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Objective. The aims of this study were to compare micro-tensile bond strength and char-

acterize the bond of ceramic-coated versus air-abraded and chemically treated zirconia

specimens.

Methods. Eight zirconia blocks were fabricated and assigned to two  groups as follows: AA-

alumina air-abrasion; and CC-DCMhotbond coating followed by alumina air-abrasion and

hydrofluoric acid etching. For each group, two identically pre-treated zirconia blocks were

applied G-Multi Primer, cemented together with G-Cem Linkforce cement and cut into 30

stick-shaped specimens (1 × 1 × 9 mm3). A total of 120 specimens were stored in distilled

water for 24 h and then assigned to three groups: (i) short-term test, (ii) thermocycling

for 5000, and (iii) thermocycling for 10,000 cycles. The specimens were tested in tensile

mode. The bond strength results were analyzed using two-way ANOVA, followed by one-

way ANOVA and Dunnett T3 (  ̨ = 0.05). Failure mode and surfaces were analyzed with optical

microscopy and SEM. The EDS, FTIR, XRD, and FIB-SEM were used for chemical, crystalline

phase analyses.

Results. The AA groups recorded higher mean bond strength than the CC groups in all aging

conditions. Thermocycling did not affect the bond strength of the AA groups, whereas the

bond  strength of the CC groups decreased significantly after aging. The MDP monomer

and  silane in G-Multi Primer chemically reacted with mechanically pre-treated AA and CC
surfaces via the absorption of P–O and Si–O groups.

Significance. The bond strength of a conventional protocol involving alumina air-abrasion

was greater than ceramic coating technique.
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1.  Introduction

Zirconia restorations have become increasingly popular owing
to their superior mechanical properties when compared to
glass-ceramics [1,2]. Due to the lack of a glassy matrix, zirco-
nia based ceramics can neither be etched by hydrofluoric acid
(HF) to increase the surface roughness nor utilize the applica-
tion of a silane to enable the bond with silica and copolymerize
with organic resin matrix in resin cements [3,4]. Improving the
bond strength and durability of zirconia to resin cements and
tooth structure would contribute to the expansion of its clini-
cal applications in regions where adequate bonding areas and
mechanical retention are limited.

Various methods to promote bonding between zirconia and
resin cements have been proposed [5,6]. One of the most
common protocols to achieve sufficient clinical bond strength
between zirconia and resin cement is based on the preparation
of zirconia with alumina air-abrasion followed by adhesive
primer containing 10-methacryloyloxydecyl dihydrogenphos-
phate (10-MDP) [7]. Previous studies supported the use of
MDP  to increase bonding strength between zirconia and resin
cement [8,9] via the formation of chemical bond [10]. The use
of air abrasion favors bonding by increasing surface area and
roughness. On the contrary, alumina air-abrasion may affect
mechanical properties of zirconia by creating surface flaws
and triggering tetragonal to monoclinic (t − m)  phase trans-
formation [11,12].

Alternative zirconia-conditioning techniques, based on
ceramic coating, have been developed with the purpose of
achieving a chemically reactive surface where a primer can
be used to create a strong bond to resin cement [13]. A recent
in vitro systematic review and meta-analysis of bonding to
zirconia appeared to indicate that ceramic coating, combined
with MDP  containing primers, yielded the greatest long-term
bond strength (in aged-condition) comparing to the other pre-
treatment techniques [14]. The greatest bond strength of this
pre-treatment may be attributed to the silica composition of
the coating layer on zirconia surface, which can be etched
and primed. The glass-ceramic coating layer can be created
with different techniques e.g. selective infiltration etching [15],
glazing techniques [16,17], ceramic liner [6], and bioglass [18].
Despite the encouraging bond strength data, there is lim-
ited evidence supporting the chemical affinity between the
ceramic-coated zirconia surface and the primer and docu-
menting the bonding efficacy between these materials [19].
Furthermore, some studies reported a thickness of the coating
layer ranging from 47 to 271 �m.  Such thickness may nega-
tively impact on the fitting of the restorations [17,18].

