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ABSTRACT

ARTICLE HISTORY

Aim: The aim of this study was to evaluate the effect of cement on the fracture load of monolithic zirconia crowns with different yttria content (3 and 5 mol%).
Methods: A total of 62 monolithic zirconia crowns, 40 3Y-zirconia crowns (PrettauV Zirconia,
Zirkonzahn) and 22 5Y-zirconia crowns (PrettauV 4 AnteriorV, Zirkonzahn) were produced to a
shallow chamfer molar preparation. The 3Y-crowns were divided into four groups and attached
to composite abutment duplicates (SDRV flowþ, Dentsply DeTrey GmbH) using the following
four cementation techniques; (1) Self-adhesive resin-based cement, (2) Pre-treatment with airabrasion and self-adhesive resin-based cement, (3) Zinc phosphate cement, (4) Glass-ionomer
cement. The 5Y-crowns were divided into two groups and attached to the duplicates with; (1)
Self-adhesive resin-based cement, or (2) Air-abrasion pre-treatment and self-adhesive resin-based
cement. All crowns were loaded axially (0.5 mm/min) on the occlusal surface until fracture occurred.
Results: Among the 3Y-zirconia groups, the zinc phosphate cement group fractured at lower
loads compared to the resin-based cement groups, with and without air-abrasion, (p < .012).
Among the 5Y-groups the air-abraded crowns fractured at statistically significant lower loads
compared to the untreated crowns (p < .028). Load at fracture values were significantly different
between the two zirconia materials (p < .001), with fracture loads ranging from 3873 to 7500 N
in the 3Y-groups, and 2100 to 4948 N in the 5Y-groups.
Conclusions: Resin-based cementation increased the fracture load compared to non-adhesive
cementation. The 3Y-crowns fractured at almost twice the loads of the 5Y-crowns. Pre-treatment
with air abrasion reduced the strength of the 5Y-crowns only, showing the importance of differentiating the treatment of the two materials.
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Background
The development of yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) for dental purposes has
resulted in a range of different products which can be
used as a core material as well as a monolithic restoration without the use of veneering porcelain [1,2].
The material group possesses several beneficial qualities such as high fracture toughness and strength, as
well as good biocompatibility [3,4]. There are several
aspects that can explain the good mechanical properties of zirconia. The industrial production of homogeneous zirconia blocks leads to few flaws and
imperfections [5]. The machining of restorations
results in restorations with good fit and fewer flaws
than hand-made restorations [5]. There are several
different types of dental zirconia materials available.
The main difference among the materials is the
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amount of added stabilizing oxide, ranging from
3 mol% (1st generation) up to >5mol% (3rd generation) [2,3]. A yttria content of 3 mol% results in the
metastable 3Y-TZP (3Y zirconia). Increasing the
amount of yttria to 5 mol% results in a partially stabilized zirconia with a high cubic content (5Y-PSZ, 5Y
zirconia). The increase leads to an enhancement in
the materials’ optical properties, as cubic phase crystals are transparent [6]. The increased content of the
cubic phase has, however, shown to give a significant
reduction in the mechanical properties of the materials [3,7,8].
The traditional 3Y-TZP material possesses stressinduced transformation toughening capabilities.
Zirconia crystals stabilized in a tetragonal crystal
structure can transform from the tetragonal [t] to
monoclinic [m] phase when exposed to stress. The
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Figure 1. The molar preparation with curvatures on the approximal sides to resemble clinical preparations. (a) mesial view, (b)
distal view and (c) the designed crown from the distal view.

