents could be a promising approach to increase the mechanical performance
of long-span fixed dental prostheses. In this experimental study, the biomechanical
behavior of monolithic and soldered framework specimens for fixed dental prostheses
made of Y-TZP was investigated.

Materials and methods: Framework specimens (n = 80) of 5-unit fixed dental pros-
theses made of Y-TZP were prepared and divided into 10 equal groups. The specimens
were monolithic or composed of subcomponents, which were joined using a silicate-
based glass solder. Thereby, three joint geometries (diagonal, vertical with an occlusal
cap, and dental attachment-based) were investigated. Moreover, the groups differed
based on the mechanical test (static vs. dynamic) and further processing (veneered vs.
unveneered). The framework specimens were cemented on alumina-based jaw models,
where the canine and second molar were acting as abutments before a point-load was
applied. In addition, uCT scans and microscopic fractography were used to evaluate the
quality of soldered joints and to determine the causes of fracture.

Results: The determined fracture loads of the different unveneered framework spec-
imens in static testing did not vary significantly (p = 1). Adding a veneering layer
significantly increased the mechanical strength for monolithic framework specimens
from 1196.29 + 203.79 N to 1606.85 + 128.49 N (p = 0.008). In case of soldered
specimens with a dental attachment-based geometry, the mechanical strength increased
from 1159.42 + 85.65 N to 1249.53 + 191.55 N (p = 1). Within the dynamic testing,
no differences were observed between monolithic and soldered framework specimens.
uCT scans and fractography proved that the dental attachment-based joining geometry
offers the highest quality.

Conclusion: Using glass soldering technology, subcomponents of 5-unit framework
specimens made of Y-TZP could be joined with mechanical properties comparable to
those of monolithic frameworks.
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The superior physical, biological, aesthetic, and corrosion
properties of yttria-tetragonal zirconia polycrystal (Y-TZP)
compared to commonly used metals and their alloys, offer
promising optimization of implants and restorations for
dentistry.! Stress-induced tetragonal to monoclinic phase
martensitic transformation of Y-TZP leads to high fracture
toughness.” Thus, Y-TZP has been successfully introduced as
a framework material for fixed dental prosthesis (FDP)>* and
no significant differences have been found between Y-TZP
FDP and metal-ceramic FDP in terms of biological and tech-
nical complications.” Since some components in the typically
used metal alloys have been shown to have cytotoxic and
allergic effects in vitro, if the concentration exceeds patient
individual limits®’, it is assumed that increasing numbers of
Y-TZP-based FDP will be implanted in the future.®’

Three-unit FDP composed of Y-TZP has been shown to
have high survival rates of 98.1%, 95.5%, and 91.0% after
5, 11, and 14 years, respectively.>*!? However, fracture risk
increases with the number of bridged teeth and in relation to
the location in the jaw.'!"'> Schmitter et al'” have reported
a survival rate of long-span (more than four artificial teeth)
monolithic zirconia FDP of 82% after 5 years, which is
substantially lower than the survival rate of three-unit FDP.?

Bridging large spans of teeth with healthy periodontium is
restricted by manufacturing constraints as the manufacture of
FDP requires pre-sintering, soft machining of a green body,
sintering, and hard machining of the fully sintered ceramic, in
combination with final veneering or surface finish. These pro-
duction techniques are associated with the formation of flaws
and residual stresses, which decrease mechanical strength.13

Furthermore, linear shrinkage (20-25%) during sintering is
dependent on the specific geometrical shape and manufactur-
ing process of the Y-TZP blanks.'*!> The shrinkage causes
warpage, which may increase with the length and complex-
ity of the FDP.'*!® This warpage induces further residual
stresses and enhances marginal misfit, whereby the risk of
failure increases.'*!©

Manufacturing smaller subcomponents and joining these
is a feasible approach to overcoming the limitations of
decreased fit and distortions during the sintering of long-span
FDP‘I7—19

Wimmer et al'’ investigated approaches to joining
ceramic-based FDP in order to improve the marginal fit and
mechanical strength of four-unit FDP. They found that the
mechanical strength was within the range of monolithic FDP,
but no fatigue testing was performed. The silicate-based glass
solder used in this study has shown promising results.'’

