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AbstrAct
Veneer chipping and fracture are common failure 
modes for porcelain-veneered zirconia dental res-
torations. We hypothesized that the graded glass/
zirconia/glass with external esthetic glass (e-GZG) 
can increase the lifetime and improve resistance to 
veneer chipping and fracture relative to porcelain-
veneered zirconia, while providing necessary 
esthetics. Previously, we have demonstrated that a 
graded glass-zirconia surface possesses excellent 
resistance to occlusal-like sliding contact fatigue. 
Here, we investigated the sliding contact fatigue 
response of this graded glass-zirconia surface with 
external esthetic glass. This external glass is essen-
tial for shade options, for preventing excessive 
wear of opposing dentition, and for protecting 
Y-TZP from hydrothermal degradation. e-GZG 
plates were bonded to composite blocks and sub-
jected to prolonged sliding contact up to 10 million 
cycles at 200 N in water. The resistance to sliding 
contact fatigue of e-GZG matches that of mono-
lithic Y-TZP, and both of these materials demon-
strated lifetimes that were orders of magnitude 
longer than that of porcelain-veneered zirconia. 
Graded e-GZG is a promising restorative material.

KEY WOrDs: graded glass-zirconia structure, 
external esthetic glass, modulus gradient, all-
ceramic restorations, sliding contact loading, 
fatigue damage.

IntrODuctIOn

All-ceramic dental restorations have been widely used in dentistry because 
of their improved esthetics and biocompatibility compared with those of 

metal-ceramic retainers (Vult von Steyern et al., 2001; Olsson et al., 2003; 
Lawn et al., 2004). In particular, zirconia-based restorations hold a special 
place because of their excellent mechanical properties (Jeong et al., 2002; 
Pilathadka et al., 2007). Because of its opacity, zirconia is usually veneered 
with a more translucent porcelain layer to obtain a shade similar to that of nat-
ural teeth (Sailer et al., 2007b). However, chips and fracture of the veneer are 
consistently reported in clinical trials on a variety of brands of zirconia-based 
fixed partial dentures (FPDs) and crowns (Pospiech et al., 2003; Vult von 
Steyern et al., 2005; Larsson et al., 2006, 2010; Raigrodski et al., 2006; Sailer 
et al., 2007a; Crisp et al., 2008; Edelhoff et al., 2008; Molin and Karlsson, 2008; 
Ohlmann et al., 2008; Tinschert et al., 2008; Ortorp et al., 2009; Schmitter 
et al., 2009; Bornemann, 2003). 

We have developed a graded glass-zirconia restorative material with supe-
rior contact and flexural damage resistance using a glass-ceramic infiltration 
technique (Zhang and Kim, 2009). The graded glass-zirconia structure at the 
cementation surface of zirconia dissipates bending stresses, thus increasing 
the flexural capacity of zirconia (Zhang and Ma, 2009). The graded structure 
at the occlusal surface exhibits fatigue sliding damage resistance comparable 
with that of monolithic zirconia and orders of magnitude better than that of 
porcelain-veneered zirconia. Additionally, the graded glass-zirconia layer 
along with the external residual glass layer can greatly improve the esthetic 
appearance (Fig.1a).

In our prior work, the external residual glass layer was gently removed by 
polishing before damage evaluation (Zhang and Kim, 2010). However, in a 
clinical setting this procedure cannot be easily achieved because of geometric 
complexities. Additionally, the external glass layer plays important roles in 
providing shade options, preventing excessive wear of the opposing dentition, 
and protecting Y-TZP from hydrothermal degradation. The question then 
arises: Would this external glass compromise the resistance to sliding contact 
of graded glass/zirconia/glass (GZG)? In this study, we examined the resis-
tance to cyclic sliding contact damage of graded GZG with an external 
esthetic glass layer (e-GZG).

