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Abstract
Objectives—Clinical studies revealed several performance deficiencies with alumina- and
zirconia-based all-ceramic restorations: fracture; poor aesthetic properties of ceramic cores
(particularly zirconia cores); and difficulty in achieving a strong ceramic–resin-based cement bond.
We aim to address these issues by developing a functionally graded glass/zirconia/glass (G/Z/G)
structure with improved damage resistance, aesthetics, and cementation properties.

Methods—Using a glass powder composition developed in our laboratory and a commercial fine
zirconia powder, we have successfully fabricated functionally graded G/Z/G structures. The
microstructures of G/Z/G were examined utilizing a scanning electron microscopy (SEM). The
crystalline phases present in G/Z/G were identified by X-ray diffraction (XRD). Young’s modulus
and hardness of G/Z/G were derived from nanoindentations. Critical loads for cementation radial
fracture in G/Z/G plates (20×20 mm2, 1.5 or 0.4 mm thick) bonded to polycarbonate substrates were
determined by loading with a spherical indenter. Parallel studies were conducted on homogeneous
Y-TZP controls.

Results—The G/Z/G structure consists of an outer surface aesthetic glass layer, a graded glass-Y-
TZP layer, and a dense Y-TZP interior. The Young’s modulus and hardness increase from surface
to interior following power-law relations. For G/Z/G plates of 1.5 and 0.4 mm thick, critical loads
for cementation radial fracture were 1990±107 N (mean±SD, n = 6) and 227±20 N (mean±SD, n =
6) respectively, which were ~30% and 50% higher than those for their monolithic Y-TZP counterparts
(1388±90 N for 1.5 mm and 113±10 N for 0.4 mm thick; mean±SD, n = 6 for each thickness). A 1-
sample t-test revealed significant difference (p < 0.001) in critical loads for radial fracture of G/Z/G
and homogeneous Y-TZP for both specimen thicknesses.

Significance—Our results indicate that functionally graded G/Z/G structures exhibit improved
damage resistance, aesthetics, and potentially cementation properties compared to homogeneous Y-
TZP.
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1. Introduction
Teeth play a critically important role in our lives. Loss of function reduces our ability to eat a
balanced diet, which has negative consequences for systemic health. Loss of aesthetics can
negatively impact social function. Both function and aesthetics can be restored with dental
crowns and bridges. Ceramics are attractive dental restoration materials because of their
aesthetics, biological acceptance, and chemical durability. However, ceramics are brittle and
subject to premature failure, especially under repeated contact loading in a moist environment
[1]. Despite a continuous effort in improving the strength of dental ceramics (e.g. using a strong
zirconia or alumina core to support a weak but aesthetic porcelain veneer), all-ceramic dental
prostheses (including veneered zirconia and alumina restorations) continue to fail at a rate of
approximately 1–3% each year [2]. In addition to the fracture problem, veneered zirconia and
alumina prostheses have a dense, high purity crystalline structure at the cementation surface
that cannot be readily adhesively bonded to tooth dentin support [3,4]. Surface roughening
treatment such as particle abrasion is commonly used to enhance the ceramic–resin-based
cements bond using mechanical retention [3]. However, particle abrasion also introduces
surface flaws or microcracks that can cause deterioration in the long-term flexural strength of
ceramic prostheses [5,6]. Further, zirconia cores have a white opaque appearance which needs
a thick porcelain veneer with gradual change in translucency (optical properties) to mask the
zirconia and to achieve a better aesthetic outcome [7]. The aforementioned problems motivated
us to develop novel damage resistant, aesthetic, easy to cement, and ultra strong glass/zirconia/
glass structures for all-ceramic prostheses.

The impetus for this assertion comes from previous works by Suresh, Nitin and their team
[8,9]. These authors showed that when the contact surface of alumina or silicon nitride was
infiltrated with aluminosilicate or oxynitride glass, respectively, which have similar
coefficients of thermal expansion (CTEs) and Poisson’s ratios but lower moduli to the
infiltrating surfaces, an increase in elastic modulus from surface glass to a strong ceramic
interior can be engineered without introducing significant residual stresses. The graded glass/
ceramic (G/C) surfaces produced in this manner offered much better resistance to contact [8,
10] and sliding [11] damage than either constituent ceramic or glass. We argue that if we extend
the G/C system to a graded G/C/G structure by infiltrating the top and bottom ceramic surfaces
with glass, the resultant G/C/G system will suppress both contact damage at the occlusal surface
and flexural damage at the cementation surface, margins, and lower connector regions of multi-
unit bridges. In addition, the unique structure of G/C/G, which includes an outer surface
aesthetic residual glass layer, a graded glass-ceramic layer, and a dense ceramic interior, allows
us to tailor optical and cementation properties. Since yttria-stabilized tetragonal zirconia
polycrystal (Y-TZP) is far superior in mechanical properties compared to other oxides utilized
in restorative dentistry, we are focusing on the development of zirconia-based glass/zirconia/
glass (G/Z/G) restorative materials.