In a recent study, Sass et al’’ described a manufacturing
method for the sufficient joining of Y-TZP subcomponents,
which can be performed using the standard equipment of a
dental laboratory and a silicate-based glass solder. However,
the investigation was restricted to rectangular bars and no
complex-shaped parts have been joined with the described
method yet.

This experimental study aimed to investigate the appli-
cability of the glass soldering technology to join complex-
shaped subcomponents of 5-unit FDP made of Y-TZP with
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high mechanical strength for use in the highly demanding
biomechanical environment. Therefore, framework speci-
mens of long-span 5-unit FDP, bridging the premolars and the
first molar in the maxilla using the canine and second molar
as terminal abutments, were manufactured with three differ-
ent joint geometries. Monolithic framework specimens were
used as references. In addition, the influence of the veneering
was investigated for both the monolithic and best-performing
soldered framework specimens. Static and dynamic three-
point bending tests in combination with puCT analysis and
fractography were carried out.

The null hypotheses were: (1) glass soldering technology is
applicable to join subcomponents made of Y-TZP with suffi-
cient mechanical strength and (2) the joining geometry has no
influence on the mechanical strength of soldered framework
specimens.

MATERIALS AND METHODS
Master model

A master model was established to produce standardized
framework specimens. Therefore, a duplicating mold of
the teeth of interest was filled with gypsum. This model
was scanned and reconstructed using 3Shape Dental System
Version 2018 (3Shape, Copenhagen, Denmark).

Preparation of framework specimens

Five-unit framework specimens (n = 80) were milled
from pre-sintered Y-TZP (stabilized with 6.9 wt% yttria)
blocks (Z-CAD® One4All Multi, Metoxit GmbH, Thayn-
gen, Switzerland) using a 5-axis milling machine (Desktop
8, R+K CAD/CAM Technologies GmbH & Co. KG, Berlin,
Germany) and subsequently sintered at 1500°C. The connec-
tor dimensions were set to 4 X 4 mm” and the framework
specimens were designed to bridge the premolars and the first
molar in the maxilla. The canine and second molar were thus
acting as terminal abutments.

The framework specimens were divided into 10 groups,
which are specified in Table 1. Figure | shows the general
procedure of the study. The sample size of 8 for each group
was based on preliminary studies.''?!

The investigated joint geometries (diagonal, vertical with
an occlusal cap, and dental attachment-based) are shown in
Figure 2. The diagonal joint geometry was made by sepa-
rating monolithic framework specimens with a cutting disk.
The other two joint geometries were designed in 3Shape Den-
tal System Version 2018 (3Shape, Copenhagen, Denmark)
using library templates as starting points. These templates
were modified for the specific requirements of the Y-TZP-
based subcomponents and were also milled from pre-sintered
Y-TZP blocks.

The joint geometries were selected by experienced den-
tal technicians as well as experts in glass soldering of
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TABLE 1 Description of the investigated groups
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Group* Framework specification

Mechanical test

Monolithic

Soldered, diagonal joint geometry

Monolithic

Monolithic

Soldered, diagonal joint geometry

O 00 N AN W R W

(=]

Soldered, dental attachment-based joint geometry

Soldered, dental attachment-based joint geometry

Soldered, dental attachment-based joint geometry

Unveneered Quasi-static

Soldered, vertical joint geometry with an occlusal cap

Veneered

Unveneered Dynamic

Soldered, vertical joint geometry with an occlusal cap

*Each group consisted of n = 8 framework specimens.

