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ABSTRACT
Statement of problem. Bond stability between zirconia crowns and luting cement and between
cement and dentin is a main concern; however, only limited evidence is available as to its longevity.

Purpose. The purpose of this in vitro study was to measure the retentive strengths of 7 self-
adhesive cements (RelyX Unicem Aplicap, RelyX Unicem Clicker, RelyX Unicem 2 Automix, iCEM,
Maxcem Elite, Bifix SE, SpeedCem), 2 adhesive cements with self-etch primers (Panavia 21,
SEcure), 1 glass ionomer cement (Ketac Cem), 1 resin-modified glass ionomer cement (Meron
Plus), and 1 zinc phosphate cement for luting zirconia crowns (LAVA) to extracted teeth after
thermocycling with or without 1 year of water storage.

Material and methods. Two-hundred-forty extracted human molars (2 treatments; n=10 per
cement) were prepared in a standardized manner. All cements were used according to the man-
ufacturers’ recommendations. The intaglios of the crowns were treated with airborne-particle
abrasion. After thermocycling (×5000, 5�C/55�C) with or without 1 year of water storage, the
cemented ceramic crowns were removed by using a Zwick universal testing device. Statistical
analyses were done with the Wilcoxon rank sum and the 2-independent-samples Kolmogorov-
Smirnov test.

Results. Median retentive strengths [MPa] for specimens thermocycled only/thermocycled with 1
year of water storage were as follows: Panavia 21: 1.7/2.5, SEcure: 3.0/3.0, RelyX Unicem Aplicap: 3.1/
3.4, RelyX Unicem Clicker: 4.1/4.2, RelyX Unicem 2 Automix: 3.8/3.1, iCEM: 2.3/2.7, Maxcem Elite: 3.0/
3.2, Bifix SE: 1.7/1.7, SpeedCem: 1.3/1.6, Meron Plus: 3.1/2.7, Ketac Cem: 1.4/1.4, and zinc phosphate
cement: 1.1/1.6. Statistically significant differences were found only among specimens thermo-
cycled only or thermocycled with 1-year water storage (P<.001).

Conclusions. Significant differences in retentive strengths were observed among cements after
thermocycling only or thermocycling with 1 year of water storage, but not for the effect of the
additional 1 year of water storage. (J Prosthet Dent 2015;113:609-615)
In recent years, tooth-colored
ceramic crowns have become
popular for the restoration of
single teeth.1 Zirconia crowns,
because of their high flexural
strength, can be cemented ac-
cording to the manufacturers’
instructions with either con-
ventional or adhesive ce-
ments.2,3 Conventional zinc
phosphate and glass ionomer
cements, resin-modified glass
ionomer, and compomer ce-
ments, as well as traditional
adhesive luting systems and
self-adhesive luting cements,
have been advocated.4 Burke
et al5 reported that ceramic
crowns cemented and bonded
with adhesive cements had
higher survival rates than
when zinc phosphate or
glass ionomer cements were
used.

Adhesive luting systems
require more pretreatment

steps than self-adhesive cements, which is a disadvantage
in dental practice. Different surface treatments have been
proposed for zirconia crowns before cementation.6-8 The
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best surface treatment for the adhesive cementation of
zirconia crowns is thought by some authors to be
aluminum-oxide airborne-particle abrasion.9,10 However,
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Clinical Implications
In this study, self-adhesive cements, which can be
simply applied without pretreatment, did not have
lower retentive strengths than adhesive luting
systems after thermocycling with or without 1 year
of water storage.
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Derand et al11 reported reduced flexural strength of zir-
conia after airborne-particle abrasion, whereas Casucci
et al12 found that surface conditioning with etching yiel-
ded even higher bond strengths than airborne-particle
abrasion.

The retentive strength of ceramic crowns depends
initially on the tooth preparation, luting material, and
type of polymerization.6,13 The autopolymerizing mate-
rials must be inserted within a limited time, whereas
dual-polymerized materials allow increased working
time.14 Light-polymerized materials have the advantage
that polymerization can be started when the restoration
is seated, although complete polymerization in deeper
layers might not be fully achieved.15 The longevity of the
bond stability between the zirconia crown and luting
cement and the cement and dentin is influenced by
factors such as temperature, exposure to saliva, and
mechanical stress during mastication. To assess the
bonding effectiveness of luting cements experimentally,
different models have been used. In his systematic re-
view, Heintze16 analyzed 18 studies and recommended
reasonable conditions for crown-retention tests.