2. Materials and methods
2.1. Materials

As a first step towards the development of graded Y-TZP structures, a new family of glass in
the SiO2-Al2O3-K2O-Na2O-CaO-Tb4O7 system has been developed to infiltrate Y-TZP. The
main composition (> 1 wt.%) of the infiltrating glass contained: SiO2 (65.5 wt.%), Al2O3 (11.7
wt.%), K2O (10.0 wt.%), Na2O (7.3 wt.%), CaO (3.0 wt.%), and Tb4O7 (1.9 wt.%). This
composition was selected so that the final product was highly translucent with a light yellow
shade, and had a high melting point coupled with an excellent resistance to crystallization
during the cooling from the elevated temperatures. The CTE of the selected glass composition
was around 10.4 ×10−6°C−1, from 25 – 450°C, similar to that of Y-TZP (10.5 ×10−6°C−1, from
25 – 450°C).
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Green compacts were formed from a fine size (d ~ 28 nm) yttria-stabilized zirconia powder
(5.18 wt.% Y2O3, TZ-3Y-E grade, Tosoh, Tokyo, Japan) using a cold isostatic press at 200
MPa. The green compacts were divided into two groups. To produce monolith Y-TZP, one
group was sintered at 1450°C for 2 hrs inside a high temperature box air furnace
(ST-1700C-6612, Sentro Tech Corp, Berea, OH). To produce graded structures, another group
was presintered between 1100°C to 1400°C for 1 hr in air, producing a somewhat porous
template for glass infiltration. The top and bottom surfaces of presintered Y-TZP were coated
with a slurry of the aforementioned powdered glass composition. Glass infiltration and
densification were carried out simultaneously at 1450°C for 2 hrs in air. This way the glass
infiltration depth can be tailored by manipulating the porosity of the infiltrating structures, and
the grain growth [12] and/or destabilizing of the tetragonal zirconia phase [13] associated with
the post-sintering heat treatment can be prevented. Both grain growth and/or destabilizing of
the tetragonal phase are known to be deleterious for hydrothermal stability of Y-TZP in the
body [14–16]. A heating and cooling rate of 900°C/hr was employed in all cases.

2.2. Characterization
Microstructures of G/Z/G specimens were examined by a scanning electron microscopy (SEM)
(Hitachi 3500N, Japan). Specimens were sectioned using a water cooled low speed diamond
saw (Isomet, Buehler, Lake Bluff, IL). The cross sections were polished to 1 μm finish and
carbon coated. One of the glass infiltrated surfaces of G/Z/G was subjected to hydrofluoric
acid (HF, 10%) etching for 15 minutes to remove the outer surface residual glass layer and to
selectively remove the glassy phase in the graded glass-zirconia layer. The etched surfaces
were rinsed with deionized water for 5 minutes, dried, and carbon coated for SEM examination.

The crystalline phases present in G/Z/G and homogeneous Y-TZP specimens were identified
using an X-ray diffractometer (XRD) (Philips X’Pert System, Almelo, Overijssel, Netherlands)
with nickel filtered CuKα radiation. Scans were performed on the as sintered/infiltrated surface
over the 2θ range 15°– 70° at a scanning rate of 1°/min and a step size of 0.02°.

CTEs of the infiltrating glass and Y-TZP were determined using a dilatometer (L75VD1600,
LINSEIS, Princeton Junction, NJ). Specimens were prepared in a bar shape: 6 × 6 × 35 mm.
A heating and cooling rate of 5°C/min was employed.