MAtErIAls & MEthODs

Material Preparation

Green compacts were prepared from high-purity 3 mol% Y2O3-stabilized 
tetragonal zirconia powder (TZ-3Y-E grade, Tosoh, Tokyo, Japan) by means 
of a cold isostatic press at 200 MPa. The green compacts were pre-sintered in 
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air at 1350°C for 1 hr, with a heating and cooling rate of 10°C/
min. The top and bottom surfaces of the pre-sintered compacts 
were ground and polished to ~1.5 mm thick with a 1-µm finish. 
A silicate glass slurry was then uniformly brushed onto both top 
and bottom surfaces of the pre-sintered Y-TZP templates. The 
glass composition was selected to have a coefficient of thermal 
expansion (CTE) matching that of zirconia (10.5 x 10−6/°C, from 
25 to 450°C). The glass-coated Y-TZP templates were heat-
treated at 1450°C for 2 hrs in a muffle furnace (ST-1700C-6612, 
Sentro Tech Corp., Berea, OH, USA) with a heating and cooling 
rate of 14°C/min. e-GZG plates (12 x 12 x 1.5 mm, with the 
external glass polished away, 6 µm and then 1 µm, from their 
cementation surfaces) were then bonded to composite blocks 
(15 x 15 x 4 mm, Z100, 3M ESPE, St. Paul, MN, USA) with a 
thin layer of epoxy adhesive (~20 µm). We prepared monolithic 
Y-TZP (12 x 12 x 1.5 mm) controls by sintering green compacts 
at 1450°C for 2 hrs; porcelain-veneered Y-TZP samples (1 mm 
porcelain, 0.5 mm zirconia) were obtained (3M ESPE). Top and 
bottom surfaces of monolithic Y-TZP and porcelain-veneered 
Y-TZP plates were polished to a 1-µm finish before being 
bonded to the composite blocks.

Fatigue tests

Our study attempted to simulate the chewing motion that a molar 
will undergo. During mastication, the mandibular buccal cusps 
come into contact with the inner inclines of the maxillary buccal 
cusps, followed by a sliding movement toward the central occlu-
sion, and then liftoff (Fig. 1b). The sliding movement can be 
described as a straight-line motion of a spherical indenter on a flat 
layer, supported by a compliant substrate with an inclination angle 
(Fig. 1c) (JH Kim et al., 2008; JW Kim et al., 2008).

Sliding contact fatigue tests were conducted on a mouth-
motion simulator (Elf 3300, EnduraTEC Division of Bose, 
Minnetonka, MN, USA) in water. The specimens were mounted 
at an inclination θ = 30°. Fatigue loading of 200 N (nominal 
biting force) was delivered through a spherical tungsten carbide 
(WC) indenter (1.5 mm radius) on the specimen top surface with 
a contact-load-slide-liftoff profile, i.e., the indenter coming into 
contact with the specimen, loading to maximum while sliding 
down the surface to create a wear facet just over 1 mm in length, 
unloading, and lifting off from the specimen surface. We tested 
7 e-GZG specimens to predetermined fatigue cycles: 1 x 106 
(n = 3), 2 x 106 (n = 3), and 1 x 107 (n = 1). Parallel studies were 
performed on 9 monolithic Y-TZP specimens (6 for 1 x 106 and 
3 for 2 x 106 cycles) and 10 porcelain-veneered Y-TZP speci-
mens (all fatigue-loaded to failure). After fatigue tests, all 
specimens were subjected to post mortem damage examination 
from both occlusal and cross-sectional views by SEM (Hitachi 
3500N, Tokyo, Japan) and optical microscopy. Specimens were 
sectioned across the center line of the wear crater along the slid-
ing direction.

statistical Analysis

Fatigue resistance of the 10 porcelain-veneered Y-TZP speci-
mens served as the reference group. After it was shown that 