Recently, a novel ceramic coating (DCMhotbond coating)
technique has been introduced. This technique relies on the
formation of an evenly thin (under 20 �m)  layer of glass, which
is sintered on the fitting surface. After sintering, this coating
layer is air-abraded with alumina particles, HF etched and then
primed prior to cementation with resin cement. The use of this
material and protocol simulate the bonding of conventional
glass-ceramics and it is supposed to be superior in strength

and durability to bonding techniques based on mechanical
and chemical preparation of the zirconia surface, as above-
mentioned.
5 ( 2 0 1 9 ) 105–113

The aims of this study were to compare the micro-tensile
bond strength to resin cement of ceramic-coated and air-
abraded zirconia which were chemically treated by MDP  and
silane containing primer and to characterize the nature of the
bond. The null hypotheses tested were: (1) there was no sig-
nificant difference in bond strength between the new ceramic
coating technique and a conventional technique based on alu-
mina air-abrasion, and (2) thermocycling would not affect the
bond strength in both tested groups.

2.  Materials  and  methods

2.1.  Specimen  preparation  and  mechanical  surface
pre-treatment

Eight zirconia blocks (13 × 26 × 5.9 mm3) were fabricated from
pre-sintered zirconia disks (GC Initial Zirconia HT Disk,
GC Europe N.V., Leuven, Belgium) by a computer-aided
design/computer-aided manufacturing (CAD/CAM) process
and using a milling machine (Roland DWX-50, Roland DG
Corp., Shizuoka-ken, Japan). Following milling, the zirconia
blocks were sintered in a furnace (Vita Zyrcomat

®
6000MS,

Vita Zahnfabrik, Bad Säckingen, Germany) for 2 h at 1450 ◦C as
recommended by the manufacturer. After sintering, the zirco-
nia blocks (10 × 20 × 4.5 mm3) were ultrasonically cleaned for
10 min  in acetone and distilled water, respectively. The blocks
were then randomly and equally assigned to two groups,
named CC (ceramic coating) and AA (alumina air-abrasion).
One of the largest surfaces of the blocks of group CC was air-
abraded with 105 �m alumina particles at 0.2 MPa for 20 s as
recommended by the manufacturer (at a distance of 25 mm
between the tip of blasting device and zirconia, angle to the
surface around 60◦–80◦) followed by ultrasonic cleaning in
ethanol and then distilled water for 2 min. Ceramic coating
(DCMhotbond

®
Zirconnect powder, Dental Creativ Manage-

ment GmbH, Rostock, Germany) mixed with a carrier liquid
(DCMhotbond

®
carrier) (0.6 g powder and 3 ml  of liquid) was

sprayed with an airbrush by pistol (0.15 MPa,  at a distance of
10 mm)  on the air-abraded zirconia surfaces. DCMhotbond

®

Zirconnect is a glass based on silica material (SiO2, Al2O3, K2O,
Na2O, CeO2, P2O5, ZnO, SrO, La2O3, and SnO2) with a coeffi-
cient of thermal expansion coefficient of 9.7 × 10−6 K−1 ± 0.5
(25–500 ◦C). The ceramic coating was dried at 450 ◦C for 2 min
and then heated at 1000 ◦C for 1 min  and cooled to room
temperature. The heating and cooling rates (60 ◦C/min) were
programmed in a Programat P300 furnace (Ivoclar-Vivadent,
Schaan, Liechtenstein). After cooling, the coated surfaces were
air-abraded with 105 �m alumina particles at 0.1 MPa for 20 s
(at a distance of 25 mm,  angle to the surface around 60◦–80◦),
ultrasonically cleaned with distilled water for 2 min, etched
with HF acid gel (4.5%) (Ivoclar Vivadent, Schaan, Liechten-
stein) for 20 s, then rinsed with distilled water and air-dried.

One of the largest surfaces of the blocks of AA group was
air-abraded as manufacturer’s recommendation with 50 �m

alumina particles at 0.25 MPa,  10 mm distance, angle to the
surface at approximately 90◦, for 40 s followed by ultrasonic
cleaning with ethanol and distilled water, respectively for
2 min.

https://doi.org/10.1016/j.dental.2018.11.001


3 5 

2

B
b
p
c
r
a
t
l
p
b

s
a
c
s
t

t
t
5
d
1

j
L
u
n
fi
t
T
f
S
t
v

2

T
s
m
s
G
[

�

�

�

�

d e n t a l m a t e r i a l s 

.2.  Micro-tensile  bond  strength  (�TBS)  test

efore cementation, the mechanically pre-treated surface of
oth groups was conditioned with MDP  and silane-containing
rimer (G-Multi Primer, GC Corp., Tokyo, Japan). Two identi-
ally pre-treated zirconia blocks were bonded together using
esin cement (G-CEM LinkForce, GC Corp., Tokyo, Japan) under

 constant load of 750 g. Excess cement was removed with cot-
on pellets. Light polymerization was initiated with a halogen
ight curing unit (Optilux 501, Kerr Corp., CA, USA) for 20 s (out-
ut of 850 mW/cm2) on each side from 6 different sides of the
i-layered zirconia blocks, followed by self-curing for 10 min.

