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Titanium (Ti) has become popular
as a substrate material for Metal
ceramic restorations in dentistry be-
cause of properties such as low density,
low cost, high strength comparable
with that of stainless steel, corrosion
resistance, and excellent biocompati-
bility.1 The clinical performance of Ti in
metal ceramic restorations has been
evaluated in several studies.2-6 The
chemical bond between the Ti substrate
and the ceramic veneer is achieved
through the porcelain firing process.
However, the formation of a poorly
adhering oxide on Ti at dental porcelain
sintering temperatures causes adher-
ence problems at the interface between
Ti and porcelain, the main limiting
factor in the fabrication of Ti ceramic
restorations.7-12 Another possible
source of Ti-porcelain bond failure is
the stress caused by the mismatch of
the thermal expansion coefficient of Ti
and ceramic, which may affect the
flexural bond strength of the Ti ceramic
system.13

Several studies have been carried
out to improve the bond strength of Ti-
ceramic systems with procedures
that involve the use of bonding
agents14-18 or surface modification on
the Ti substrate before porcelain appli-
cation.17,19-23 Bonding agents contain a
mixture of Ti and ceramic particles that
may reduce the thermal expansion
mismatch between the metal and the
ceramic material.15 However, some re-
searchers report that the excessive
thickness and the composition of the
bonding agents may strongly affect the
resulting metal-ceramic bond.14,16 Ti
surface treatments may limit the
formation of the deleterious oxide layer
on Ti at elevated temperatures. A
roughened surface by airborne-particle
abrasion enables mechanical inter-
locking and provides an increased
surface for bonding metal and ce-
ramics.14,17,18,24-26 Wang and Fung27

deposited a chromium coating layer by
physical vapor deposition sputtering
to provide an oxygen diffusion barrier
on the Ti substrate before porcelain
veneering.

In other studies,28,29 a gold-
sputtered coating layer was applied.
Researchers also reported the use of
different kinds of protective ceramic
coatings to enhance the Ti-porcelain
bond strength.30-32 Zirconia (ZrO2) ce-
ramics and their compounds play an
exceptional role among the ceramic
materials used for this purpose.33

ZrO2 exhibits 3 temperature-dependent
polymorphs: monoclinic, tetragonal,
and cubic. To avoid the phase trans-
formation from monoclinic to tetrag-
onal during high-temperature exposure,
the high-temperature tetragonal and
cubic phases of ZrO2 can be stabilized at
room temperature by the aliovalent
substitution of lower valent oxides, such
as calcium oxide (CaO), magnesium
oxide (MgO), or yttrium oxide (Y2O3).

34

Cubic ZrO2 stabilized with 8 wt% Y2O3 is
themostwidely proposed compound for
ceramic coatings intended to enhance
the Ti-porcelain bond strength in
dentistry.33,35,36 As in aerospace gas
turbine engines, it provides the best
performance in high-temperature appli-
cations experienced in the field of ther-
mal barrier coatings,34 which are
ceramic coatings used to protect and
insulate metallic components exposed
to high temperatures. ZrO2 stabilized by
CaO andMgO also has been studied for
thermal barrier coatings34 and might be
a viable compound for producing pro-
tective coating layers and promoting
adhesion in Ti-ceramic dental restora-
tions. In spite of the technologic im-
provements that have been made in
ceramic veneering on the Ti substrate
and in the methods and materials
proposed for altering the Ti surface,
further investigation is required to
improve Ti-porcelain bonding mecha-
nisms and to further implement the
use of Ti-ceramic restorations in clinical
practice.37,38

The purpose of this study was to
evaluate the effect on the Ti-porcelain
bonding of 2 different calcium oxide-
stabilized zirconia (ZrO2-CaO) coatings
deposited on the Ti substrate before
porcelain application by using an
oxyacetylene cold thermal spraying
(ocTS) process. The 2 ZrO2-CaO coat-
ings were evaluated and compared with
a traditional bonder-based technique
(control group) that uses a ceramic
bonding agent at the Ti-porcelain
interface. The bond strengths for the 2
experimental ZrO2-based coatings and
for the control group were determined
with a 3-point bend test. Scanning
electron microscopy (SEM) and energy
dispersion spectroscopy (EDS) were
used to provide the interfacial charac-
terization of the experimental groups
and to study the elemental distribution
in the debonded areas. The null hy-
pothesis of the study was that the
experimental ZrO2-CaO coatings would
not improve the Ti-porcelain bonding.