5-unit framework specimens

Y

monolithic

Y

\ /

soldered sub-components

\

static and dynamic biomechanical
test

—{ diagonal joint geometry

monolithic and best performing
soldered framework specimens

vertical joint geometry
with an occlusal cap

veneering of framework specimens —

dental attachment-
based joint geometry

static biomechanical test

FIGURE 1

dental ceramics. The diagonal geometry and the vertical joint
geometry with an occlusal cap were developed as extensions
of the work of Wimmer et al,'” where monolithic frame-
works were separated perpendicularly. Compared to this joint
geometry, those of the present study have the advantage of
an increased cross-section at the soldered joint. The dental
attachment-based geometry was adopted from other attach-
ments, which are frequently used in dental prostheses, for
example, ERA attachments (Sterngold Co., Attleboro, MA).
The specific design was customized to ensure the milling
production and soldering. The male and female parts of the
dental attachment-based subcomponents formed a defined
joint gap.

Selected framework specimens were veneered using
Cercon® Ceram Kiss (DeguDent GmbH, Hanau, Germany)
according to the instruction guidelines (layering technique)
and subsequently were statically tested as well. The selec-
tion was based on the static tests of unveneered framework
specimens.

Flowchart of the study to investigate the static and dynamic mechanical behavior of monolithic and soldered 5-unit framework specimens.

The manufacturing process for the glass-soldered joint was
adopted from a previous study and consisted of surface prepa-
ration, cleaning, and soldering.”’ Within that study by Sass
et al,”” the influence of different surface treatments and ambi-
ent conditions on the soldered joint of rectangular specimens
was investigated. Therefore, in this study, the joint surfaces
were cleaned in an ultrasonic bath with ethanol and subse-
quently stored in ethanol for 30 minutes. The subcomponents
were mounted on a jaw model (canine and second molar as
abutment) made of firing pillow. The gap between the sub-
components was filled with highly viscous glass solder paste.
This paste was produced by blending the glass solder powder
with Duceram Plus SMH-Liquid (DeguDent GmbH, Hanau,
Germany). The silicate-based glass solder consisted of SiO,,
Al O3, K,0, Na,0O, SrO, ZnO, Sn0O,, CeO,, and La,0;.
To reduce air voids in the joint, the framework specimens
were set under a pressure of 2 bar in a dental pressure pot
until the paste was solidified. The furnace soldering was per-
formed with a heating and cooling rate of 55 K X min~!



AMERICAN COLLEGE OF

PROSTHODONTISTS

1 ACP

SASS ET AL.

Your smile. Our specialty?

FIGURE 2

Schematic presentation of the investigated joint geometries for the soldered subcomponents: (a) location of the joint, (b) diagonal joint

geometry, (c) vertical joint geometry with an occlusal cap, (d) dental attachment-based joint geometry, and (e) male (left) and female (right) part of the

attachment-based subcomponents.

and the maximum temperature of 950°C was held for
1 minute.

The coefficients of thermal expansion (CTE) of the materi-
als used were 9.5 x 1070 K~! (glass solder), 10.0 x 1070 K~!
(veneering ceramic), and 10.5 X 107° K~! (Y-TZP).

For the quality assessment of the soldered joints, uCT
scans were taken (Skyscan1076, Bruker, Billerica, MA) with
a voxel edge length of 18.44 um. The voltage and current
were set to 95 kV and 104 pA, and a 0.5 mm aluminum
filter was used. All scanned framework specimens were ana-
lyzed in Amira 5.4.1(Thermo Fisher Scientific, Waltham,
MA) to determine any visible air voids and misalignment of
the subcomponents.

Biomechanical testing and fracture analysis

The biomechanical properties of the framework specimens
were evaluated in static and dynamic tests, with a point-
load on the central fossa of the second premolar mimicking
a worst-case scenario. A stainless-steel cylinder ( 3 mm)
and a 0.2 mm thick tin foil was used as load indentation to
ensure an even stress distribution and to avoid stress peaks
in the ceramic. Therefore, the test setup in this study based
on patient-specific contacts of the occlusal surface with hard
food objects (e.g., nuts, seeds, and errant particulates) in the
mm-scale”” and is comparable to a three-point-bending test,
which is frequently used to investigate FDP.!!?3-25 All tests
were performed with a shear force bearing.