Each bi-layered zirconia block was sectioned into stick-
haped specimens with an approximately cross-sectional area
t the bonding interface of 1.0 × 1.0 mm2 by using a water-
ooled diamond saw (Isomet 4000, Buehler, IL, USA) at low
peed (600 rpm, feed rate 4 mm/min). Thirty microbars from
he center of each zirconia block were selected (n = 60/group).

All specimens were stored in distilled water at 37 ◦C for 24 h,
hen the specimens were equally assigned to 3 aging condi-
ions (N = 20/group): (i) short-term, [20] (ii) thermocycling for
000 cycles between 5 ◦C (+/−2 ◦C) and 55 ◦C (+/−2 ◦C) with 30 s
well time and 10 s transfer time, and (iii) thermocycling for
0,000 cycles.

After designated aging period, the specimens were sub-
ected to �TBS with a universal testing machine (LRX-Plus,
loyd Instrument Ltd., Hampshire, UK) at a speed of 1 mm/min
ntil failure occurred. The Shapiro–Wilk test indicated that the
ormality assumption for the bond strength data was satis-
ed. The bond strength data were statistically analyzed using
wo-way ANOVA followed by one-way ANOVA and Dunnett
3 as post hoc comparisons. All statistical analyses were per-

ormed at 0.05 significant level (  ̨ = 0.05) with software (IBM
PSS statistics V24.0, IBM Corp., NY, USA). In case of pre-
reatment failure, 0 MPa was assigned to the bond strength
alue and included in the statistical analysis.

.3.  Failure  mode  analysis

he fractured specimens were observed under a light micro-
cope (Olympus BX 60, Olympus Corp., Tokyo, Japan) at 50×
agnification and a field emission scanning electron micro-

cope (FE-SEM, Zeiss Sigma VP FEG SEM, Carl Zeiss Microscopy
mbH, Jena, Germany) to identify the type of failure, as follows

21]:
Group AA

 Type 1: adhesive failure (80%–100% of failure occurred at
the interface between zirconia and resin cement).

 Type 2: cohesive failure (80%–100% of failure occurred
inside resin cement or zirconia).

 Type 3: mixed failure (mixed with adhesive and cohesive
failure patterns in the same specimen).

Group CC
 Type 1: adhesive failure (80%–100% of failure occurred at
the interface between resin cement and ceramic coating,
or ceramic coating and zirconia).
( 2 0 1 9 ) 105–113 107

� Type 2: cohesive failure (80%–100% of failure occurred
inside resin cement, zirconia, or ceramic coating layer).

� Type 3: mixed failure (mixed with adhesive and cohesive
failure patterns in the same specimen).

2.4.  Weibull  statistics

The �TBS data were analyzed by Weibull distribution (Minitab
Software V.18, State College, PA, USA). Pre-treatment failure
data were excluded. Weibull parameters (Weibull charac-
teristic strength at 63.2% probability of failure and Weibull
modulus) were computed by maximum-likelihood estimation
whereas 95% confidence intervals (CIs) were calculated with
Parametric Distribution Analysis (Right Censoring). The sig-
nificant difference in test groups was compared using Weibull
parameters and 95% CIs.

2.5.  Morphology  of  pre-treated  surfaces

An additional block from each group was observed with
a FE-SEM at 1000× to assess surface topography following
mechanical pre-treatment.

2.6.  Chemical  characterization

Elemental composition of as sintered zirconia, and ceramic
coating (without alumina air-abrasion and HF etching),
the mechanically pre-treated CC and AA surfaces with
and without primer conditioning was analyzed using an
Energy Dispersive X-ray Spectroscopy (EDS) (EDS Software-
AZtecEnergy, Oxford Instruments, High Wycombe, UK).