Table I. Groups subjected to debonding tests

Type Description

Control Bonder (traditional adhesive technique)

1 ZrO2-CaO (deposition by ocTS)

2 ZrO2-CaO þ bond coat (Ni-Al-Mo) (deposition by ocTS)

ZrO2-CaO, calcium oxide-stabilized zirconia; ocTS, oxyacetylene cold thermal spraying; Ni, nickel; Al,
aluminum; Mo, molybdenum.

Table III. Oxyacetylene cold thermal
spraying parameters*

Parameter Value

Acetylene pressure, MPa 0.07

Oxygen pressure, MPa 0.4

Air pressure, MPa 0.1

Spraying speed, m/min 25

Burner distance from
sprayed surface, mm

150

No. applied layers 6

*Firing procedures are from manufacturer’s
processing instructions (Castolin Eutectic
Group).

Table II. Firing procedures used for bonder-based technique (control)

Parameter Bonder Opaque Dentin Glaze

Base temperature, �C 500 500 500 500

Drying time, min 6 4 6 2

Heat rate, �C/min 65 65 55 55

Vacuum start, �C 500 500 500 d

Vacuum end, �C 795 795 755 d

Final temperature, �C 795 795 755 755

Holding time, min 1 min
(under vacuum)

1 min
(under vacuum)

1 min
(under vacuum)

1 min

From manufacturer’s processing instructions (Dentaurum Inc).
MATERIAL AND METHODS

Debonding tests

Debonding tests were performed ac-
cording to the International Organiza-
tion of Standardization (ISO) 9693-
1:2012 standard,39 which specifies pro-
cedures for characterizing the debond-
ing strength (Tdeb) of metal-ceramic 
dental restorations. By following the re-
quirements of the ISO 9693-1:2012
standard,39 the specimens were rectan-
gular bars (length¼25 �1 mm,
width¼3.0 �0.1 mm, height¼0.50
�0.05 mm) of commercially pure Ti
(TiWL.3.7034, grade 2; Titanium Inter-
nationalGroup Srl) used as the substrate
metal for the overlying porcelain layer
(opaque and dentin, TRICERAM; Den-
taurum Inc). Ti bars were airborne-
particle abraded with alumina particles
(size, 100-150 mm) and ultrasonically
cleaned in acetone for 10 minutes. They
then were divided into 3 groups of 12
specimens each (Table I). The control
group was prepared by following the
traditional adhesive technique that uses a
bonding agent at the Ti-ceramic inter-
face. A paste bonder (TRICERAM
Bonder; Dentaurum Inc) was applied
thinly onto the Ti substrate with a glass
spatula and avoiding the formation of
puddles or drops. The opaque was
applied in a thin even layer on the
bonder-covered framework, taking care
to cover the entire surface; subse-
quently, dentin and glaze firings were
carried out (Table II).

The 2 experimental groups (types 1
and 2) received coatings of ZrO2-CaO
(70 wt% ZrO2 stabilized with 30 wt%
CaO) powders (MetaCeram 28085;
Castolin Eutectic Group) applied with
an ocTS system (CastoDyn DS 8000
torch; Castolin Eutectic Group) before
applying the standard porcelain layer
(opaque and dentin) and firing pro-
cedures. Type 1 coating was obtained
by directly spraying ZrO2-CaO powders
with the ocTS system, whereas type 2
coating was produced by spraying a
bond coat of nickel (Ni), 6 aluminum
(Al), 5 molybdenum (Mo) (wt%) alloy
(RotoTec 51000; Castolin Eutectic
Group) before spraying with ZrO2-CaO
powders.