small volumetric increase following this transition
causes compressive stress around the crack front,
making it less likely to propagate [9]. With a higher
amount of yttria, a larger number of crystals will be
fully stabilized in the cubic phase and thus a t-m
transformation is less likely to happen [3,7]. This may
negatively affect the clinical survival time for the 5Y
zirconia compared to the 3Y zirconia, but the evidence is lacking.
Retention loss and fractures are still the main technical complications registered in clinical trials of zirconia-based restorations [10]. The type of cement
used, and cementation technique can potentially affect
both crown strength and retention. It is uncertain
which cement is optimal as there are some contradictory results on the effect of types of cement on fracture load in previous studies [11–13]. Furthermore,
there is limited evidence regarding the best method of
pre-treating the zirconia surfaces for optimal bonding
[12,14,15]. Some studies have shown that enhanced
adhesion can be achieved through mechanical and
chemical surface treatments such as airborne particle
abrasion (air-abrasion), tribochemical silica coating,
or the use of phosphate groups in the bonding or
cement [12,14–17].
Conventional types of cement such as zinc-phosphate and glass ionomer cement are efficient as retention is based on micromechanical interlocking
between the tooth surface and the inner walls of the
restoration [18]. Furthermore, opaque cement will
reduce the overall appearance of an all-ceramic restoration. Adhesive cementation technique with the additional benefit of chemical adhesion between tooth
and restoration is on the other hand time-consuming
and technique sensitive.
Most adhesion studies conducted are on 3Y zirconia, while less information is available for 5Y zirconia
[11,12,19]. Additionally, few clinical studies address
the question of the effect of cementation technique
on high-strength ceramic crowns, and little difference
is found [19]. The exception is for glass-ceramic and

silicate-based ceramic restorations which both shows
increased survival rates with adhesive compared to
conventional cementation technique [19]. Clinically,
there are several variables that can affect the loss of
retention and fracture rates, which makes clinical trials impractical for addressing the current question
without a large number of participants [11]. Welldesigned in vitro tests can give better insight into the
material’s behavior in vivo.
The aim of this study was to evaluate the effect of
different types of cement and cementation techniques
on the load at fracture and fracture mode in monolithic zirconia crowns with two different material
compositions.
The null hypothesis tested was that type of cement
and cementation technique does not affect fracture
load of monolithic zirconia crowns.

Materials and methods
A model of a molar tooth (Kavo EWL Model teeth,
KaVo Dental, Biberach an der Riss, Germany) was
prepared with rounded edges and a shallow chamfer.
The model was designed to imitate clinical preparations, with a curvature of the finish line in the mesial
and distal areas to allow room for the interproximal
gingival papilla. In order to examine the effect of
crown axial wall height, the finish line for the mesial
wall was prepared with a lower height than the distal
wall (Figure 1). The model was scanned digitally
(Trios, 3Shape, Copenhagen, Denmark), and a total of
62 monolithic zirconia crowns were made to fit the
model, using CAD/CAM technique (Fr€asen ver.
4003_0030, ZirkonZahn, Gais, Italy).
Forty 3Y zirconia crowns with 4–6 wt% Y2O3 and
22 5Y zirconia crowns with 12 wt% Y2O3 were produced according to manufacturer’s instruction to fit
the model (Table 1). Due to limited previous data on
5Y-zirconia, the number of specimens was increased
from ten to eleven to ensure the statistical power
of 80%.
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Table 1. Material groups used with material names, composition and sintering temperatures, (producers’
information).
Groups

Material name

3Y Zirconia

Prettau Zirkon

5Y Zirconia

Prettau Anterior

Composition

Sintering conditions

ZrO2 – main component
Y2O3 – 4–6%
Al2O3 – max 1%
SiO2, Fe2O3, Na2O < 0.04%
ZrO2 – main component
Y2O3 – max 12%
Al2O3 – max 1%
SiO2, Fe2O3 < 0.02%

Heating: 6  C/min to 1600  C.
Holding time at max. temp: 120 min
Cooling 6  C/min to room temp.

A stereomicroscope (Leica M205 C, Heerbrugg,
Switzerland) was used to examine the crowns at 20
magnification, and all defects and irregularities at the
crown margins were registered and graded according
to the severity on a scale from 1 to 5, as follows: (1)
Smooth edge and no defects, (2) smooth edge and
few, small separate defects, (3) several small defects,
(4) Rough edge and continuous defects, (5) large
defects visible without a microscope [20]. No specimens were excluded.
The crown margins were polished by hand after
delivery, according to the protocol and instructions
from the manufacturer, using a dental handpiece and
diamond-filled rubber wheels with a gradual reduction in grain size (Zirconia polishing kit, Edenta,
Switzerland). The crowns were re-examined after polishing, and any alterations in the number or size of
defects were recorded.
Impressions of the model were taken with an Asilicone impression material (Affinis, Coltene/
Whaledent, Altst€atten, Switzerland). The impressions
functioned as molds for composite abutment duplicates (SDRV flowþ, Dentsply DeTrey GmbH,
Konstanz, Germany). The 3Y zirconia crowns were
randomly divided into four groups, and were attached
to the abutments, using four different cementation
techniques; (1) Zinc phosphate cement (Harvard
Cement OptiCapsV, Harvard Dental International
GmbH, Hoppegarten, Germany), (2) Glass ionomer
cement (GC FujiV I CAPSULE, GC Corporation,
Tokyo, Japan), (3) Self-adhesive resin-based cement
(RelyXTM Unicem, 3 M ESPE, MN, USA), (4) Pretreatment of the crown with air-abrasion (50 mm alumina particles at 2 bar pressure) and self-adhesive
resin-based cement. The 5Y zirconia crowns were divided into two groups and attached to the duplicates
with; (3) Self-adhesive resin-based cement, or (4) Airabrasion pre-treatment and self-adhesive resin-based
cement (Figure 2). The abutments were left untreated
before cementation
The crowns were attached to the abutment models
according to the manufacturer’s instruction for each
cement. Excess cement was removed, and after light
R