Figure 1. Illustrations of full-contour graded glass-zirconia restorations 
and load-slide action simulating molar tooth occlusal contact. (a) 
Esthetic superiority of glass/zirconia/glass (with external glass) crowns 
and fixed partial dentures over their monolithic Y-TZP counterparts. (b) 
A chewing cycle at the molar region involves an eccentric contact of 
the mandibular buccal cusps with the inner inclines of the maxillary 
buccal cusps, followed by a sliding movement through centric 
occlusion, and then liftoff. Arrow indicates sliding direction. (c) 
Experimental set-up for simplified mouth simulator with a straight-line 
motion of a spherical indenter on a flat layer, supported by a 
compliant substrate with an inclination angle θ.
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those observations were normally distributed, the probability 
that each specimen of monolithic zirconia or e-GZG came from 
that reference distribution was determined.

rEsults

Typical damage features, from the occlusal and cross-sectional 
views of e-GZG and Y-TZP, after 106 cycles of sliding contact 
are illustrated in Figs. 2a and 2b, respectively; sliding direction 
is from right to left in the images. For comparison, a porcelain-
veneered Y-TZP following 105 sliding contact cycles is also 
included (Fig. 2c). Partial cone cracks have developed and 
propagated through the entire porcelain layer, arresting at the 
veneer/core interface (Fig. 2c). e-GZG and monolithic Y-TZP 
had a shallow elongated wear crater, with the crater slightly 
deeper and larger in e-GZG than in Y-TZP. The contact area on 
the Y-TZP surface was smooth, but the leading edge of the crater 
appeared to be relatively rough; some microcracks were evident 
in the cross-sectional view (Fig. 2b and inset). The e-GZG 

specimen demonstrated a smooth mirror-
like crater with a relatively rough, but 
shallow, nose at the leading edge (Fig. 
2a). Although the external glass was 
partially removed because of the sliding 
wear caused by the hard WC indenter, no 
cracking or spalling was observed. The 
cross-sectional view revealed no cracks 
in either the external glass layer or the 
interior Y-TZP. Higher magnification 
SEM image of e-GZG revealed an exter-
nal glass layer (~20 µm), a graded glass-
zirconia layer, and the interior zirconia.

Representative fatigue damage sus-
tained in e-GZG and monolithic Y-TZP 
specimens after 2 x 106 cycles of sliding 
contact loading is shown in Fig. 3. For 
e-GZG, no significant difference can be 
seen between damage features after 106 
and 2 x 106 cycles of loading. Some 
minor material spalling was observed in 
the front of the moving indenter (high-
lighted by a dashed circle). In addition, a 
series of incomplete ring hackles was 
observed. These are associated with 
expanding median cracks caused by 
compressive stresses ahead of a moving 
indenter. Interestingly, the median cracks 
propagated within the esthetic glass 
layer, eventually intersected with the 
free surface, and resulted in material 
spalling. Higher magnification SEM 
along the sliding direction, from the rim 
to the bottom of the crater, revealed a 
smooth transition from the external glass 
to the bulk zirconia (see inserts in Fig. 
3a, section view). In comparison, mono-
lithic Y-TZP had a smooth wear crater at 

the trailing edge and a relatively coarse leading edge with minor 
material spalling and cracks (highlighted by the dashed circle 
and rectangular box in Fig. 3b).

Damage features in e-GZG after 107 loading cycles are 
shown in Fig. 4. The occlusal surface view reveals lateral chip-
ping and associated cracking of the external glass, along the rim 
of the crater at the trailing edge. An enlarged view (Fig. 4b) of 
the highlighted area in Fig. 4a shows a number of fine hackles 
originating from a dominant flaw at the leading edge of the 
wear crater (marked by a dashed circle). Cross-sectional view 
(Fig. 4c) reveals that the depth of the crater was ~180 µm. 
Higher magnification images of the regions highlighted in Fig. 
4c are shown in Figs. 4d and 4e. The external glass layer on the 
crater rim was crushed, and glass debris was found on the wear 
surface. Cracks, indicated by the triangles, propagated laterally 
into the glass layer (Fig. 4d). Yet, no cracks formed in the 
graded layer or interior Y-TZP at the trailing edge. At the lead-
ing edge of the wear track, two fine cracks have advanced for-
ward and downward. The forward crack may eventually 