Thermocycling has been widely used to simulate the
effect of mechanical stress during temperature changes in
the wet environment occurring between different mate-
rials such as cements and crowns or cements and
dentin,17-20 typically with temperatures between 5�C and
55�C.8,17-22 In several studies, thermocycling was com-
bined with a second treatment, for example with dynamic
loading, and was then described as artificial aging8,9; in
contrast, Ernst et al21 used thermocycling combined with
1 year of water storage.

The purpose of this study was to determine the
retentive strength after thermocycling with or without 1
year of water storage of 7 self-adhesive cements, 2
adhesive cements with self-etch primers, 1 glass ion-
omer cement, 1 resin-modified glass ionomer cement,
and 1 zinc phosphate cement for luting zirconia crowns
to extracted human teeth. Three null hypotheses were
formulated:

1. The retentive strength of an adhesive luting system
is no higher than that of self-adhesive cements.

2. Self-adhesive cements provide the same retentive
strength as zinc phosphate and glass ionomer cement.
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3. One year of water storage in addition to thermo-
cycling will not influence the median retentive
strength.
MATERIAL AND METHODS

Two-hundred-forty freshly extracted, caries-free human
molars were collected and stored in a 1% chloramine-B-
hydrate solution.23 The patients were informed about this
study and consented to the use of their teeth. Calculus,
residual periodontal ligament, and any bone fragments
were removed from the teeth with scalers and curettes.
The teeth were then vertically embedded in and fixed
with an autopolymerizing acrylic resin (Paladur, PMMA;
Heraeus Kulzer GmbH), and the enamel was completely
removed as part of the tooth preparation. The teeth were
prepared to a standardized 20-degree cone with a milling
machine (F1; Degussa AG) as previously described.21 The
preparation took place exclusively in dentin, and the
definitive form was established with 125 mm and 30 mm
torpedo-shaped and 125 mm and 30 mm conically shaped
rotary instruments (Komet/Brasseler). The resulting cir-
cular dentin preparations had the same height (3 mm)
and a flat occlusal surface. New diamond rotary in-
struments were used for each group of 10 teeth. Poly-
ether impressions (Impregum Penta Soft; 3M ESPE) of all
teeth were made, and dental gypsum casts (Fujirock; GC
Corp) were fabricated. The zirconia crowns were fabri-
cated with the LAVA system (LAVA; 3M ESPE). All
prepared teeth were cleaned with a prophylactic paste
(Zircate Prophy Paste; Dentsply Intl). The 12 cements
investigated are listed in Table 1. The intaglio of the
zirconia crowns was airborne-particle abraded (Rocatec
Pre, 110 mm, 20 mm distance, 200 kPa; 3M ESPE). When
Panavia 21 was used, the tooth surface was pretreated
with ED Primer. For SEcure, the tooth surface was pre-
treated with SEcure Primer, and Porcelain Liner M (Sun
Medical) was applied to the luting surface of the LAVA
crowns. All systems were investigated in accordance with
the manufacturers’ instructions; in dual-polymerized
systems only the autopolymerizing process was used.
After cementation, glycerin gel was applied to the
margin, except for Ketac Cem, Meron Plus, and zinc
phosphate cement. Airblock (Dentsply Intl) was applied
to the following cements: RelyX Unicem Aplicap, RelyX
Unicem Clicker, RelyX Unicem 2 Automix, iCEM, Max-
cem Elite, SpeedCem, Bifix SE, and SEcure. With Panavia
21, the Oxyguard II (Kuraray Noritake Dental Inc) was
used. Then the specimens were placed in a humidity
chamber at 37�C for 30 minutes. Subsequently, the
specimens were stored in distilled water for 1 week at
37�C and thermocycled for 5000 cycles (alternating be-
tween baths with water temperatures of 5�C and 55�C,
with 30 seconds of dwell time, Willytec Thermocycler
Type v2.9; SD Mechatronik). After thermocycling, the
Ehlers et al



Table 1. Luting cements tested

Commercial Name Type Manufacturer Pretreatment Lot No.

