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The clinical success of indirect ceramic-bonded
restorations and direct repaired ceramic prosthe-

ses relies on effective bonding to the ceramic sur-
face.1–3 The ceramic microstructure and composition
have a significant effect on the fracture resistance of
dentin-bonded ceramic crowns.4 It has been shown
that different surface topography is produced ac-
cording to the type of etchant and the ceramic mi-
crostructure.5–7 The ceramic surface irregularities
produced by three etchants—hydrofluoric acid (HF),
ammonium bifluoride (ABF), and acidulated phos-

phate fluoride (APF)—exhibit a unique pattern for
each etching product. The most significant surface
changes are produced by HF etching that preferen-
tially attacks ceramic surface defects and the leucite
phase.7 Increasing the surface area by etching also
promotes changes in the wetting behavior of porce-
lains,8 which may also change the ceramic surface
energy and its adhesive potential to resin.9

Materials and procedures used to cement ceramic
restorations with luting resins are based on the results
of bond strength tests that exhibit wide variability in
fracture patterns. The commonly used shear bond test
often produces fracture at a distance from the resin-
ceramic adhesion zone that prevents measurement of
interfacial bond strength, limits further improvements
in bonding systems, and may lead to erroneous con-
clusions on bond quality.3,10 In the search for a
method that produces uniform stress distribution
across the interface, investigators have evaluated sim-
ilar adhesive systems under different bond test con-
figurations.10–12 These studies suggest that a tensile

Purpose: The objective of this study was to test the following hypotheses: (1) hydrofluoric
acid (HF)–treated ceramic surfaces produce the highest tensile bond strength to resin
cements, independent of the ceramic microstructure and composition; and (2) the tensile
bond strength test is appropriate for analysis of interfacial adhesion for ceramic-bonded-to-
resin systems. Materials and Methods: Ceramic specimens were polished with 1-µm
alumina abrasive and divided into four groups of 10 specimens for each of seven ceramic
types. One of the following surface treatments was applied: (1) 10% ammonium bifluoride
(ABF) for 1 minute; (2) 9.6% HF for 2 minutes; (3) 4% acidulated phosphate fluoride (APF)
for 2 minutes; and (4) a silane coupling agent. The surface-treated areas were coated with
an adhesive resin and bonded to a resin cement. Specimens were loaded to failure in
tension using a testing machine. Tensile bond strength data were statistically analyzed, and
fracture surfaces were examined to determine the mode of failure. Results: Silane-treated
surfaces showed statistically higher mean tensile bond strength values than surfaces treated
with any etchant (HF, ABF, APF). HF produced statistically higher mean tensile bond
strengths than ABF and APF. All failures occurred in the adhesion zone. Conclusion: The
tensile bond strength test is adequate for analysis of the adhesive zone of resin-ceramic
systems. The chemical adhesion produced by silane promoted higher mean bond strength
values than the micromechanical retention produced by any etchant for the resin-ceramic
systems used in this study. Int J Prosthodont 2002;15:248–253.
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bond strength test may be more appropriate to eval-
uate the bond strength of adhesive interfaces because
of more uniform interfacial stresses.

The objective of this study was to test the follow-
ing hypotheses: (1) HF-treated ceramic surfaces pro-
duce the highest tensile bond strength to resin ce-
ments, independent of the ceramic microstructure
and composition; and (2) the tensile bond strength test
is adequate to evaluate the interfacial quality of ce-
ramic-bonded-to-resin systems.

Materials and Methods

The materials used in this study are presented in Table
1. Forty specimen disks (diameter = 10 mm, height =
3 mm) of each ceramic were fabricated as previously
described7 and embedded in epoxy resin (Epofix Resin
and Hardener, Struers, batch No. 0312-0333). All
specimens (Fig 1) were polished using 240- through
1,200-grit SiC metallographic paper and finished with
1-µm polishing alumina (Mark V Laboratory). They
were ultrasonically cleaned in distilled water for 10
minutes and dried. The ceramic surface was covered
with a Teflon adhesive tape (Scotch, 3M, series #2-
0300) containing a perforation of 3.7 mm in diame-
ter in the center that limited the bonding area.

Four groups of 10 specimens each were selected at
random from each of the seven ceramic types, and one
of the surface treatments (HF, APF, ABF, silane) was
applied to ceramic specimens in one of the groups.7

The treated specimens were placed into the lower part
of the outer metallic cylinder to rest against the lower
jaw stops. A silicone rubber cylinder was placed
under the embedded ceramic specimen and fixed in
place with a securing pin to prevent any downward
movement of the specimen during the bonding pro-
cedure. The unfilled resin 3.5 catalyst was applied

with a brush to the bonding area on all treated ceramic
specimens. A dual-cure resin cement was placed into
the upper jaw in the metallic inner plunger. The
plunger was placed into the upper part of the outer

Table 1 Materials Used in the Study

Brand name Description Manufacturer
(abbreviation) (application time) (lot No.)