Figure 2. SEM and optical images of the occlusal surface view (left) and cross-sectional view 
(right) for (a) e-GZG and (b) monolithic Y-TZP after 1 x 106 cycles of sliding contact loading. 
(c) Porcelain-veneered Y-TZP following 105 cycles of sliding contact loading. A high-
magnification image for the area marked by dashed box in (a), showing the structure of e-GZG 
consisting of external glass, graded glass-zirconia, and interior of Y-TZP.
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intersect with the surface and result in 
lateral chipping, while the downward 
crack would be harmlessly arrested in 
the tough zirconia interior.

As a point of reference, we first eval-
uated the fatigue resistance of the control 
porcelain-veneered Y-TZP specimens. 
The mean ± SD lifetime of these controls 
was 62,000 ± 28,500 cycles. Several of 
these specimens failed around 25,000 
cycles, but even the two longest surviv-
ing specimens failed at 100,000 cycles. 
In contrast, all e-GZG and monolithic 
Y-TZP specimens survived their pro-
grammed tests to 1 x 106, 2 x 106, and 
even 1 x 107 (e-GZG only) cycles. Since 
the distribution of the control specimens 
gave no indication of skew (z = -0.17, p 
= 0.43), the probability that each of the 
experimental specimens was sampled 
from the reference distribution was 
determined under normal distribution 
assumptions. For example, the survival 
of a specimen to 106 cycles is more than 
32 SDs above the mean of the reference 
distribution. While the probability of 
such an occurrence is non-zero, its exact 
level is infinitesimal, given that an 
observation only 5 SDs above the mean, 204,500 cycles, would 
be expected to occur within this distribution less than 0.0001%. 
Survival times longer than 106 would, of course, have an even 
lower probability of occurrence. Thus, it is quite improbable that 
the lifetimes exhibited by the monolithic Y-TZP or e-GZG 
specimens were the result of sampling variability within the 
reference distribution. Rather, data analysis suggests that both 
monolithic Y-TZP and e-GZG provided both statistically and 
clinically meaningful improvements in fatigue resistance rela-
tive to that of porcelain-veneered zirconia systems.

DIscussIOn

A graded GZG structure with esthetic external glass demon-
strates markedly enhanced damage resistance to sliding contact 
fatigue relative to porcelain-veneered zirconia systems, and also 
exhibited damage resistance comparable with that of monolithic 
Y-TZP after prolonged sliding contact. Our findings revealed 
that only fine cracks formed in e-GZG after 10 million sliding 
cycles at 200 N in water. In veneered zirconia, cracks propa-
gated through the entire porcelain veneer (1 mm thick) follow-
ing ~105 sliding cycles under the same load. The lower strength 
and toughness of porcelain, combined with residual thermal 
stresses induced from both CTE mismatch and low thermal dif-
fusivity of Y-TZP, made the veneer layer more susceptible to 
sliding contact damage, leading to the high incidence of veneer 
chipping and fracture (Swain, 2009).

In e-GZG, the matched CTE between the infiltrating glass 
and Y-TZP produces a continuous transition from the external 
glass layer to the graded glass-zirconia structure and to dense 

Y-TZP interior without introducing substantial thermal stresses. 
Although sliding contact can induce cracks in the surface glass 
layer, damage is primarily lateral fracture and is confined to the 
thin external glass layer―cracks propagate parallel to the sur-
face and then intersect the surface, resulting in spalling. Because 
of the limited thickness of this external glass layer (~20 µm), the 
size of the spalling is small. Additionally, lateral cracks do not 
preferentially propagate along the interface of external glass and 
graded glass-zirconia, even after 10 million cycles, suggesting a 
strong interfacial bond (Fig. 4d). Once the indenter advances 
through the external glass and reaches the graded glass-zirconia 
layer, the superior sliding contact damage resistance of the 
graded structure provides a long-term structural stability (Kim 
et al., 2010; Zhang and Kim, 2010). This is further verified after 
10 million sliding cycles, when only a few fine cracks formed in 
the graded layer (Fig. 4e). If any of these cracks tend to propa-
gate deep into the materials, they will be harmlessly arrested in 
the tough zirconia interior.