Panavia 21 Adhesive resin cement Kuraray Noritake Dental Inc. ED Primer 41306

RelyX Unicem Aplicap Self-adhesive resin cement 3M ESPE - 344488

RelyX Unicem Clicker Self-adhesive resin cement 3M ESPE - 342210

RelyX Unicem 2 Automix Self-adhesive resin cement 3M ESPE - MP0030

SEcure Self-etching dual-polymerized resin cement Sun Medical SEcure Primer,
Porcelain Liner M

TF 1

iCEM Dual-polymerized self-adhesive composite cement Heraeus Kulzer GmbH - 295345

Maxcem Elite Self-etch/self-adhesive resin cement Kerr Hawe - 3147019

Bifix SE Dual-polymerized self-adhesive resin cement VOCO - 0844084

SpeedCem Self-adhesive autopolymerizing dental resin cement Ivoclar Vivadent GmbH - RZJ023

Meron Plus Resin-reinforced chemically polymerizing glass
ionomer cement

VOCO - 0841420

Ketac Cem Glass ionomer luting cement 3M ESPE - 294701

Zinc phosphate cement Zinc phosphate cement Hoffmann Dental Manufaktur GmbH - Powder 1316D01
Liquid 1304D01
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240 specimens were assigned to 2 groups: 1 group (n=10
per cement) was immediately debonded to determine the
dislodgment force, and the second group (n=10 per
cement) underwent 1 year of storage in distilled water
before the debonding procedure was performed.

Before debonding, the test specimens were prepared
as described in detail by Ernst et al.21 Briefly, to ensure
binding to a low shrinkage resin, the outer surfaces of the
LAVA caps were pretreated (Rocatec Pre; 3M ESPE). The
assembly was mounted in a universal testing device
(1425; Zwick GmbH), and the cemented crowns were
removed along the path of placement at a crosshead
speed of 10 mm/min.18,24-26 The area of the prepared
tooth surface was measured with the method described
by Dahl and Øilo.27 A 0.02-mm-thick layer of tin foil
(Helago), wrapped around the prepared surface,
including the flat occlusal surface, was removed and
weighed 10 times. The area of the prepared tooth was
calculated from the weight of the tin foil, where 1 mg
corresponded to 13.7 mm2. To compare the retentive
strengths of the tested cements, the retentive strength
value was calculated individually for each tooth from the
retentive force (N) and the determined surface (mm2).

Multiple comparisons were made for the cements
within the 2 groups (thermocycling only or thermocycling
plus 1 year of water storage) with the Wilcoxon rank sum
test (a=.05).

Because of multiple testing, a Bonferroni correction
was performed, and differences within the groups were
considered statistically significant when P<.001 (.05/66).
The statistical evaluation of the differences between
thermocycling only versus thermocycling plus 1 year of
water storage was done by using the Kolmogorov-
Smirnov test for 2 independent samples (a=.05).

The data concerning the location of the cement res-
idue after removal of the crowns for specimens after
thermocycling only and after thermocycling and 1 year of
Ehlers et al
water storage are given as descriptive information (rela-
tive frequencies).
RESULTS

The median, maxima, minima, and first and third quar-
tiles of the retentive strengths are presented in Fig. 1 as
boxplots for the 2 experimental groups (thermocycling
and thermocycling plus 1 year of water storage). Tables 2,
3 show the P-values for the differences between the in-
dividual cements within the 2 groups. Table 4 shows the
P-values for group comparisons for retentive strengths of
specimens thermocycled only and thermocycled plus 1
year of water storage.

After thermocycling only, the retentive strength
values showed statistically significant differences
(P<.001) among some of the cements (Table 2). This was
the case between RelyX Unicem Aplicap and Bifix SE,
Speed Cem, and zinc phosphate cement; between RelyX
Unicem Clicker and iCEM, Ketac Cem, and zinc phos-
phate cement; between RelyX Unicem 2 Automix and
SpeedCem, Ketac Cem, and zinc phosphate cement. In
addition, between Maxcem Elite and zinc phosphate
cement and between Meron Plus and zinc phosphate
cement, statistically significantly different retentive
strengths were found.