The parameters applied for the
ocTS process are reported in Table III.
The mean �SD thickness obtained for
the experimental coatings was 103 �5
mm, which was verified with a micro-
meter (0-25 mm; Borletti Measuring
and Control Instruments). Photographs
of types 1 and 2 coatings are found in
Figures 1 and 2. For all the tested
specimens, uniform layers of opaque
and dentin were applied to the central
portion of each metal bar to build up a
porcelain layer of 8.0�3.0�1.1 mm
according to the ISO 9693-1:2012
standard39 (Fig. 3). All debonding tests
were conducted with a mechanical
testing machine (MTS 858 Mini Bionix;
MTS Systems) composed of an axial-
torsional actuator (�15 kN-150 Nm),
a displacement transducer linear
variable displacement transducer
(�100 mm), an angular transducer
angular displacement transducer
(�140 degrees), and an axial-torsional
load cell (MTS 662.20D-04, S/N
1011239). The specimens were tested
in a 3-point bend test bench with a
support span of 20 mm (Fig. 4). A
center load was applied at a crosshead
speed of 1.5 mm/min. For each spec-
imen, the load versus the crosshead
displacement curve was registered,
and the descending tract (that is, from
zero load to load at failure [Ffail])
of the curve was fitted by using a
fourth-degree polynomial equation
(R2>0.99). The mean curve for each
group was calculated from the average
of the polynomial interpolation of the



2 Specimen with type 2 coating: ZrO2-CaO deposited by
oxyacetylene cold thermal spraying in combination with
substrate of nickel-aluminum-molybdenum alloy used as
bond coat.

1 Specimen with type 1 coating: ZrO2-CaO deposited by
oxyacetylene cold thermal spraying.

3 Example of definitive specimen of titanium bar with
applied coating (type 1) and overlying porcelain layer.

4 Mechanical testing machine with specimen subjected to
debonding test.
experimental curves.40,41 Metal-ceramic
(Tdeb [MPa]) for materials loaded in
a 3-point flexure test configuration
was determined with the following
equation:

Tdeb ¼ k � Ffail;

where the coefficient k (mm�2) is
a function of the elastic modulus
and thickness of the metal used.39

The acceptable lower limit for Tdeb in
a 3-point bend test according to ISO
9693-1:2012 standard39 is 25 MPa. For
each group, 10 specimens were tested,
and Tdeb data were reported as mean
(�standard deviation [SD]) values. The
differences in the debond strengths
were investigated statistically with 1-
way ANOVA (a¼.05). After the
ANOVA results, all possible pairwise
comparisons were statistically analyzed
with the Student-Newman-Keuls (SNK)
test (a¼.05).

SEM analysis

The cross-sectional microstructure
of the Ti-porcelain interface and the
interfacial fractographs of representa-
tive debonded specimens in the 3
groups were examined with SEM (EVO
50 EP; Carl ZEISS AG) equipped with an
EDS system (INCA Energy 200, LZ4
spectrometer; Carl ZEISS AG). For each
group, 2 specimens that were not sub-
jected to debonding tests were used
for SEM interfacial characterization of
the Ti-porcelain interface. These speci-
mens were embedded in an autopoly-
merizing acrylic resin and then sectioned
in the midsection along their width so
that the cross-sectional area could be
examined. For each group, SEM micro-
graphs were made of representative
areas of the failed surfaces after the
3-point bend test, and EDS mapping
was used to study the elemental distri-
bution in the debonded areas (by
analyzing the debonded surfaces from
both the Ti and the porcelain sides).