Before the biomechanical tests, the framework speci-
mens were cemented on simplified jaw models (one model

for each group) using zinc-phosphate cement (Harvard
Cement, Harvard Dental International GmbH, Hoppegarten,
Germany). The jaw models and abutment teeth were made of
aluminum and simulated the maxilla, where the canine and
second molar are acting as abutments. The premolars and the
first molar were bridged with the manufactured framework
specimens. The jaw models with the two abutment teeth were
CNC-machined from an aluminum block and were based
on the master model. The surface reduction of the abutment
teeth was based on two principles: the least possible surface
reduction and secondly a minimum wall thickness of 0.5 to
0.7 mm (instruction guideline).

The framework specimens were statically loaded until
fracture (crosshead speed: 1 mm X min ~!) in a universal test-
ing machine (Zwick Roell Z050-50 kN, Zwick Roell, Ulm,
Germany). Figure 3 shows the static test setup and the dif-
ferent contact conditions at the second premolar with the
load indenter of both the unveneered and veneered framework
specimens.

The dynamic tests were performed with an electro-
dynamic testing machine (Zwick Roell LTMS5, Zwick Roell,
Ulm, Germany) referring to the standard ISO 14801:2016.7°
The specimens were sinusoidally loaded for 2 million cycles
in deionized water with a constant temperature of 37°C and a
frequency of 2 Hz. The load ratio R was set to 0.1.

The fatigue tests were carried out with different load levels
between maximum forces of 600 and 900 N. 900 N was set as
the maximum value and represents approximately 75% of the
average static fracture load of all the unveneered framework
specimens. Since no comparable studies were available, a
wide span of maximum loads was tested to determine a range
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| (b) load indenter
¢ tin foil

framework | framework

jaw model
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FIGURE 3 Illustration of (a) the static biomechanical test set-up with
a Y-TZP based veneered framework specimen and (b) the principal contact
between the load indenter (@3 mm cylinder) and the unveneered (left) and
veneered framework specimen (right), respectively, where the induced
compressive forces are schematically indicated with a red arrow.

TABLE 2 Load levels of the dynamic staircase test (minimum,
maximum and mean values in N) and sample size for each individual test
with a constant frequency of 2 Hz and a stress ration R = 0.1

Minimum load [N] Maximum load [N] Mean load [N] Sample size

90.0 900.0 495.0 4
75.0 750.0 412.5 1
67.5 675.0 371.3 2
60.0 600.0 330.0 1

where the specimens conform to the defined specifications in
the standard ISO 14801:2016.%°

First, 4 specimens of each group were tested at a high
maximum load of 900 N. Afterwards, a staircase test was per-
formed with a step width of 75 N starting at a maximum load
of 750 N. The loading regimes used and the number of tested
specimens are summarized in Table 2. Framework speci-
mens surviving 2 million cycles were loaded until fracture
with the static loading protocol to investigate the remaining
mechanical strength.

The fracture analyses were performed in line with a rec-
ommended practice guide for fractography of ceramics and
glasses’’ using a digital microscope (VHX-6000, Keyence
Corporation, Osaka, Japan). All fractured specimens were
examined to determine the origin and cause of the fracture.

Statistical analysis

The statistical analysis was performed in SPSS Statistics
(v25, IBM Corp., Armonk, NY) and the level of significance
was p < 0.05 for all tests. The static fracture loads were
tested for normal distribution using the Shapiro-Wilk test, for
variance homogeneity using Levene’s test, and for significant
differences with a one-way ANOVA together with the Bon-
ferroni post-hoc test. Since the fatigue tests are limited to
n = 8 specimens for each group and they were tested with
different load levels, no statistical analysis was appropriate
and only the descriptive statistics are specified.
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FIGURE 4 Boxplots (mean value, standard deviation, median,

minimum, maximum, outliers) of the static fracture strengths in N of the
monolithic and the soldered framework specimens with a diagonal joint
geometry, a vertical joint geometry with an occlusal cap, and a dental
attachment-based joint geometry. Significant differences (Bonferroni
post-hoc test) are indicated: p > 0.05 (-), p < 0.05 (*), and p < 0.01 (**).