Infrared spectra were collected using Fourier-Transform
Infrared (FTIR) spectrometer (Bruker ALPHA portable spec-
trometer, Bruker, Karlsruhe, Germany) equipped with a single
reflection diamond attenuated total reflection (ATR) module
and deuterated triglycine sulphate (DTGS) detector. Spectra
were collected on primer alone (as a reference) and the primed
CC and AA mechanically pre-treated surfaces at ambient con-
dition over the region of 300–4000 cm−1 with resolution of
4 cm−1, 256 sample scans and air background. Range between
860 and 1270 cm−1 was fitted using pseudo-Voigt function with
a constant profile factor of 0.5.

2.7.  Phase  transformation  analysis

As sintered zirconia, ceramic-coated zirconia (without alu-
mina air-abrasion and HF etching), the mechanically pre-
treated CC and AA surfaces were examined by X-ray
Diffraction (XRD, Diffractometer D5000, Siemens, Karlsruhe,
Germany) to quantify the relative amount of monoclinic
phase. XRD data were collected with Cu K� radiation from 25
to 35◦ 2� degrees with a step size of 0.02◦ and with a 1 s step
interval. The equation suggested by Garvie and Nicholson was
used to calculate the relative amount of monoclinic phase [22].

The depth of the t − m transformed layer was investigated
by focused ion beam scanning electron microscope (FIB-SEM)

(Zeiss Auriga FIB-SEM, Carl Zeiss Microscopy GmbH, Jena,
Germany) following mechanical pre-treatment. Additionally,
the thickness of ceramic coating layer was measured by FIB-
SEM.

https://doi.org/10.1016/j.dental.2018.11.001
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Table 1 – The results of bond strength, Weibull analysis and the recorded failure mode.

Group Storage Bond strength1,2 M3 B 63.2%3 Failure analysis

Ad4 Co5 Mixed

AA 24 h 90.88 (17.41)aA 6.14 (4.34–8.69)XZ 97.95 (90.84–105.61)P 35% – 65%
TC 5000 90.12 (8.54)aB 11.67 (8.45–16.10)X 93.88 (90.21–97.68)P 30% 5% 65%
TC 10,000 80.29 (23.37)aC 3.94 (2.80–5.57)YZ 88.83 (78.99–99.89)P 35% 5% 60%

CC 24 h 37.57 (9.90)xD 4.31 (3.07–6.06)YZ 41.31 (37.10–56.00)Q – 95% 5%
TC 5000 24.05 (3.06)yE 8.64 (6.22–11.99)X 25.38 (24.06–26.79)R – 100% –
TC 10,0006 13.43 (7.93)zF 3.15 (2.13–4.66)YZ 17.70 (15.11–20.74)S – 100% –

TC: thermocycling between 5 ◦C (+/–2 ◦C) and 55 ◦C (+/–2 ◦C) with 30 s dwell time and 10 s transfer time.
1 Different lower-case letters in one column indicate significant differences among aging conditions in the same group.
2 Different upper-case letters in one column indicate significant difference between AA and CC in each aging condition.
3 Different upper-case letters in one column indicate significant difference among group (no overlapping).
4 Ad: adhesive failure.
5 Co: cohesive failure in ceramic coating.
6 ptf: pre-treatment failure 3 pieces (15%).

Fig. 1 – SEM images illustrating the fracture surface of AA
and CC specimens: (a) mixed  failure of AA specimen: (b)

cohesive failure in ceramic coating layer of CC specimen.

3.  Results

3.1.  Micro-tensile  bond  strength  (�TBS)  test

Means and standard deviations (SD) of the �TBS of CC and
AA groups under 3 aging conditions are presented in Table 1.
The mean �TBS of AA groups was significantly higher than
CC groups for all aging conditions (p < 0.05). Thermocycling
did not affect the �TBS of AA groups (p > 0.05), whereas �TBS
significantly decreased in CC groups (p < 0.05).

3.2.  Failure  mode  analysis

Most of the CC specimens exhibited predominantly cohesive
failure in ceramic coating layer, whereas almost all speci-
mens in AA groups presented either mixed or adhesive failure,
regardless of aging conditions (Table 1 and Fig. 1)

3.3.  Weibull  analysis

The Weibull parameters are shown in Table 1. Weibull charac-
teristic strength for AA groups was greater than CC groups (in

any aging condition). The Weibull modulus values of AA and
CC groups were not statistically significantly different when
compared in each aging condition.
3.4.  Morphology  of  pre-treated  surfaces  (SEM)

SEM images of mechanically pre-treated CC and AA surfaces
are shown in Fig. 2. Images of the mechanically pre-treated
AA surface showed the typical abraded topography, whereas
the CC surface showed the presence of long and thin cracks
(20 × 0.3 �m2) in the ceramic coating layer.