RESULTS

The load versus crosshead dis-
placement curves obtained from the
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7 Load versus crosshead displacement curves obtained for
type 2 group.
tests are reported in Figures 5 to 7 for 
all the groups. All the curves have a 
similar trend characterized by an in-
creasing compressive load as the ap-
plied displacement increased until a 
sudden drop of the load was recorded 
(Ffail), which represents crack initiation 
in the porcelain versus the Ti interface. 
The mean curves for all groups are 
plotted in Figure 8. A lower slope is 
shown by the control group with respect 
to the 2 groups treated with ZrO2-based 
coatings, whereas the highest Ffail is 
registered in the type 2 coating. The 
mean Tdeb collected for all the tested 
groups are reported in Table IV. Signif-
icant differences were found among 
groups as determined by the 1-way 
ANOVA (F[3,36]¼8.6, P<.05). The 
mean (�SD) debond strengths for both 
the control (23.51 �2.94 MPa) and 
type 1 coating (25.97 �2.53 MPa) 
were near the acceptable lower limit of 
25 MPa.39 The results from the SNK 
pairwise comparison test after the sig-
nificant ANOVA revealed no significant 
differences between the control group 
and the ZrO2-CaO powders deposited 
by ocTS without any preliminary appli-
cation of a bond coat (type 1 coating). 
The addition of a substrate of Ni-Al-Mo 
alloy as a bond coat before applying the 
ZrO2-CaO powders (type 2 coating) 
produced an improved Ti-ceramic mean 
(�SD) bonding strength (Tdeb¼39.47 
�4.12 MPa), significantly higher than 
both the control (SNK test, P<.05) and 
type 1 coating (SNK test, P<.05). SEM 
micrographs of the cross-sectional areas 
of the specimens not subjected to the 
bending tests found the presence of an 
intermediate coating layer of approxi-
mately 100 mm in thickness for the type 
1 and type 2 groups (Fig. 9B, C). EDS 
mapping confirmed the composition of 
these coating layers. For type 2, a sub-
strate of bonding material mainly 
composed of Ni and Al (Fig. 9C) was 
evident, whereas, for type 1, the zirco-
nium (Zr) and calcium (Ca) elements 
were mainly observed (Fig. 9B). Only a 
Ti phase (substrate) and a ceramic 
phase (paste bonder and overlaying 
porcelain layer) were detected for the 
control group (Fig. 9A). A comparison
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head displacement for each experi-
mental group.
of cross-sectional SEM images of type 1
and type 2 coating layers revealed that
type 2 provides a more irregular profile
at the interface with the porcelain
overlay (Fig. 9C).

SEMmicrographs of the debonded Ti
surfaces with the associated EDS spec-
trum and mapping are seen in Figure 10.
On the noncoated substrate (control
group), minimal residual porcelain
was retained, and only a substantial
amount of Ti was detected by elemental
area analysis, which indicated a sub-
stantial adhesive Ti-porcelain bond fail-
ure mode (Fig. 10A). The amount of
Al content revealed by EDS analysis
was probably due to airborne-particle
abrasion of the Ti surfaces with alu-
mina particles. The minimal presence of
silicon in the debonded Ti surface de-
notes the lack of bonding agents in the
fractured surface. By analyzing the
delaminated surface from the porcelain
side, a number of elements (silicon, Al,
potassium) consistent with the paste
bonder composition were identified,
together with small Ti remnants. Con-
versely, a predominant cohesive failure
mode was observed for the type 2 group
Table IV. Results of debonding tests an
test

Type No. Tdeb (MPa),

Control 10 23.51 �
1 10 25.97 �
2 10 39.47 �
SNK, Student-Newman-Keuls; Tdeb, debonding str
aGroupings with different letters were significantly
(Fig. 10C). The debonded surfaces
from both the Ti and porcelain sides
were mainly covered by elements that
belong to the coating material (Ni, Al,
Zr, Ca), which thus indicates that the
fracture line occurred primarily within
the coating layer instead of at the
metal-coating or coating-porcelain in-
terfaces. For type 1 coating, the EDS
analysis revealed the presence of dark
areas that correspond to exposed Ti on
the debonded Ti surfaces (Fig. 10B).
This may signify a mixed adhesive and
cohesive failure mode. Also in this case,
the delaminated surface from the por-
celain side was substantially covered by
elements that compose the coating
material (Zr, Ca).