After 1 year of water storage, statistically significant
differences (P<.001) were observed in the retentive
strength values among some of the cements (Table 3).
This was detected between Panavia 21 and zinc phos-
phate cement; between RelyX Unicem Aplicap and zinc
phosphate cement; between RelyX Unicem Clicker and
iCEM, Bifix SE, SpeedCem, Ketac Cem, or zinc phos-
phate cement; between RelyX Unicem 2 Automix and
Bifix SE, SpeedCem, or zinc phosphate cement. As was
seen in specimens that were thermocycled only, statis-
tically significantly different retentive strengths were
THE JOURNAL OF PROSTHETIC DENTISTRY
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Figure 1. Retentive strength (MPa) of luting cements for zirconia crowns after thermocycling only and after thermocycling and 1 year of water storage.
Left hand box of each pair shows results after thermocycling only (n=120); right hand box of each pair shows results after thermocycling and 1 year of
water storage (n=120). Min., minimum; Q3, third quartile; Q1, first quartile; Max., maximum.

Table 2. P-Values after thermocycling only

Luting Cement

RelyX
Unicem
Aplicap

RelyX
Unicem
Clicker

RelyX
Unicem

2
Automix SEcure iCEM

Maxcem
Elite

Bifix
SE SpeedCem

Meron
Plus

Ketac
Cem

Zinc
Phosphate
Cement

Panavia 21 1.0 1.0 1.0 .9 .8 .9 .6 .3 1.0 .4 .2

RelyX Unicem
Aplicap

.9 .5 .2 .02 .3 <.001 <.001 .4 .003 <.001

RelyX Unicem Clicker .003 .005 <.001 .004 .005 .09 .009 <.001 <.001

RelyX Unicem 2
Automix

.2 .009 .3 .005 <.001 .7 <.001 <.001

SEcure .2 .7 .03 .01 .8 .01 .001

iCEM .9 .009 .01 1.0 .02 .008

Maxcem Elite .002 .001 .8 .004 <.001

Bifix SE .05 1.0 .1 .003

SpeedCem 1.0 .7 .2

Meron Plus .003 <.001

Ketac Cem .2

P<.001, statistically significant difference.
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found between Maxcem Elite and zinc phosphate cement
and between Meron Plus and zinc phosphate cement.

The group comparison showed no statistically signif-
icant differences (P�.16) in the retentive strengths be-
tween the cements thermocycled only and those that also
underwent 1 year of water storage (Table 4; Fig. 1). Few
THE JOURNAL OF PROSTHETIC DENTISTRY
or almost no differences in the retentive strengths were
observed for RelyX Unicem Clicker, SEcure, Maxcem
Elite, Bifix SE, and Ketac Cem. After 1 year of water
storage, the medians were higher for RelyX Unicem
Aplicap, iCEM, SpeedCem, Panavia 21, and zinc phos-
phate cement, and for Panavia 21 and zinc phosphate
Ehlers et al



Table 3. P-Values after thermocycling and 1 year of water storage

Luting Cement

RelyX
Unicem
Aplicap

RelyX
Unicem
Clicker

RelyX
Unicem

2
Automix SEcure iCEM

Maxcem
Elite

Bifix
SE SpeedCem

Meron
Plus

Ketac
Cem

Zinc
phosphate
cement

Panavia 21 .1 .002 .09 .6 .9 .2 .04 .02 .6 .05 <.001

RelyX Unicem
Aplicap

.2 .7 .4 .06 .8 .002 .02 .2 .004 <.001

RelyX Unicem Clicker .04 .03 <.001 .09 <.001 <.001 .03 <.001 <.001

RelyX Unicem 2
Automix

.6 .09 1.0 <.001 <.001 .2 .004 <.001

SEcure .01 .5 .01 .01 1.0 .03 .002

iCEM .1 .07 .04 .5 .2 .01

Maxcem Elite .004 .003 .3 .005 <.001

Bifix SE .65 .004 .7 .2

SpeedCem .003 .8 .4

Meron Plus .003 <.001

Ketac Cem .4

P<.001, statistically significant difference.