R

R

Heating: 8  C/min to 1500  C.
Holding time at max. temp: 120 min.
Cooling 8  C/min to room temp.

curing or the appropriate setting time, the crowns
were placed in distilled water at 37  C for 24 ± 1 h.
The crowns were subsequently loaded centrally at
the occlusal surface with a horizontal steel cylinder of
13 mm in diameter cushioned with a 3 mm thick rubber disc of hardness 90 Shore A (EPDM 90) to avoid
contact damages as previously tested (Figure 3)
[20–22]. The load was applied in a servo-hydraulic
testing system at a rate of 0.5 mm/min until fracture
occurred (MTS 852 MiniBionix II, Minnesota, USA).
The crowns were submerged in water at room temperature during loading. Load at fracture was
recorded and used in the analysis.
The fracture surfaces of all specimens were analyzed by light microscopy using fractographic methods to determine fracture origin and crack
propagation. In cases where the fracture origin was
difficult to determine, supplementary analyses were
performed by scanning electron microscopy (Phenom
XL, Endhoven, The Netherlands). At least two samples from each group were analyzed by SEM to verify
the light microscopy findings. The inside of the
crowns was used to examine the grain structure of
the two different materials on two samples from each
material group.
Due to a tendency to skewed results non-parametric statistics were used to assess differences among
groups with a statistical software package (STATA/SE
16.0). Kruskal–Wallis was used for overall comparison
and Mann–Whitney U-test was used for betweengroup comparison. Spearman’s rank correlation coefficient was used to evaluate the association between
margin quality and load at fracture. The level of significance was set to .05.

Results
There were statistically significant differences between
the two material groups (p < .001). All crowns fractured during loading, with values ranging from 3873
to 7500 N in the 3Y zirconia crowns, and 2100 to
4948 N in the 5Y zirconia crowns (Figure 4).
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Figure 2. Flow chart of the different cementation procedures.

Figure 3. The test set-up. (A) Schematic illustration of the test during loading. (B) Photo of test during loading.

Overall comparison of fracture load in the 3Y zirconia groups shows statistically significant differences
among the four groups (Kruskal–Wallis test, p < .05).
The group of crowns attached with zinc phosphate
cement fractured at significantly lower loads compared to the resin-based cement groups, with and

without
air-abrasion,
(Mann–Whitney
Utest, p < .012).
In the 5Y zirconia crowns, there was a statistically
significant difference between the air-abraded crowns,
and the untreated crowns (Mann–Whitney Utest p < .03).
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Figure 4. Boxplot of load at fracture (N). Statistically significant differences were found between the two material groups.
Statistically significant differences between the different cementation groups are marked with different letters.

Fracture modes
No crowns fractured due to contact damage from the
indenter. Fracture origin could be identified in all but
one crown (Figure 5). The fractographic analyses
show that all fractures started in the crown margin’s
approximal curvature. The majority (n ¼ 51) of the
fractures originated in the mesial region, which also is
the crown’s shortest wall (Figure 5).

There was a statistically significant correlation
between the severity of defects in the crown margins
and the load at fracture (Spearman’s rho 0.505,
p < .001). More severe defects gave lower load at fracture. There was no correlation between margin quality
and fracture load when the test was sorted
by material.
Microstructure

Margins
There was a statistically significant difference in the
margin quality between the two material groups
(p < .001) The 5Y crowns had generally more frayed
margins than the 3Y zirconia crowns, and none of the
5Y crowns were without margin defects. Uneven margins ranged from grade 2 to 5, with a median of 3.
The 3Y zirconia crowns had more even margins,
where the majority of the crowns had few defects and
were categorized as a grade 2.
After polishing, one 3Y crown had to be changed
from category 5 to category 2 as the visible defect had
become smaller. In the 5Y zirconia group, polishing
resulted in four crowns being recategorized due to the
crown margin quality worsening: One from category
2–5, one from category 4–5, and two from category 3–4.