3.5.  Chemical  characterization  (EDS  and  FTIR)

The percentage of elements composition on as sintered
zirconia, pre-treated zirconia surface: alumina air-abrasion,
ceramic coating (without alumina air-abrasion and HF etch-
ing), and ceramic coating followed by HF etching (with and
without primer application) are shown in Appendix Table A1.
Zr and O were the major elements found on as sintered zir-
conia and the mechanically pre-treated AA surfaces whereas
O and Si were mainly detected in ceramic-coated zirconia
and for the mechanically pre-treated CC group. Upon primer
application, higher percentage of P and C was detected. EDS
maps of mechanically pre-treated zirconia surface: alumina
air-abrasion and ceramic coating followed by HF etching are
showed in Fig. 3.

Collected FTIR spectra are shown in Fig. 4 and fitting param-
eters are given in Appendix Table B1. FTIR spectra of both
primed specimens exhibited spectral broadening and increase
of integrated peak area when, compared to the primer. The
most prominent difference between the spectra of primer and
primed specimens was the split of the 977 cm−1 primer peak
into higher and lower wavenumber components, i.e. 965 and
983 cm−1 in primed CC specimen versus 955 and 985 cm−1 in
primed AA.

3.6.  Phase  transformation  analysis  (XRD  and
FIB-SEM)

XRD analysis quantified the percentage of monoclinic phase
transformation of as sintered zirconia as 3.02%, for ceramic-

coated zirconia as 0% and for the mechanically pre-treated CC
surface as 3.19%, whereas it was 5.43% for AA. FIB-SEM showed
the cross-sections of the mechanically pre-treated CC and AA
surfaces (Fig. 2) as well as the t − m transformed layer depth

https://doi.org/10.1016/j.dental.2018.11.001
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Fig. 2 – Surface topography of mechanically pre-treated zirconia surface using FE-SEM and cross-sectional surface
topography of mechanically pre-treated zirconia surface using FIB-SEM: (a, b) alumina air-abrasion: and (c, d) ceramic
coating followed by HF etching. The white line indicated an estimate of the t − m transformed layer border.
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ig. 3 – EDS maps of mechanically pre-treated zirconia surfa
F etching.

f approximately 1.93–2.75 �m and 2.57–3.14 �m,  respectively.
he thickness of ceramic coating layer as measured by FIB-
EM ranged from 6.9 to10.8 �m.

.  Discussion

he results of this study showed that CC groups yielded sig-

ificantly lower bond strength than AA groups for all aging
onditions. Thus, the first hypothesis was rejected. After
hermocycling, �TBS of CC groups significantly decreased;
owever, thermocycling did not affect the bond strength of
) alumina air-abrasion: and (b) ceramic coating followed by

AA groups. Therefore, the second hypothesis was partially
accepted.

The use of alumina air-abrasion followed by chemical treat-
ment with MDP containing primer and cementation with resin
cement has been widely accepted as an effective technique
for cementation of zirconia-based restorations [7]. Air abra-
sion increases surface roughness, surface energy and facilitate
wettability which contribute to micromechanical retention of
resin cement to zirconia surface [23], whereas MDP  monomers

promote chemical bond to the oxide group of zirconia [10].
Several studies have confirmed the effectiveness of the bond
between resin cement and zirconia with this technique [24,25].

https://doi.org/10.1016/j.dental.2018.11.001
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Fig. 4 – FTIR transmittance spectra of pre-treated zirconia
surface and primer: (a) G-Multi Primer: (b) alumina

air-abrasion followed by G-Multi Primer: (c) ceramic coating
followed by HF etching and G-Multi Primer.

However, some researchers demonstrated decrease in bond
strength after long-term aging [26], casting doubts about long-
term clinical effectiveness of the bond.