Vitadur-� (VA) Glass veneer; shade B4 Vita (3755)
Vitadur-N core (NC) Alumina-reinforced ceramic; shade C4 Vita (591)
Vita Omega opaque (OO) Opaque ceramic; shade B4 Vita (4054)
Vita Omega dentin (OD) Leucite-based ceramic; shade B4 Vita (4144)
Fortress (MF) Leucite-based ceramic; shade A2 Mirage (0211930509)
Mirage II Fiber (MII) Zirconia-reinforced ceramic; shade A2 Mirage (692230)
Duceram LFC (LC) Single-phase low-fusing ceramic; shade DA3.5 Ducera (026/8)
Porcelain Etching Gel (HF) 9.6% buffered HF (2 min) Mirage
Porcelain Etchant (APF) 4% APF (2 min) Mirage
Dicor Etching Gel (ABF) 10% ABF (1 min) Dentsply
Ceramic primer (silane) Coupling agent (�-MPS) coat 3M (20010213)

applied on ceramic surface
Scotchbond Multi-Purpose Applied with a brush on 3M (20010213)

Plus (3.5 catalyst) treated ceramic surface
RelyX (ARC) Dual-cure luting resin cement 3M (20010316)

g

e e

d

*
d

f
f

c

a

b a

Fig 1 Tensile bond strength arrangement. Cross-section of
outer metallic cylinder (a) fixed by the lower hole in the univer-
sal testing machine that prevents any bending movement of the
metallic inner plunger (b), which is also connected to the testing
machine by the upper hole where the upward force is applied.
The upper jaw (c) is screwed into the plunger and accommodates
the resin cement. The lower jaw (d) stops the embedded ceramic
disk specimen (e) from moving up during tensile loading. A sili-
cone rubber cylinder (f) is placed under the embedded ceramic
specimen and fixed in place with a securing pin (g) to prevent
any downward movement of the specimen during the bonding
procedure. * = bonding area on the ceramic disk.
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metallic cylinder until the upper jaw containing the
resin cement seated against the bonding area. The ex-
cess resin cement surrounding the upper jaw on the
Teflon tape was removed with a brush. The load ap-
plied to the bonding area corresponded to the weight
of the inner plunger (0.73 N). All bonded samples
were stored for 24 hours at 37°C before determining
tensile bond strength using an Instron universal test-
ing instrument (model 1193, serial No. H2157) at a
cross-head speed of 0.5 mm/min.

Tensile bond strength data were analyzed statisti-
cally using one-way analysis of variance (ANOVA)
and Duncan’s multiple-range test. Two-way ANOVA
was also performed for each ceramic surface treat-
ment (HF, APF, ABF, and silane) to investigate their
influence on the bond strength to all ceramics.

Fracture surfaces were examined using light mi-
croscopy and scanning electron microscopy (SEM) to
determine the mode of failure based on fracture ori-
gin, which was confirmed using X-ray dot mapping.3

In preparation for the SEM (JSM 6400, Jeol) exami-
nation, the specimen fracture surfaces were sputter
coated with gold-palladium for 3 minutes in a

Hummer II Sputter Coater (21020, Technics) at a cur-
rent of 10 mA and a vacuum of 130 mTorr.

Results

The mean tensile bond strength values ranged from 2.6
MPa for APF-treated LC ceramic to 11.4 MPa for
silane-treated MF ceramic (Table 2). LC ceramic
treated with any of the three etchants and bonded to
resin produced the lowest mean bond strength values.

Treating the ceramic surface with the silane cou-
pling agent produced statistically significantly higher
mean tensile bond strength values than any etchant
applied to any of the seven ceramic materials tested
(Tables 2 and 3). Ceramics treated with either ABF or
APF showed no statistically significant differences
between mean bond strength values. Two-way
ANOVA revealed that HF etching produced statisti-
cally significantly higher mean tensile bond strength
values than the other two etchants (ABF and APF) for
all ceramics (Table 3). These results correlate posi-
tively with the ceramic surface topography analysis
presented in another study.7

Table 2 Ceramic Surface Treatments, Mean and Standard Deviation (SD) of Tensile
Bond Strength (MPa), Duncan’s Grouping (� = .05) for Each Ceramic Material, and
Fracture Origin for All Experimental Groups*

Surface Duncan’s Fracture origin
Ceramic treatment Mean SD grouping† (No. of specimens)

VA HF 5.7 1.7 B a (7); cc (3)
ABF 3.6 0.8 C a (10)
APF 3.7 1.0 C a (10)
Silane 7.7 2.2 A cc (10)

NC HF 3.9 1.0 B a (10)
ABF 4.2 1.3 B a (10)
APF 3.9 1.1 B a (10)
Silane 9.8 2.7 A cr (10)