According to the SEM images, the air-abrasion
resulted in similar destruction of the surface grain
structure in both materials (Figure 6). The fracture
surfaces revealed distinct differences in microstructure
between the two material groups (Figure 7). The fracture was predominantly intergranular in the 3Y zirconia material compared to mixed transgranular and
intergranular fracture in the 5Y zirconia material.

Discussion
There is a wide selection of cements to choose from,
and it is not evident how they affect the clinical success of zirconia crowns. The aim of this study was to
evaluate the effect of cement and cementation techniques on the fracture load of monolithic zirconia
crowns. The overall results from this study indicate
that both cementation technique and the type of
cement will affect the fracture load. The null
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Figure 5. Fractographic map of a fractured crown (3Y zirconia). The origin can be traced back to the crown margin on the mesial
curvature (large open arrow). Small white arrows indicate the direction of crack propagation.

Figure 6. SEM images of the inside of the crowns before (A, C) and after air-abrasion (B, D). The grain structure is clearly different
between the 3Y and 5Y zirconia. (A) The 3Y har more homogenous grain structure (1–3 mm). (C) The 5Y has a larger variation in
grain size (<1 to >5 mm). (B, D) The air-abrasion results in a severely different surface structure, but there is no apparent difference between the two material surfaces after air-abrasion. Scanning electron microscopy images in back scatter mode.
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Figure 7. SEM images (secondary emission mode) of typical fracture surfaces of the two material groups. (A, B) The 3Y zirconia
display mostly intergranular fracture surface. (C, D) 5Y zirconia display mixed intergranular and transgranular fracture surfaces.

hypothesis was rejected as 3Y zirconia crowns
cemented with a resin-based cement fractured at statistically significantly higher loads compared to the
crowns cemented with zinc phosphate cement. This
suggests that adhesive cement improves crown
strength. The present results are not fully in accordance with previous findings as one study finds no
effect of cement on the fracture load of zirconia
crowns [11], while another shows that resin-based
cement do increase the strength [13]. It should however be noted that these studies either did not

