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Objective. A major limiting factor for the widespread use of zirconia in prosthetic dentistry

is  its poor resin-cement bonding capabilities. We  show that this deficiency can be overcome

by  infiltrating the zirconia cementation surface with glass. Current methods for assessing

the  fracture resistance of resin-ceramic bonds are marred by uneven stress distribution at

the  interface, which may result in erroneous interfacial fracture resistance values. We  have

applied a wedge-loaded double-cantilever-beam testing approach to accurately measure the

interfacial fracture resistance of adhesively bonded zirconia-based restorative materials.

Methods. The interfacial fracture energy GC was determined for adhesively bonded zirco-

nia,  graded zirconia and feldspathic ceramic bars. The bonding surfaces were subjected to

sandblasting or acid etching treatments. Baseline GC was measured for bonded specimens

subjected to 7 days hydration at 37 ◦C. Long-term GC was determined for specimens exposed

to  20,000 thermal cycles between 5 and 55 ◦C followed by 2-month aging at 37 ◦C in water.

The  test data were interpreted with the aid of a 2D finite element fracture analysis.

Results. The baseline and long-term GC for graded zirconia was 2–3 and 8 times greater than

that for zirconia, respectively. More significantly, both the baseline and long-term GC of

graded zirconia were similar to those for feldspathic ceramic.

Significance. The interfacial fracture energy of feldspathic ceramic and graded zirconia was

controlled by the fracture energy of the resin cement while that of zirconia by the interface.

GC for the graded zirconia was as large as for feldspathic ceramic, making it an attractive

material for use in dentistry.

© 2015 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

∗ Corresponding author. Tel.: +1 212 998 9637; fax: +1 212 995 4244.
E-mail address: yz21@nyu.edu (Y. Zhang).

http://dx.doi.org/10.1016/j.dental.2015.08.161
0109-5641/© 2015 Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

dx.doi.org/10.1016/j.dental.2015.08.161
http://www.sciencedirect.com/science/journal/01095641
www.intl.elsevierhealth.com/journals/dema
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dental.2015.08.161&domain=pdf
mailto:yz21@nyu.edu
dx.doi.org/10.1016/j.dental.2015.08.161


d e n t a l m a t e r i a l s 3 1 ( 2 0 1 5 ) 1304–1311 1305

1.  Introduction

In recent years, zirconia has emerged as a promising restor-
ative material for dental crowns and fixed dental prostheses
due to its superior mechanical properties and excellent
biocompatibility. However, owing to its chemical inertness zir-
conia suffers from poor bonding to adhesive resin cements,
which greatly limits its applications in adhesively bonded
dental restorative prostheses such as Maryland bridges, can-
tilever bridges, partial crowns, inlays and onlays. Several
surface treatment approaches for improving zirconia-resin
bonding were offered which may be categorized as mechani-
cal, chemical or a combination of both. Successful examples
for mechanical treatments are sandblasting with alumina
particles [1–3] and porous nano-structured alumina coating
[4–6], whereas those for chemical treatments include thin
silica-based coatings [7,8] and surface functionalization using
various chemical treatments [9,10]. Chemo-mechanical treat-
ments have also been widely used for this purpose, including
co-jet sandblasting [11] and more  recently surface glass-
infiltration [12,13]. It has been reported that modification of
zirconia surface by glass-infiltration improves the esthetics of
dental crowns [14], as well as flexural strength [6,15–17] and
resistance to veneer/core delamination [18] yet without com-
promising key mechanical properties such as resistance to
occlusal cracking [14,19] and edge chipping [20,21]. An impor-
tant benefit of this approach in the present context is that
it provides a glass rich surface that allows the application of
standard etching-silane cementation techniques. The resin-
cement bonding quality of the surface of the glass-infiltrated
graded zirconia, the latter to be referred here as “graded zir-
conia”, has not been examined, however.

A number of testing approaches for evaluating bond
strength in applications to restorative prosthetic materials
have been suggested, the most commonly used in adhesive
dentistry being the shear bond strength (SBS) and microtensile
bond strength (MTBS) (e.g., [22–24]). Such methods have been
used to evaluate the effect of surface treatment or thermocy-
cling of ceramic restorative materials [25,26]; thermocycling
has been used extensively to simulate aging of resin cement
in an intra-oral environment [9,27]. While relatively simple,
such testing concepts are generally marred by large variations
in the bond failure stress, the effect that may be attributed
to the joint’s sensitivity to geometric misalignments and the
tendency for tensile stresses to concentrate at the bond termi-
nus [28,29]. An alternative means for assessing bond strength
is the use of fracture mechanics. In this approach, the bond
includes an initial crack starter which facilitates a smooth
crack initiation and growth thus eliminating the sensitivity
to flaws and stress gradients and reducing the effect of geo-
metric misalignments. The quantity of interest in this case is
the fracture energy (per unit area) needed to extend the start-
ing crack, GC, rather than the failure stress. A popular means
for evaluating GC in applications to adhesively bonded joints
is the double-cantilever-beam (DCB) specimen. In this case,
the bond is subjected to tensile stress at the crack tip, which
is generally associated with the most critical form of fracture
[30]. In addition to the relative ease in specimen fabrication
and testing, the calculated fracture energy is little sensitive to
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Fig. 1 – The wedge double-cantilever-beam (WDCB)
adhesive bond specimen used. Pairs of bars (zirconia,
graded zirconia, or feldspathic ceramic) are bonded by a
resin composite. A crack starter is created using aluminum
foil separator. The compression load P is applied by a 60◦

hardened steel wedge which is positioned on a 90◦ beveled
clearance at the specimen edge. This load has a transverse
component which opens up the crack faces.

the cement layer thickness [30,31], which may vary greatly in
a clinical setting.

In this work, we examined the efficacy of surface glass-
infiltration on the resin-cement bond properties of zirconia.
The interfacial fracture energy was determined using the DCB
specimen. Both short-term (7 days hydration at 37 ◦C) and
long-term (20,000 thermal cycles between 5 and 55 ◦C followed
by a 2-month aging at 37 ◦C) in vitro simulations were consid-
ered. A widely used commercial dental feldspathic ceramic
was chosen as a reference bonding material.

2.  Materials  and  methods

Fig. 1 shows the wedge double-cantilever-beam specimen
(WDCB) used. Details of the fabrication and testing procedures
follow.

2.1.  Materials

Three ceramic restorative materials were tested: zirco-
nia, graded zirconia and feldspathic ceramic. The zirco-
nia (5.18 wt.% Y2O3, TZ-3Y-E grade, Tosoh, Tokyo, Japan)
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