RESULTS

The static fracture load was normally distributed for all
groups (p > 0.05), with homogeneous variance (p = 0.130).
The level of significance for the Shapiro-Wilk tests ranged
from p = 0.071 (unveneered, diagonal) to p = 0.605 (unve-
neered, dental attachment-based). According to the one-way
ANOVA, the fracture strength was significantly different
between groups (p < 0.001).

Based on the post hoc test, no significant differences were
found between unveneered monolithic and glass-soldered
framework specimens. However, the monolithic veneered
framework specimens had a significantly higher fracture load
than the unveneered monolithic (p = 0.008) and veneered
glass-soldered specimens with a joint geometry based on
a dental attachment (p = 0.033). The descriptive statis-
tics of the static tests and results of the post hoc test are
shown in Figure 4. For soldered framework specimens out-
liers were identified, which were associated with fracture
within the soldered joint. The mean and standard devia-
tion were as follows: 1196.29 + 203.79 N (unveneered,
monolithic), 1092.36 + 292.19 N (unveneered, diagonal),
1054.45 + 252.24 N (unveneered, vertical with occlusal
cap), 1159.42 + 85.65 N (unveneered, dental attachment),
1606.85 + 128.49 N (veneered, monolithic), and 1249.49 +
191.55 N (veneered, dental attachment).

The dynamic tests showed that, for all groups, the frame-
work specimens survived 2 cycles with a maximum load of
600 N. For the other loading regimes, a wide range of cycles
were observed until fracture and no clear trends were found
between groups. In Figure 5, the results of the dynamic tests
are plotted in load-life diagrams. For the group with a diag-
onal joint geometry one specimen fractured during handling
and preparation for the test.

The remaining strength of the framework specimens that
survived 2 million cycles (one per group), was in the range
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FIGURE 5 Load-life diagrams (maximum load in N and survived
cycles) of dynamically tested unveneered framework specimens, the mean
static fracture load, the lower and upper limit of the standard deviation, and
the remaining mechanical strength after surviving 2 million cycles (the limit
described in the standard ISO 14801:201626) for the monolithic and
glass-soldered framework specimens.

of the results of the static tests. Fracture loads of 1019.17 N
(monolithic), 999.43 N (diagonal), 1059.01 N (vertical with
an occlusal cap), and 1154.46 N (dental attachment) were
measured.

The uCT analysis and fractography revealed the specific
causes of fracture. In general, the fracture occurred within
the soldered joint (n = 3) or at the second premolar (n = 77),
where the load was applied.

The uCT analysis showed that all framework specimens
that fractured at the soldered joint were influenced by
manufacturing-related defects (Fig 6). This fracture mode
was observed in 1 framework specimen with a diagonal joint
geometry (fracture load: 439.01 N) and in 2 with a vertical
joint geometry with an occlusal cap (fracture load: 745.02 N
and 550.22 N). All joint failures occurred during static testing
of unveneered framework specimens. The fracture surfaces
showed a mixed mode of adhesive and cohesive failure.

The soldered framework specimens with a dental
attachment-based joint geometry showed a high quality in
terms of air voids and alignment of the subcomponents and
a homogeneous layer of glass solder in the uCT scans.

Based on microscopic fractography, the failure around the
second premolar can be divided into three fracture patterns:
fracture in the connector region, fracture in the dental cusp
of the second premolar with splitting of the tooth, and chip-
ping of the veneer. The fracture patterns were also observed in
combination. Figure 7 shows the different fracture surfaces of
unveneered and veneered frameworks specimens after static
and dynamic tests.