DISCUSSION

The null hypothesis was rejected
based on the study results. Analysis of
the results indicate that the bonding
strength of porcelain veneered on
the Ti substrate is clearly reinforced
(Tdeb¼39.47 MPa) by the introduction
of a 100-mm coating layer of ZrO2-CaO
powders deposited by ocTS when a
bond coat of Ni-Al-Mo alloy is incor-
porated in the deposition (type 2
coating). The calculated mean curves of
load versus crosshead displacement
found that type 2 can withstand the
maximum load and thus provide a
higher Tdeb value. SEM micrographs of
the debonded surfaces provided further
evidence of these results. More specif-
ically, SEM-EDS analysis revealed a
substantial cohesive type of failure,
which may explain the higher Tdeb ob-
tained for type 2. Similarly, SEM analysis
reportedanadhesivemodeof fracture for
d descriptive statistics according to SNK

mean (±SD) SNK Groupinga

2.94 A

2.53 A

4.12 B

ength; SD, standard deviation.
different at the .05 level.
control specimens,which thusconfirmed
the weaker bond strength obtained from
the bending tests. SEM micrographs of
the cross section of Ti-porcelain in-
terfaces revealedthepresenceofNiandAl
(primary composition of the bonding
alloy used as bond coat) for type 2. This
intermediate Ni aluminide layer that ad-
heres to the Ti substrate probably pro-
moted the reduction of the thermal
expansion mismatch between the Ti and
the ZrO2 coating material, which thus
improved the overall adhesion. More-
over, the more irregular and indented
profileofthe interfacialareasbetweenthe
ZrO2-CaO layer and the porcelain may
have further promoted interlocking be-
tween the surfaces.

Other previous studies proposed
the introduction of intermediate cera-
mic coating layers between the Ti
substrate and the porcelain to improve
Ti-ceramic adhesion.14,16,33,42 Howev-
er, the resulting debond strengths were
lower than values obtained in our
study. In the study by Derand and
Hero,14 a mean bond strength value of
28 MPa was found when Duceratin
ceramic was applied to commercially
pure Ti and a protective ZrO2 layer of
0.5-mm thickness was used on Ti
patterns. Mean bond strength values
of 27.79 MPa and 32.2 MPa have
been given for Noritake Ti22 porcelain
when a magnesia investment was
used.16,42 Papadopoulos and Spyr-
opoulos33 evaluated the effect of sub-
merging Ti patterns in a ceramic slurry
of 50 wt% ZrO2-Y2O3 and 50 wt%
MgO to act as a protective ceramic
coating, then investing them with a
phosphate-bonded material. The bond
strength values obtained for the group
that received the ceramic slurry were in
the range of 26 to 28 MPa. Lo et al36

reported that the application of an
intermediate plasma-sprayed ZrO2

layer provides a higher surface rough-
ness, which enhances the mechanical
bond at the ZrO2-porcelain interface
and acts as a sufficient oxygen diffu-
sion barrier at 800�C to prevent the
oxidation of Ti at the Ti-ZrO2 inter-
face. Similarly, Chou and Chang35 re-
ported that the bonding strength



9 Scanning electron microscopy cross-sectional microstructure of titanium-porcelain interface. A, Control group. B, Type
1 group. C, Type 2 group.
between a Ti substrate and a hy-
droxyapatite top coating used on 
metallic implants in orthopedics and 
dentistry could be increased by intro-
ducing a plasma-sprayed ZrO2 bond 
coat. Coatings obtained by plasma-
spraying (PS) are generally much 
denser, stronger, and cleaner than 
those obtained by other thermal 
spraying processes. However, the PS 
process itself is complex because of the 
many interacting process parameters.43 

Also, the cost of the PS process could 
make it less feasible than a less 
expensive process that produces 
almost the same results.
In this study, the 2 experimental
ZrO2-based coatings differ from the
material composition (ZrO2-CaO for
type 1 and ZrO2-CaOþNi-Al-Mo for
type 2), whereas the process of depos-
iting the coatings is the same (namely,
ocTS). The ocTS used in this study
belongs to the group of flame spraying,
which constitutes a well-established
technique for producing thermally
sprayed coatings.44 Coatings obtained
with flame spraying are available for
almost instant use, with no drying or
setting time required. The cold variant,
especially, involves preheating the sub-
strate up to approximately 100�C and
the deposition of coating, whereas the
temperature of the substrate does not
exceed 250�C. Thus, the coatings are
applied to the desired thickness at
temperatures that do not overly stress
or change the metal substrate proper-
ties or create distortion.