OO HF 4.6 1.2 B a (10)
ABF 3.2 0.5 B a (10)
APF 3.1 0.5 B a (10)
Silane 9.8 2.8 A cc (5); cr (5)

OD HF 5.6 1.2 AB a (10)
ABF 4.6 1.0 BC a (10)
APF 3.8 1.4 C a (10)
Silane 6.8 1.7 A cc (3); cr (7)

MF HF 7.7 1.8 B a (3); cr (7)
ABF 3.9 0.8 C a (10)
APF 3.9 0.7 C a (10)
Silane 11.4 3.5 A cc (3); cr (7)

MII HF 4.1 1.2 B a (10)
ABF 3.8 0.9 B a (10)
APF 3.0 0.5 B a (10)
Silane 11.1 3.2 A cc (5); cr (5)

LC HF 3.7 1.1 B a (10)
ABF 3.4 0.7 BC a (10)
APF 2.6 0.4 C a (10)
Silane 8.0 1.5 A cc (10)

*n = 10 specimens per group.
†Duncan’s statistical subsets for each ceramic; values with the same letters did not differ significantly (P < .05).
a = failure origin at the resin cement–ceramic interface; cc = failure origin within the ceramic adjacent to the ad-
hesive interface; cr = failure origin within the resin adhesive. 
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SEM analysis, complemented by X-ray dot map-
ping, revealed that all fractures occurred within the
“adhesion zone” (Fig 2). The adhesion zone is the re-
gion in which the adhesive interacts with the two sub-
strates to promote bonding. More specifically, the ad-
hesion zone in this study consisted of the following
regions: (1) the interfacial region between the adhe-
sive and the resin cement, within which molecular
interaction and chemical bonding occurred between
the two materials; (2) the adhesive; and (3) the inter-
facial region between the adhesive and the dental ce-
ramic, including the surface region treated with the
etchant or coated with silane to promote microme-
chanical or chemical bonding.3

Examination of the fracture surfaces showed no
bulk fracture within either the resin cement or the
dental ceramics. X-ray dot maps of these surfaces
confirmed that they contained elements from the ad-
hesive interfaces of the adhesion zone (Fig 2). These
results suggest that the tensile bond strength config-
uration is adequate for analysis of the adhesive zone
of the resin-ceramic systems used in this study.

Ceramic specimens treated with the silane coupling
agent fractured in the adhesion zone either within the
adhesive resin or within the ceramic. All ceramic
specimens treated with ABF and APF etchants showed
failure starting in the adhesive-ceramic interface. This
failure was the predominant type for ceramic speci-
mens treated with HF etchant (Tables 2 and 3).

Discussion

Restorative dentistry in general has recently focused
on esthetics and adhesion applications where most of
the manufacturers and practitioners, and even some
researchers, tend to look for products that offer the
“highest” bond strength values. Clinical long-term
trials should be the ultimate test to justify a new prod-
uct. However, they are costly and time consuming,
and manufacturers are not obliged to carry out such
studies prior to launching a new product. Therefore,
laboratory bond strength test data are most frequently
used to demonstrate the quality of the bond. The data
are usually obtained using either shear or tensile bond
strength tests. Several scientists have shown the prob-
lems associated with most popular test arrangements
used in dentistry today, questioning the reliability of
such measurements to provide useful information rel-
evant to clinical adhesive behavior.10,13–19 Therefore,
the challenge of designing an adequate standardized
bonding test remains.20–22

Several studies have identified the nonuniform
stress distributions along bonded interfaces. These
variable stress patterns suggest that a standardized re-
search protocol may address only part of the problem.

Table 3 Ceramic Surface Treatments, Mean Tensile
Bond Strength Values for Seven Ceramics Using the
Same Surface Treatment (n = 70), Duncan’s Grouping 
(� = .05), and Fracture Origin for the Ceramic Treatments

Surface Mean Duncan’s Fracture origin
treatment (MPa) grouping* (No. of specimens)

HF 5.0 B a (60); cr (7); cc (3)
ABF 3.8 C a (70)
APF 3.4 C a (70)
Silane 9.2 A cc (36); cr (34)

*Duncan’s statistical subsets; values with the same letters did not differ
significantly (P < .05).
a = failure origin at the resin cement–ceramic interface; cr = failure origin
within the resin adhesive; cc = failure origin within the ceramic adjacent
to the adhesive interface.