comment on the fracture modes of the crowns or did
not achieve clinically relevant fractures, but rather
contact damage from the indenter [21,22].
Leucite-reinforced glass ceramics and feldspathic
porcelain crowns achieve significantly higher fracture
load when attached with a resin-based cement, compared to conventional cement [23,24]. Silica-based
ceramics can achieve a reliable bond to resin by etching with hydrofluoric acid to increase the surface area
of the material to allow for greater micromechanical
interlocking, and in addition, applying silane to
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chemically bond the ceramic and resin monomers
[25]. These pre-treatments are less efficient on zirconia [26,27], and the material does not bond to resinbased cement as strongly as a silica-based ceramic.
Zirconia has however been shown to have significant
chemical interactions with phosphate groups that can
be found in some resin-based cement [14]. The ability
for resin-based cements to bond to zirconia may
therefore be of greater importance to the fracture load
and strength of zirconia crowns and would explain
why the groups cemented with a resin-based cement
could withstand the highest loads before fracture.
In addition to an effect on fracture strength, the
choice of cement is also important for the retentive
properties, as it has been reported that the main
mechanical failures in clinical use are loss of retention
or veneer material chipping [1]. Because some resinbased cements have chemical interactions with zirconia, the shear bond strength to zirconia is higher, and
can therefore be expected to give better retention [28,29]
The group cemented with glass ionomer cement
had the largest variation in fracture loads. There was
no statistical difference in fracture load to neither the
zinc phosphate group nor the resin-based cement
groups. The reason for the large scatter is not evident
from the present results. All groups fractured at
higher values than maximal mastication forces [30],
indicating that conventional cement might provide
adequate crown strength for clinical use. Resin-based
cements are technique sensitive, and susceptible to
contamination, making them more demanding to use.
To achieve a desired surface area of the zirconia
crowns it is recommended to air-abrade the intaglio
surface to improve the micromechanical retention
[16]. When examining the surface structure after airabrasion there were no clear differences between the
5Y zirconia and the 3Y zirconia (Figure 6). Abrading
the intaglio surface of the crowns created small
defects in the material. These defects did not affect
the strength of the 3Y zirconia crowns and can be
explained by the stress-induced t-m phase transformation that occurs as a result of air abrasion. The phase
transformation leads to an increase in surface tension
of the material and compressive stresses surrounding
the surface flaws [31,32]. This renders the flaws insignificant and has also been shown to increase fracture
toughness in some cases [33,34]. It is however
important to note that it is uncertain how the phase
transformation and aging will affect the mechanical
properties and long-term success of the material
[35,36]. Because of the higher content of cubic
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zirconia in the 5Y zirconia crowns, the occurrence of
the t–m transformation is reduced. This causes the
defects in the surface to reduce the strength of the
material [32].
Air-abrasion is a common step in the cementation
procedure of resin-based cement and is a part of
many manufacturers’ instructions when cementing a
zirconia crown. It is important to note that they do
not differentiate between the different zirconia materials. According to our study, air-abrasion of anterior
5Y zirconia lowers the strength of the crowns and
could therefore lead to a higher failure rate in clinical
use. Further research is needed to establish recommendations for cementation protocol for 5Y zirconia.
The largest differences in fracture load were found
between the 3Y zirconia groups and the 5Y zirconia
groups, which was expected due to the differences in
strength and fracture toughness in the two materials.
The increase of yttria stabilizer leads to a higher percentage of cubic phase in the crystalline structure.
While this improves the translucency of the material,
it also reduces strength and toughness, as stressinduced phase transformation will be less likely to
occur [2,37,38]. The finding that the air-abraded 5Y
crowns were weaker than the untreated crowns, supports this assumption.
The margins were inspected before any handling
and defects were, therefore, most likely caused by the
milling procedure during production. It was found
that the 5Y zirconia had more frayed and uneven
margins with more severe defects compared to the 3Y
zirconia. This demonstrates that the 5Y zirconia is
more exposed to damage during manufacturing. The
finding that there is a correlation between fracture
load and the severity of defects in the crown margins
can be explained by the fact that most severe defects
were found in the weaker 5Y zirconia material. It can
also be argued that these defects might have affected
the fracture load, but there was no significant correlation between defects and fracture load when the test
was sorted by material. When examining the fracture
surface of the two different materials, we found that
the 5Y zirconia had a mixed intergranular and transgranular fracture, while the 3Y zirconia crowns primarily had an intergranular fracture surface
(Figure 6).
Furthermore, the importance of differentiating
between the handling of these two materials becomes
apparent when we look at the results from the air
abrasion. While the air-abraded 5Y zirconia crowns
fractured at significantly lower values than the crowns
that had been cemented without pre-treatment, the
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strength of the pre-treated 3Y zirconia crowns was
not affected.
There are several limitations to this study.
Standardized in vitro testing cannot replicate clinical
situations, as clinically observed failures are complex
and rely on different variables like tooth anatomy,
chewing behavior, oral environment, etc, but welldesigned in vitro tests can give a better insight into
the material in vivo [39].
A composite material (SDR flow þ) was chosen
for the abutment replica, as it has been developed to
simulate similar properties to dentine, although with
somewhat lower elastic modulus [40]. Human or
bovine dentine would perhaps be more clinically relevant regarding the load dispersion, but it would be
impossible to achieve a desired standardization of the
specimens. It is uncertain how this material will affect
the results of the study, as it is a composite material
and will possibly have a stronger bond strength to the
resin-based cement compared to human dentine. The
loads registered in this study are therefore most probably inflated compared to a real-life situation. All
crowns fractured at loads well above human mastication loads. This could be explained by the use of pristine specimens, without aging, dynamic loading, or
uneven preparation margins. In a clinical situation,
crowns would be exposed to temperature fluctuations,
as well as consequent lower loads when chewing,
which could lead to aging and low-temperature degradation (LTD) [35]. The values obtained in this
study are however still useful tools to compare and
analyze the differences between the groups. The
method used in this study has been shown to give
clinically relevant fracture modes, indicating that the
forces used in vitro manage to simulate the stress situation causing fractures in vivo [22,41]. All crowns
were examined in a light microscope to determine the
fracture pattern, and all fractures originated from the
crown margin similarly to the modes described in
clinically fractured zirconia crowns [41].
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