Cold thermal spraying could
be particularly practical in dental labo-
ratories because the spraying equipment
is inexpensive and easy to handle
compared with PS and electron-beam
physical vapor deposition. However,
analysis of the results of this study
indicates that using only ZrO2-CaO
deposited by ocTS (type 1 coating) leads
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10 Results of scanning electron microscopy and energy dispersion spectroscopy analysis in representative areas of
debonded titanium surfaces. A, Control group. B, Type 1 group. C, Type 2 group.
to an unsatisfactory Ti-ceramic bond
and produces no significant improve-
ment compared with the control group.
A possible explanation for the poor ad-
hesive property of type 1 coating is that,
with CaO-stabilized ZrO2 powders, the
coatings include a great number of oxy-
gen ion vacancies, which leads to oxygen
transport at high temperatures and to
the formation of a thermally grownoxide
layer, which might lead to spallation if
an oxidation-resistant bond coat is not
provided.34 Conversely, the ZrO2-CaO
deposited by ocTS in combination with
a bond coat of Ni-Al-Mo alloy (type 2
coating) provides markedly enhanced
bond strength. Castolin recommended
the Ni-Al-Mo alloy (Rototec 51000) as a
bond coat to be used in combination
with ZrO2-CaO powder (Metaceram
28085) to produce ceramic coating
layers deposited by cold thermal
spraying.

Intermetallic, Ni aluminide alloys
are widely used as bond coat materials
in thermal barrier coatings45 and
have been shown to be highly
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resistant to oxidation and corrosion, 
while maintaining structural integrity 
during thermal cycling. The presence of 
Al is favorable because the oxidation of 
Al creates a slow growing and adherent
alumina thermally grown oxide film at
the interface, which slows down the
oxidation process.46 However, the use of
a Ni-Al-Mo alloy may be undesirable
because of the reported Ni sensitivity
in the population.47,48 Therefore, Ni-free
bonding alloys in combination with
ZrO2-CaO powders should be investi-
gated for use as a bond coat.

Although the 3-point bending test is
widely accepted and used to evaluate the
metal-ceramic bond strength,7,8,10,14,16

the mode of failure evaluated in the
debonding tests may not directly corre-
spond to the clinical situation. The pro-
posed ZrO2-based coatings should be
further verified on the irregular surfaces of
dental restorations. Hence, future tests
with type 2 coating applied on Ti dental
crowns and partial fixed dental prostheses
before applying the ceramic overlay will be
planned to confirm our encouraging pre-
liminary results. Also, the fatigue resis-
tance of these Ti-ceramic systems should
be evaluated by exposing them to cyclic
loading tests that mimic the physiologic
occluding loads and chewing forces that,
in the long term, may contribute to Ti-
ceramic bonding deterioration.

CONCLUSION

Within the limits of this study, the
following conclusions were drawn. The
application on the Ti substrate of a 100-
mm-thick coating of ZrO2-CaO depos-
ited by ocTS in combination with a
bond coat of Ni-Al-Mo alloy (type 2
group) produced the most significant
improvement in the Ti-ceramic bond
strength. The SEM micrographs of the
debonded surfaces found a predomi-
nant cohesive mode of failure for type
2 specimens, which thus confirmed
the highest Tdeb obtained from the
debonding tests. The standard bonder-
based technique (control group) pro-
vided the lowest Ti-ceramic bond
strength, very close to the acceptable
lower limit of 25 MPa. These findings
were confirmed by SEM analysis, which
found a substantial adhesive mode
of failure at the Ti-porcelain interface.
By using only ZrO2-CaO deposited
by ocTS (type 1 group) produced no
significant improvement on the Ti-
ceramic bond compared with the stan-
dard bonder-based technique, although
SEM analysis revealed some mixed
adhesive and cohesive modes of failure.
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