The fracture in the connector region began on the gingival
side, where tensile stresses are induced and the cross-section
is minimal. Furthermore, subsurface cracking was observed
to be occlusal, where the load was transferred and compres-

sive forces are induced. Lateral (lingual or buccal) splitting
of the second premolar was observed to originate from the
occlusal cracking zone.

The occlusal surface and contact area with the load inden-
ter of the veneered framework specimens are characterized by
an extensive cracking zone. Chipping of the ceramic veneer
and the Y-TZP was observed. Fracture of the veneered frame-
work specimens always occurred in the connector region and
no splitting of the second premolar occurred. No differences
were observed between the monolithic and glass-soldered
framework specimens.

During the dynamic tests, all specimens fractured due to
the splitting of the second premolar. Extensive subsurface
cracking was observed in the occlusal surface.

DISCUSSION

Manufacturing of zirconia-based long-span FDP is lim-
ited due to the formation of residual stresses during
processing'>!7 and joining of smaller subcomponents is
a feasible approach to overcome this limitation.'”!” There-
fore, this experimental study investigated the biomechanical
behavior of Y-TZP-based 5-unit framework specimens.
These were monolithic or composed of subcomponents,
which were joined using a silicate-based glass solder. Three
joint geometries were introduced: diagonal joint geometry,
vertical joint geometry with an occlusal cap, and a dental
attachment-based joint geometry. The preparation of the joint
was done with standard equipment of a dental laboratory
and according to a previously published method for joining
Y-TZP.?Y

Several studies have investigated the mechanical strength
of three-unit FDP'!?>28-30" and four-unit FDP.!”*! To the
best of the author‘s knowledge, no experimental study has
been performed with Y-TZP based 5-unit FDP. Therefore, the
comparison of the present results to other studies is limited.
In the literature, fracture loads of veneered three-unit zirconia
frameworks ranged from 659 + 182 N?? to 3291 + 444 N*°
and, for veneered four-unit zirconia frameworks, from 405 +
112 N'' to 1021.6 + 253.8 N3! after simulating mechanical
and thermal aging. The approach of joining ceramic-based
framework specimens using the glass soldering technology
was previously investigated with veneered four-unit zirconia
frameworks. In this study, the soldered framework specimens
showed a fracture load of 1132 + 490 N without applying
simulated aging.'”

Therefore, the static fracture strengths determined in this
study were in the range of previously-described results of
smaller veneered framework specimens.'!!7>331 However,
the fracture loads of three-unit framework specimens reported
by Sundh et al’” are higher than those of the present study,
which is probably due to the increased length.

Whether the fracture load of framework specimens is
sufficient has to be evaluated with respect to physiologi-
cal loads occurring in vivo. The maximum bite forces in
humans are described for the molar region.>”>* Padma et al*”
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FIGURE 6 Fracture pattern of framework specimens that fractured in the glass-soldered joint showing uCT images of specimens with (a) a vertical joint
geometry with an occlusal cap, (b) a diagonal joint geometry, and (c) a microscopic image of the fracture surface of the specimen shown in (b), indicating 1:
shift of the subcomponents and misalignment, 2: discontinuous joint surface, 3: air inclusion, 4: region of adhesive failure, and 5: region of cohesive failure.

FIGURE 7 Fractographic images of tested specimens and detailed presentation of the region around the second premolar; top (unveneered, monolithic
framework, static fracture test): (a) lateral view of the fracture surface characterized by fracture in the connector region and splitting of the tooth, (b) sagittal
view of the fracture surface, (c) indication of the fracture origin at the gingival side; middle (veneered, monolithic framework, static fracture test): (d) occlusal
surface, (e) lateral view of the fracture surface, characterized by fracture in the connector region and formation of a compression curl, (f) indication of the
fracture origin in the framework; bottom (unveneered, monolithic framework specimen, dynamic test for 2 million cycles with a maximum load of 600 N,
followed by a static fracture test): (g) lateral fracture surface, characterized by splitting of the tooth, (h) lateral view of the occlusal surface in the region of the
load transfer, and (i) coronal subsurface cracking due to compressive forces.
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reported a range of 475 N to 752 N for the molar region,
269 N to 475 N in the premolar region, and 182 N to 350 N
in the incisor region, and Bakke et al’’> confirmed those
loads (range: 300-600 N). However, in another study, Cosme
et al** reported higher maximum bite forces up to 1.009 +
290 N for m and 668 + 179 N for female adults. Fur-
thermore, Rodriguez et al* reported that biting forces can
reach up to 1000 N under parafunctional habits. In compara-
ble experimental studies, it was reasonable to assume that a
static fracture load of 1000 N is sufficient for initial fracture
resistance.*®