In an effort to prevent veneer chipping and fracture, some 
dental laboratories have developed monolithic Y-TZP restora-
tions. While these new monolithic zirconia restorations have 
improved translucency compared to that of traditional dental zir-
conia, they do not have the shade options and the optical depth 
that porcelain-veneered zirconia restorations can offer. Changing 
the color of monolithic Y-TZP involves introducing additives 
to the starting material. However, these “impurities” also lower 
the strength of Y-TZP (Hjerppe et al., 2008; Shah et al., 
2008). Additionally, the superior hardness and modulus of the 
monolithic zirconia can cause excessive wear of the opposing 
dentition.

Figure 3. SEM images of the occlusal surface view (left) and cross-sectional view (right) for (a) 
e-GZG and (b) monolithic Y-TZP after 2 x 106 cycles of sliding contact loading. Material 
spalling is indicated by white dashed circles in the left-hand images. Insets on the right 
represent the higher magnification of the specific sites.
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Esthetics demands for dental restorations can be realized by 
this novel e-GZG structure. The external glass layer has desir-
able translucency and shade options, thereby compensating for 
monolithic Y-TZP’s opaque, unnatural white appearance. 
Furthermore, the shade of e-GZG can be modified by changing 
the glass composition, while the translucency of the material can 
be improved by infiltrating a translucent Y-TZP. The lower hard-
ness and modulus glassy surface of e-GZG also protects the 
opposing dentition from excessive wear by the hard monolithic 
Y-TZP. The glass-rich cementation surface could facilitate a HF 
etching-silane procedure.

We acknowledge that the current fatigue tests were conducted 
with a WC indenter, which is much stiffer and harder than human 
dentition or porcelain veneers. Thus, the damage sustained in 
e-GZG represents the most severe case. Even in such harsh condi-
tions, e-GZG survived 107 sliding contact cycles at 200-N load. 
At an average of 2000 biting cycles per day, 107 cycles is equiva-
lent to 14 years of occlusion (Zhang et al., 2006). To assess the 
extent of wear, we conducted sliding fatigue on polished surfaces 
of porcelain-veneered and monolithic zirconia. To facilitate direct 
comparison, we also polished surfaces of pre-sintered zirconia 

Figure 4. SEM images of the (a) occlusal surface view and (c) cross-sectional view for the 
e-GZG specimen after 1 x 107 cycles of sliding contact loading. Note: Image (b) is the high 
magnification of the dashed-line marked area in (a); the white dashed-line circle indicates the 
origin of the hackles. Images (d) and (e) give the details at the trailing edge (dashed line site 
on the right) and the leading edge (dashed line site on the left) of the crater. Cracks in images 
(d) and (e) are indicated by solid white triangles.

before glass infiltration. We are aware that 
polishing restorations with complex 
shapes is much more difficult. Thus, in 
our anatomically correct e-GZG restora-
tion, we infiltrated CAD/CAM machined 
and pre-sintered zirconia surfaces without 
polish. Additionally, investigation into the 
sliding damage resistance and esthetics of 
anatomically correct crowns is forthcom-
ing. While e-GZG shows impressive 
improvements in fatigue resistance, 
results were based on relatively few spec-
imens, and further corroboration is 
needed. Nonetheless, our findings suggest 
that e-GZG is a promising candidate 
for the next generation of all-ceramic 
restorations.
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