Alternative bonding techniques based on coating zirco-
nia with glass-ceramics to allow HF etching and silanization
have been proposed to improve bonding strength and dura-
bility [13,16]. The present study investigated one of those
techniques, namely DCMhotbond. The main concerns with
these novel techniques are thickness of the coating layer,
bond strength and durability. EDS confirmed the presence

of Si on coated zirconia surface, while FIB-SEM showed the
presence of ceramic coating layer with thickness of approxi-
mately 6.9–10.8 �m.  Such thickness is less than what reported
in previous studies and should not affect fitting of the restora-
5 ( 2 0 1 9 ) 105–113

tions [16,17]. In addition, HF etching and silanization of the
ceramic layer was expected to contribute to greater bond
strength [5,13,27]. However, the present study showed that CC
groups possessed significantly lower immediate �TBS than AA
groups. The SEM images of the etched ceramic-coated zirco-
nia surface showed the presence of long cracks with a width
of less than 1 �m on coating layer. The width of the cracks
is unlikely to allow for the infiltration of the filler particles of
resin cement into these irregularities, leading to poor micro-
mechanical interlocking. Whilst the length and depth of the
cracks is expected to weaken the coating layer and cause
cohesive failure within the coating layer as observed in CC
groups. Furthermore, thickness of the coating layer was not
consistent. EDS maps revealed that in some areas zirconia
was  exposed (Fig. 3). The presence of areas where zirconia
was exposed, was consistently seen in all mechanically pre-
treated CC specimens and also in the pilot study. A bonding
system which contained MDP  and silane (G-Multi Primer, GC
Corp., Tokyo, Japan) was selected to maximize the bonding
effectiveness to the zirconia and glass-coating system.

FTIR spectra of primed CC specimen bore more  resem-
blance to the primer than primed AA, which was an indicator
of better structural interaction between primer and mechan-
ically pre-treated AA specimen than in the case of CC (Fig. 4
and Appendix Table B1).

The most prominent difference between the spectra of
primer and primed specimens was the split of the 977 cm−1.
This split indicates that priming reduced the size and num-
ber of phosphate units in large metaphosphate rings, i.e.
(PO4)3−. These metaphosphate rings are partly involved in
bonding with the substrate [28,29]. Additional peaks at 955
and 965 cm−1 in primed CC and AA specimens spectra
could be attributed to the P O Al bonding [30]. Com-
parison of reduced intensities (IiR = Ii/�I) revealed that the
IR(955)/IR(985) in primed AA specimen was considerably higher
than IR(965)/IR(983) in primed CC specimen, indicating an
increase of the mixed P O Al bonding in primed AA. Stretch-
ing of polymerized (PO4)3− species, observed in primer at
1044 cm−1, shifted to 1042 and 1040 cm−1 in primed CC and
primed AA specimens, respectively, due to an interaction with
Si and Al on specimen surfaces. Peaks observed at 1066 cm−1

in primer and 1067 cm−1 in primed CC specimen could be
assigned to the Si O bond [31]. The broadening and intensi-
fying of this peak could be understood in terms of an increase
in siloxane bonds in primed CC specimen. However, silox-
ane bond detected in primed CC specimen may possess low
hydrolytic stability, which leads to a decrease in bond strength
after aging [32,33].

In primed AA specimen, the increase of 1069 cm−1 Si O
component was followed by the decrease in intensity of peaks
associated with uniformly bonded (PO4)3− species at 1011
and 1040 cm−1. Additionally, a shift of (PO3)2− related peak at
1095 cm−1 in primer towards the (PO2)− region at 1123 cm−1

and the increase in intensity of (PO2)− terminal group indicate
better mixing between alumina and phosphate in primed AA
specimen.
These observations point to the conclusion that priming
reduces the size of the metaphosphate rings and redistributes
the population of terminal phosphate species as they become
bonded with additional phases, namely Si and Al.

https://doi.org/10.1016/j.dental.2018.11.001


3 5 

t
a
u
[
f
b
H
w
e
o

t
f
a
s
f
t
a
o
X
t
h
d
F
a
a
p
m
a
t
g

d e n t a l m a t e r i a l s 

When Weibull analysis is applied to bond strength studies,
he greater the Weibull characteristic strength, the better the
ctual bonding effectiveness; and the greater the Weibull mod-
lus, the less the bonding procedure is technique sensitive

34]. Greater Weibull characteristic strength values reported
or the AA groups under any aging condition showed that the
onding effectiveness was greater than that of the CC groups.
owever, the Weibull modulus values of AA and CC groups
ere not statistically significantly different when compared in

ach aging condition, implying that the technique sensitivity
f both groups was similar.