The fracture load of all the tested groups was in the range
of the maximum reported biting forces, however, the clinical
acceptance should be comprehensively investigated in clin-
ical situations.’® Since manufacturing defects might lead to
fracture within the soldered joint under lower loads, a high-
quality standard is necessary and any voids or misalignment
must be avoided.

The fracture load of the framework specimens showed
no significant difference, whether they were monolithic or
joined, which indicates the feasibility of the glass-soldering
technology to join Y-TZP subcomponents with sufficient
mechanical strength. The veneered monolithic framework
specimens showed the highest fracture load in static test con-
ditions, with a significant difference as compared to the unve-
neered monolithic framework specimens. The increase in
fracture load can be explained by various effects, e.g., phase
transformation in Y-TZP, change in grain size during any
kind of heat treatment,>” relaxation of the surface compres-
sive forces that were formed during the machining process,’’
infiltration of defects on the surface of Y-TZP framework
specimens,”’ and increase of the mechanically loaded cross-
section. However, for the dental attachment-based soldered
framework specimens, no significant difference was deter-
mined between the unveneered and veneered framework
specimens. The influence of the veneering process on the
fracture strength of FDP has been frequently investigated
in the literature with different and sometimes contradictory
results, where a significant increase,”®?” decrease,’” or no
influence at all were reported.”

In this study, the framework specimens were manufactured
differently, but the veneering process was done uniformly.
It therefore appears that for monolithic framework speci-
mens, the positive effects of veneering outweigh the negative
effects. For glass-soldered framework specimens, however,
the negative influencing factors of the veneering process are
increased. One explanation might be the varying CTEs of
the materials used. During the veneering process, the differ-
ent CTE can lead to the development of thermally induced
residual stresses, reducing the fracture load. Nevertheless,
the fracture load was not lower than for unveneered speci-
mens and was in the range of the maximum reported biting
forces. 3¢

During dynamic tests, no clear differences were observed
between the groups. Framework specimens of all groups sur-
vived 2 million cycles with a maximum load of 600 N. The
remaining load bearing capacity of these specimens was still

in the range of the statically tested framework specimens.
At higher loads, no differences were observed regarding the
fracture pattern or survived cycles between the groups. Over-
all, the cycles until failure decreased with increasing dynamic
load. To the best of the author’s knowledge, no fatigue limit
for clinical acceptance has yet been reported and therefore
future studies should focus on comprehensive dynamic tests
in clinical situations. The reported loads of this study can be
used as the basis for future studies with the framework speci-
mens. Within the extensive staircase tests as described in ISO
14801:2016,%° 600 N could be used as a starting value.

Moreover, the results of the dynamic tests emphasize the
feasibility of the glass-soldering technology for producing
fatigue-resistant joints, as no differences with the mono-
lithic framework specimens were apparent. To the best of the
author’s knowledge, no cyclic tests on soldered framework
specimens have been carried out previously.

The observed fracture patterns in the connector region, lat-
eral fracture of the tooth flanks and chipping of the veneer
were similar to previous experimental findings.'”*> How-
ever, for the diagonal joint geometry and the vertical joint
geometry with an occlusal cap, some specimens fractured
in the soldered joint. As described by Sass et al,”’ a high-
quality standard of the joint is necessary to achieve a high
bond strength. Air voids and misalignment of the subcom-
ponents must be prevented and the joint surfaces must be
homogeneously wetted with the glass solder. For all the
framework specimens that fractured at the solder joint, the
uCT scans showed manufacturing defects such as air voids
or incorrect alignment of the subcomponents. The dental
attachment-based joint geometry showed the most repro-
ducible characteristics with respect to the quality of the
glass-soldered joint and fracture strength.