Table 4.Group comparisons for retentive strengths of specimens
thermocycled only and thermocycled plus 1 year of water storage

Luting Cement P

Panavia 21 .42

RelyX Unicem Aplicap .16

RelyX Unicem Clicker .96

RelyX Unicem 2 Automix 1.00

SEcure .99

iCEM .76

Maxcem Elite .99

Bifix SE .99

SpeedCem .76

Meron Plus .16

Ketac Cem .76

Zinc phosphate cement .41
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cement, the interquartile range was smaller. In contrast,
RelyX Unicem 2 Automix and Meron Plus had lower
medians after 1 year of water storage, and for Meron
Plus, the interquartile range was larger.

After the removal of the crowns, cement residue was
located only on dentin, both on dentin and on the
crowns’ intaglio, or only on the crowns’ intaglio; the
percentage of specimens with cement residue according
to location is presented in Table 5. After thermocycling
only, the cement residue was found in the majority of
the specimens, predominantly on the crowns’ intaglio
for Panavia 21, RelyX Unicem Aplicap, RelyX Unicem
Clicker, RelyX Unicem 2 Automix, iCEM, Bifix SE,
SpeedCem, and Meron Plus. The additional 1 year of
water storage led to the same results for Panavia 21,
RelyX Unicem 2 Automix, and SpeedCem. Similar re-
sults with a slight reduction of the percentage of speci-
mens were observed for RelyX Unicem Aplicap, Bifix SE,
and Meron Plus; for RelyX Unicem Clicker and iCEM, a
Ehlers et al
slight increase in the percentage was found. In contrast,
specimens with SEcure showed no cement residue on
the crowns’ intaglio; instead the residue was located
mainly on the dentin. In specimens with Maxcem Elite,
Ketac Cem, and zinc phosphate, cement residue
was found on the crowns’ intaglio, on the dentin, or on
both.

DISCUSSION

In the present study the retentive strength and longevity
of 12 luting cements were determined by using ther-
mocycling in connection with 1 year of water storage. The
study was conducted as previously published by Ernst
et al21 and in large part according to the experimental
design recommended by Heintze.16 This included the use
of extracted molars of similar size, standardized tooth
preparation, method of determining the exposed dentin
surface, fabrication of ceramic crowns with a special
technique, thermocycling, and water storage. In contrast
to the recommendation by Heintze16 (0.5 mm/min), an
increased crosshead speed of 10 mm/min was chosen as
in previous studies.18,21,24-26 Mitchell et al24 argued that,
although in vivo such load rates do not occur constantly,
they can be observed in extreme situations, for example
when masticating foodstuff of high viscosity that adheres
to the crown’s surface.

The first null hypothesis that the retentive strength of
an adhesive luting system is no higher than that of self-
adhesive cements was accepted. The second null hy-
pothesis, stating that self-adhesive cements provide the
same retentive strength as zinc phosphate and glass
ionomer cement, can only be accepted in part. With the
exception of iCEM, Bifix SE, and SpeedCem, self-
adhesive cements did exhibit significantly higher reten-
tive strengths than glass ionomer and zinc phosphate
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 5. Percentage of specimens with cement residue according to location after thermocycling onlya and after thermocycling and 1 year of
water-storageb

Luting Cement
Cement Residue
Only on Dentina

Cement Residue
Only on Dentinb

Cement Residue
on Dentin and on
Crowns’ Intaglioa

Cement Residue
on Dentin and on
Crowns’ Intagliob

Cement Residue
Only on Crowns’

Intaglioa

Cement Residue
Only on Crowns’

Intagliob

Panavia 21 0 0 0 0 100 100

RelyX Unicem Aplicap 0 0 0 20 100 80

RelyX Unicem Clicker 30 20 10 10 60 70

RelyX Unicem 2 Automix 0 0 0 0 100 100

SEcure 90 100 10 0 0 0

iCEM 30 10 0 10 70 80

Maxcem Elite 30 30 20 10 50 60

Bifix SE 0 0 0 20 100 80

SpeedCem 0 0 0 0 100 100

Meron Plus 10 20 10 10 80 70

Ketac Cem 70 80 0 5 30 15

Zinc phosphate cement 50 40 10 10 40 50
aThermocycling only.
bThermocycling and 1 year of water-storage.
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cement. The third null hypothesis that 1 year of water
storage in addition to thermocycling will not influence
the median retentive strength was accepted.