XRD analysis measured a lower amount of t − m phase
ransformation in the CC group than in the AA group. Dif-
erent pressure and particles size were used for groups CC
nd AA. This result appears to indicate that higher air pres-
ure used for treating the AA group, compared to that used
or CC group, may contribute to a greater amount of phase
ransformation, regardless of the particle size used for air
brasion (smaller in the group AA). However, the sensitivity
f XRD analysis is limited by the depth of penetration of the
-rays, which might not exceed 6–10 �m [35,36]. In this study,

he thickness of the ceramic coating layer (0–10.8 �m)  might
ave hindered the measurement. Due to these limitations, the
epth of the t − m phase transformation was investigated by
IB-SEM. In FIB-SEM images, the transformed zone exhibits
s a smoother surface with twinning grain boundaries, which
llows direct measurement of the transformed layer [37]. In
resent study, the depth of the t − m transformed layers as

easured by FIB-SEM ranged from 1.93 to 2.75 in group CC

nd from 2.57 to 3.14 �m in group AA, confirming that the
-m phase transformation was greater and deeper in the AA
roup.

Table A1 – Percentage of elements composition on as sintered z
air-abrasion (with and without primer application), ceramic coa
ceramic coating followed by hydrofluoric acid (HF) etching (with

Element As sintered
zirconia

Alumina
air-abrasion

Alumina
air-abrasion
followed by
G-Multi Primer

Zr 59.2 (0.1) 59.2 (0.2) 39.3 (0.1) 

O 30.5 (0.1) 28.5 (0.1) 29.9 (0.1) 

Y 1.0 (0) 2.5 (0.1) 1.9 (0) 

Hf 0.8 (0) 1.3 (0.1) 0.4 (0) 

C 8.4 (0.1) 7.1 (0.2) 25.9 (0.1) 

Al 0.1 (0) 1.4 (0) 1.6 (0) 

Si – – 0.1 (0) 

Na – – – 

K – – – 

La – – – 

P – – 0.9 (0) 

Zn – – – 

Ce – – – 
( 2 0 1 9 ) 105–113 111

5.  Conclusions

Within the limitations of this study, it can be concluded
that type of pre-treatment technique affected the mean bond
strength between resin cement and zirconia, as alumina air-
abrasion combined with G-Multi Primer and G-Cem Linkforce
(AA) showed significantly higher bond strength than DCMhot-
bond coating technique followed by G-Multi Primer and G-Cem
Linkforce (CC) for all aging conditions. Thermocycling did
not affect the bond strength of AA groups whereas the bond
strength of CC groups decreased significantly after aging.

The MDP monomer and silane in G-Multi Primer chemically
reacted with the mechanically pre-treated AA and CC surfaces
via the absorption of P–O and Si–O groups.
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Appendix  A.

irconia, pre-treated zirconia surface: alumina
ting (without alumina air-abrasion and HF etching), and

 and without primer application).

Ceramic coating
(without alumina
air-abrasion and
HF etching)

Ceramic
coating
followed by
HF etching

Ceramic coating
followed by HF
etching and
G-Multi Primer

2.8 (0.6) 1.2 (0) 1.4 (0.1)
44.1 (0.3) 46.8 (0.1) 39.8 (0.2)
– – –
– – –
4.2 (0.6) 8.3 (0.2) 29.6 (0.3)
5.3 (0.1) 5.0 (0) 3.3 (0)
27.3 (0.4) 24.5 (0.1) 16.5 (0.1)
7.5 (0.1) 7.1 (0) 4.5 (0.1)
4.6 (0.1) 3.9 (0) 2.6 (0)
1.9 (0.1) 1.9 (0) 1.1 (0.1)
– – 0.3 (0)
1.8 (0.2) 0.8 (0) 0.6 (0)
0.5 (0.1) 0.5 (0) 0.3 (0)
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Appendix  B.

Table B1 – Results of curve fitting.