The fracture of the framework at the second premolar was
caused by two superimposed loads: first, the induced bend-
ing of the whole framework and secondly the contact loads
around the tooth cusps. The applied contact condition at the
second premolar forms compressive forces, which lead to
the described subsurface cracking. Additionally, the tooth
cusps are pressed apart and tensile stresses are formed peri-
coronally. This mechanical condition led to the splitting of
the teeth. Furthermore, the connector region has the smallest
cross-section and therefore the highest tensile stresses at the
gingival side, which explains the fracture at this location.

As the fracture load is influenced by many factors
including the test method (testing of untreated or altered
specimens),”>>*+30-31.38-40 desion and manufacturing of the
framework, ! 121:23.2841 the material and technique of the
veneering process,”>% 3% and the jaw model used,*”**
the results of the present study are subject to some limitations.

The influence of the abutment material and teeth mobility
on the fracture strength was comprehensively investigated.
Due to the use of a stiff jaw model (Young’s modulus:
~70 GPa) and immobile abutment teeth, the static fracture
load and the fatigue strength are probably overestimated.****
Mahmood et al** have shown that especially the abutment
material has a major impact on the fracture strength and
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modes. However, the observed fracture modes in the present
study were comparable to other studies.’>>!3%4 Therefore,
it is assumed that the jaw model used is sufficient to study
the general feasibility of the joining approach, however,
future studies should focus on the fracture strength with more
realistic jaw models.

Kohorst et al’* summarized factors of the aging of
zirconia-based FDP in the oral environment, which is caused
by stress-corrosion at the crack tip, incorporation of water
molecules in the zirconia lattice and tetragonal to monoclinic
phase transformation. Within the present study, thermal or
mechanical aging was not investigated and therefore should
be addressed in future studies.

The veneering process of this study was done based on the
instruction guidelines and by one experienced dental techni-
cian. A representative occlusal surface was generated in order
to match the anatomic occlusal surface and to achieve a low
variability between the groups. However, the thickness of the
veneer layer and differences in the occlusal surfaces were not
systematically controlled and an influence on the mechanical
behavior of the framework specimens cannot be ruled out.
Therefore, the influence of the veneering technique and layer
thickness should be evaluated in further investigations.

Additionally, a small sample size was tested dynamically
and the results must be statistically proven. Further studies
are also necessary to evaluate the marginal fit of the long-
span FDP and the overall clinical applicability of the glass-
soldered subcomponents for long-span FDP.

Despite the aforementioned limitations of this study, the
first null hypothesis was accepted, and it is therefore assumed
that the investigated unveneered and veneered framework
specimens have adequate strength to withstand acting biting
forces.

The second null hypothesis was accepted. The mechani-
cal strength of soldered framework specimens with different
joining geometries was not significantly different. However,
descriptive analysis showed the favorable alignment and sol-
dering quality (lack of voids) of the framework specimens
with a joint geometry based on a dental attachment.

CONCLUSION

Within the specified limitations, the defined null hypothe-
ses were accepted. The glass-soldering technology proved the
possibility of joining Y-TZP based subcomponents of 5-unit
framework specimens with high fracture strength and fatigue
resistance comparable to that of monolithic framework spec-
imens. And the examined joining geometry did not influence
the fracture strength of the soldered framework specimens.
However, further thermal treatments during veneering
appears to have a negative effect on the fracture strength of
soldered framework specimens, which should be investigated
in detail in future studies. All groups have shown a static
fracture strength greater than 1000 N, which was reported as
a high biting force. In conclusion, soldering subcomponents
of FDP might be feasible for clinical application; however,
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further investigations are necessary to ensure a sufficient
long-term survival rate.
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