The retentive strength of the adhesive luting system
Panavia 21 was not better than that of self-adhesive
cements. This is in agreement with previous studies
with Panavia F 2.0.18,20 However, in a previous study,
Panavia F 2.0 and RelyX Unicem Aplicap showed a
significant difference after thermocycling and 1 year of
water storage,21 explained perhaps by the decreased
value for Panavia F 2.0 after thermocycling plus water
storage.

Most of the self-adhesive luting materials achieved
retention values higher than those of the conventional
glass ionomer and zinc phosphate cement. For example,
RelyX Unicem Clicker showed statistically significant
differences in the retentive strength in comparison with
Ketac Cem; in an earlier study, a statistically significant
difference was also found between RelyX Unicem and
Ketac Cem.18 As expected, the median retentive
strength of glass ionomer cement was low. In agree-
ment with previous studies, Ketac Cem showed a mean
retentive strength of 1.4 MPa after thermocycling,
where mean retentive strengths of 1.4 MPa to 2.7 MPa
after thermocycling were reported.17-19 Zinc phosphate
cement had a mean retentive strength of 1.2 MPa
after thermocycling, whereas in an earlier study17 the
mean value was 3.7 MPa, where thermocycling was
done with 2500 instead of the 5000 cycles in the present
study.

The differences in the retentive strength values be-
tween the cements thermocycled only and those that
underwent 1 year of water storage in addition were not
statistically significant, which is in agreement with the
study by Ernst et al.21 However, after thermocycling and
additional water storage for 1 year, the medians of the
THE JOURNAL OF PROSTHETIC DENTISTRY
retentive strength were higher or equal when compared
with thermocycling only with 2 exceptions: RelyX Uni-
cem 2 Automix and Meron Plus showed decreased me-
dian retentive strengths. In agreement with the previous
study,21 RelyX Unicem Aplicap and Maxcem Elite had
increased median retentive strengths after thermocycling
and 1 year of water storage.

After thermocycling only, and removal of the crowns,
the cement residue was found in the majority of the
specimens predominantly on the crowns’ intaglio for
most of the cements. This is in agreement with previous
studies, where the cement residue of Panavia F 2.0 and
RelyX Unicem was found principally on the crowns’ in-
taglio.20,21 The additional 1 year of water storage led to
the same results for some of the cements as observed
after thermocycling only, while other cements showed a
slight increase of the percentage of the specimens with
residue on the crown’s intaglio. These results are
confirmed by a previous study employing the same
testing technique.21 To the best of our knowledge, no
further comparable studies are available that focus on the
issue of the localization of the cement residue after
removal of the crowns.

One of the limitations of this study relates to the
testing itself. The thermocycling process itself can influ-
ence the retentive strength, and in a study wherein
thermocycled and untreated control specimens were
compared, thermocycling was found to affect bond
strength.19 Another limitation is the relatively small
number of specimens per cement. In general, it is difficult
to apply findings from laboratory studies to the clinical
situation.

In summary, these data may help in making clinical
material choices concerning luting cements; however, the
results from this study need to be supplemented by
prospective long-term clinical studies.
Ehlers et al
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CONCLUSIONS

Within the limitations of this study, the following con-
clusions were drawn:

1. Retentive strengths differed statistically significantly
among cements after thermocycling only or ther-
mocycling and 1 year of water storage.

2. The retentive strength of the adhesive luting system
Panavia 21 was not superior to self-adhesive ce-
ments. With the exception of iCEM, Bifix SE, and
SpeedCem, self-adhesive cements did have signifi-
cantly higher retentive strengths than glass ionomer
and zinc phosphate cement.

3. Additional 1 year water storage did not significantly
affect retentive strengths of the cements.
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