CKa, 32 SiKa, 243

AlKa, 113 KKa, 107

Fig 2 SEM view (top) and X-ray elemental maps of fracture sur-
face of HF-treated MF ceramic bonded to resin cement. The la-
bels at the top of X-ray maps indicate the elements and their in-
tensity. The left center map (CKa, 32) shows the carbon intensity
on the adhesive layer. The other three maps show the ceramic
surface. Note that the adhesion zone fracture starts along the ce-
ramic-adhesive interface by crack formation (bottom right) and
propagates into the adhesive resin (bar = 100 µm; original mag-
nification � 300).
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The nonuniform interfacial stress distribution gener-
ated for conventional tensile and shear bond strength
tests initiates fractures from flaws at the interface or in
the substrate in areas of high stress concentration.
These studies also suggest that a tensile bond strength
test may be more appropriate to evaluate the bond
strength of adhesive interfaces because of more uni-
form interfacial stresses.3,10,13–15,23–26

The basic principle of a tensile bond strength test
is to measure the strength of the bonding area be-
tween two substrates by pulling them apart. A
load/displacement curve, which is converted to a
nominal stress/nominal strain (�n/�n) curve, is gen-
erated during normal tensile testing. This plotting
method allows comparison of data for specimens
having different (although standardized) sizes and
areas and examination of the properties of a mater-
ial, unaffected by specimen size. The advantage of
keeping the stress in nominal units is that the onset
of necking can clearly be seen on the �n/�n curve.
This principle does not quite work for tensile bond
strength tests, where the bonding area is formed by
a thin layer of composite or polymer material sup-
posedly bonded to the substrates by micromechani-
cal retention, molecular entanglement, physical or
chemical adhesion, or even a combination of these
mechanisms. In addition, defects (cracks, voids, in-
adequate surface conditions) within this layer, spec-
imen geometry, and different research/test protocols
lead to different results.10,13,27 Nevertheless, the major
difficulty of this type of test is to maintain the align-
ment during both bonding and testing to avoid stress
concentrations because of incorrect interfacial geom-
etry and bending movement.3,26

The tensile bond strength configuration used in
this study prevents these difficulties because (1) the
outer metallic cylinder has its lower end fixed to the
testing machine; and (2) it is designed to guide the
upper jaw straight down during the bonding proce-
dure and straight up during tensile loading. Therefore,
the outer cylinder keeps the inner complex contain-
ing the bonded specimen aligned, reducing the oc-
currence of stress concentrations because of test de-
sign geometry. Yet, stress concentrations can also
occur because of geometric discontinuities, stress
concentrators such as cracks, and differences in elas-
tic moduli of the specimen components.

A careful interpretation of the failure mode is re-
quired to prevent inappropriate conclusions about the
utility of any bond strength test configuration. In ad-
dition, an understanding of the fracture mechanics
concepts and the analysis of fracture events on the
basis of fractography will reduce the risk for data
misinterpretation, such as the inference that the bond
strength must exceed the cohesive strength of the

porcelain when the fracture initiates away from the
interface.3,28,29

Fractographic analysis has shown that the weak
link in the adhesion of ceramic to either tooth struc-
ture or restorative composite material is the ceramic-
resin interface.1–3 This observation was confirmed by
the results of the present study, since all fracture ori-
gins were located in the adhesion zone at the resin
cement–ceramic interface (a), within the resin adhe-
sive (cr), or within the ceramic (cc). The interfacial
failures (a) started by crack formation within the re-
maining glassy phase that was weakened by the etch-
ing process. This weakening effect of etchants on the
ceramic surface layer is probably caused by their
preferential attack of crystal boundaries.3,7 No inter-
facial fracture was observed when silane was the
only ceramic surface treatment applied. This obser-
vation, along with the results of the tensile bond
strength test, suggests that the chemical bond pro-
moted by the silane coupling agent is the major
mechanism responsible for the adhesion of resin-ce-
ramic systems. This mechanism has also been pro-
posed in other studies.3,6,30

As previously reported, different ceramic topogra-
phy is produced according to the type of etchant and
the ceramic microstructure, with HF producing the
most aggressive etching pattern on all dental ceram-
ics examined.5,7 This highly irregular HF-treated ce-
ramic surface produced significantly higher mean
bond strength values than the other two etchant-
treated ceramic surfaces. In addition, the lowest and
highest mean bond strength values for etched sam-
ples were 2.6 MPa for APF-treated LC ceramic and
7.7 MPa for HF-treated MF ceramic, respectively.
These results correlate positively with the etching
patterns produced by each etchant on different ce-
ramic microstructures.7 These results suggest that the
weakening effect caused by etching of the ceramic
surface can be minimized by a highly microme-
chanical retentive surface that favors bonding to the
adhesive resin.

This study showed that HF-etched ceramic sur-
faces bonded to a resin cement produced higher
mean bond strength values than the other two
etchant-treated ceramic surfaces (ABF and APF).
Overall, the silane-treated ceramics showed the
highest mean bond strength values, indicating the
major contribution of this ceramic surface treat-
ment on bonding to resin. As fracture always oc-
curred in the adhesion zone, the tensile bond
strength test design presented in this study appears
to be adequate to test the bond strength of resin-ce-
ramic systems.
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