Para-meter G-Multi
Primer

Value SE Primed CC
specimen

Value SE Primed AA
specimen

Value SE

y0 Peak1 −9.11E-05 0 Peak1 −2.79E-05 0 Peak1 −2.79E-05 0
xc Peak1 942.58646 0.22406 Peak1 941.81756 0.53203 Peak1 939.4575 2.03743
A Peak1 0.02635 4.94E-04 Peak1 0.05576 0.0019 Peak1 0.0208 0.00506
w Peak1 28.59879 0.5879 Peak1 35.49005 1.01287 Peak1 20.76808 1.22915
mu Peak1 0.5 0 Peak1 0.5 0 Peak1 0.5 0
xc Peak2 977.32936 0.88683 Peak2 965.61862 3.05493 Peak2 955.65628 4.38394
A Peak2 0.00585 8.53E-04 Peak2 0.0044 0.00437 Peak2 0.00625 0.0059
w Peak2 20.83233 2.25627 Peak2 14.49283 4.69268 Peak2 17.91302 11.50228

Peak3 983.10825 1.79917 Peak3 985.43365 3.84942
Peak3 0.01691 0.00833 Peak3 0.01022 0.00507
Peak3 23.68871 8.96405 Peak3 27.2848 7.91113

xc Peak3 1013.51893 1.1542 Peak4 1011.78037 1.00831 Peak4 1011.41377 1.22931
A Peak3 0.04897 0.00516 Peak4 0.05046 0.0125 Peak4 0.02783 0.01075
w Peak3 36.14968 1.80509 Peak4 28.72713 3.72161 Peak4 25.63412 4.65199
xc Peak4 1044.71501 0.9631 Peak5 1042.38585 2.74432 Peak5 1040.84214 3.72487
A Peak4 0.04922 0.00935 Peak5 0.07739 0.02899 Peak5 0.05171 0.03305
w Peak4 31.26559 3.52321 Peak5 35.24822 6.36691 Peak5 36.78786 8.93951
xc Peak5 1066.08708 1.2779 Peak6 1067.37591 2.67808 Peak6 1069.81398 6.17025
A Peak5 0.01369 0.00807 Peak6 0.03678 0.03733 Peak6 0.03952 0.06253
w Peak5 20.80848 5.07642 Peak6 29.02087 11.78094 Peak6 39.3551 24.71426
xc Peak6 1095.86978 4.51805 Peak7 1092.94838 3.26119 Peak7 1099.32902 16.70379
A Peak6 0.05024 0.02144 Peak7 0.04576 0.03646 Peak7 0.04075 0.10164
w Peak6 42.72058 10.22195 Peak7 31.3552 12.75063 Peak7 39.666 30.52161
xc Peak7 1122.58822 11.57394 Peak8 1119.07621 3.93865 Peak8 1123.00844 21.71968
A Peak7 0.03809 0.04156 Peak8 0.06002 0.04433 Peak8 0.05277 0.05688
w Peak7 28.23939 6.59455 Peak8 28.51689 9.96931 Peak8 33.99978 21.57658
xc Peak8 1135.75365 8.88557 Peak9 1135.45654 3.50383 Peak9 1135.92059 9.51529
A Peak8 0.01071 0.03867 Peak9 0.0177 0.02578 Peak9 0.00758 0.03912
w Peak8 19.47313 25.34272 Peak9 18.16261 10.86591 Peak9 18.04066 33.87804
xc Peak9 1168.05995 0.1339 Peak10 1167.8706 0.17275 Peak10 1168.77209 0.82439
A Peak9 0.11066 0.00193 Peak10 0.13848 0.00315 Peak10 0.13291 0.01267
w Peak9 31.62295 0.50288 Peak10 33.15127 0.72103 Peak10 38.36342 3.15801
xc Peak10 1198.70389 0.57453 Peak11 1197.7006 0.95086 Peak11 1199.2414 0.72344
A Peak10 0.01497 0.00113 Peak11 0.01199 0.00181 Peak11 0.01042 2.62E-03
w Peak10 22.92202 1.4955 Peak11 20.11473 2.59555 Peak11 16.93492 2.69426
xc Peak11 1246.08594 12.34728 Peak12 1245.56635 9.70819 Peak12 1242.60754 5.13134
A Peak11 0.00545 9.21E-03 Peak12 0.00134 2.06E-03 Peak12 0.0015 0.00143
w Peak11 16.22526 2.16484 Peak12 8.90919 3.54388 Peak12 8.4085 2.59422
xc Peak12 1259.29892 25.23532 Peak13 1253.08577 2.96432 Peak13 1250.85691 1.772
A Peak12 0.00205 0.00957 Peak13 0.00163 0.00208 Peak13 0.00348 0.00149
w Peak12 14.55132 54.15555 Peak13 8.62633 5.88547 Peak13 9.87282 3.52288

y0 = zero point (baseline), xc = position (cm−1), A = intensity, w = full width at half maximum, mu = profile parameter for pseudo-Voigt,
SE = standard error.
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