2.3. Mechanical testing
Young’s modulus and hardness of the residual glass layer, graded glass-zirconia layer and the
Y-TZP interior were measured using nanoindentations, carried out on a 3D Omni Probe
TriboIndenter (Hysitron, Minneapolis, MN) with a Berkovich indenter. Measurements were
made on the polished (1 μm finish) cross sections of G/Z/G at a maximum load of 40 mN to
produce a penetration depth of ~0.4 and ~0.6 μm in the dense Y-TZP and glass regions,
respectively. Such penetration depths resulted in indentation impressions with lateral
dimensions of ~3 – 4 μm. Considering the average grain size of Y-TZP is ~0.5 μm, a lateral
indentation impression of 3 μm would probe 15–20 grains in a dense Y-TZP region or over 5
adjacent grains in the graded layer. Nanoindentations were made from the surface residual
glass layer, through the graded glass-zirconia layer to the Y-TZP interior with a step size of 3
μm. To ensure the distance between any two indents was greater than the dimension of two
indentation impressions, we conducted a line mapping in a direction diagonal to the specimen
surface normal; the indenter traveled 15 μm parallel to the surface and 3μm perpendicular to
the surface before making the next indent. The Young’s modulus and hardness for each
indentation were determined from load-displacement curves using the well-documented
method of Oliver and Pharr [17,18]. It is important to note that the elastic modulus measured
is a reduced modulus Er. The actual modulus of our graded material, E, was computed using
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the relationship proposed by Oliver and Pharr [17]: , where v is the
Poisson’s ratio of the ceramic material; Ei and vi are the elastic modulus and Poisson’s ratio
of the diamond indenter. Here we use v = 0.3 for Y-TZP and for the graded glass-zirconia
composite, Ei = 1040 GPa and vi = 0.07 for the diamond indenter [17].

Resistance to flexure induced radial fracture of G/Z/G was determined by loading the top
surface of the G/Z/G/polycarbonate bilayers with a tungsten carbide indenter (r = 3.18 mm)
mounted onto the cross head of a screw-driven universal tester (Model 5566, Instron Corp.,
Canton, MA). Flat G/Z/G plates with a surface dimension of 20 × 20 mm were fabricated from
presintered Y-TZP plates (1400°C for 1 hr) followed by glass infiltration at 1450°C for 2 hrs.
The excess glass was ground away from both the top and bottom surfaces of G/Z/G. The plates
were polished (1 μm surface finish) to a thickness of d = 1.5 mm or 0.4 mm, and then bonded
with epoxy resin (Harcos Chemicals, Bellesville, NJ) onto polycarbonate substrates 12.5 mm
thick (Hyzod, AlN Plastics, Norfolk, VA). Parallel studies were conducted on the Y-TZP/
polycarbonate bilayers. The load was applied perpendicular to the specimen’s surface at a
constant rate of 1 mm/min. Six specimens were measured for each group. Fracture was
observed in-situ using a video camera equipped with a microscope zoom system (Optem,
Rochester, NY). The critical loads for onset of the flexure induced bottom surface radial
fracture were determined.

3. Results
SEM images of G/Z/G fabricated from presintered bodies (1400°C for 1 hr) followed by glass
infiltration/sintering at 1450°C for 2 hrs are shown in Fig. 1. The total thickness of G/Z/G
plates was ~1.5 mm, including a thin, outer surface residual glass layer followed by a graded
glass-zirconia layer at both the top and bottom surfaces, sandwiching a dense Y-TZP interior.
The outer surface residual glass layer, as shown in a low magnification backscattered electron
(BSE) image (Fig. 1a), was approximately 50 μm thick at both the top and bottom surfaces.
The graded layers contained a relatively high glass content (dark phase in the BSE image Fig.
1b) at the residual glass layer interfaces and gradually transformed to a dense Y-TZP interior
(light phase in Fig. 1b, owing to the high atomic weight of Y-TZP relative to the glass phase).
A higher magnification BSE image (Fig. 1b) revealed ~45 vol.% glass in the graded layers
near the residual glass layer interfaces. Fig. 1d is a secondary electron (SE) micrograph showing
the representative features of a HF (10% for 15 mins) etched G/Z/G surface. A 3-dimentional
network of glass coated zirconia grains was exposed, creating a surface morphology ideal for
silanization and subsequent adhesive resin penetration.

One concern of G/Z/G was the crystallization of glass, both in the surface residual glass layer
and in the graded glass-zirconia layer, upon cooling, which could modify the CTE and impair
the aesthetics of G/Z/G. For this reason, we formulated a glass composition which exhibits
excellent resistance to crystallization upon cooling. XRD analysis of the as infiltrated G/Z/G
surfaces revealed a small amount of glass phase in the surface residual glass and graded glass-
zirconia layers for specimens presintered between 1100°C and 1400°C for 1 hr, and then
infiltrated/sintered at 1450°C for 2 hrs (Figs. 2a and b). Fig. 2c is an XRD spectrum of a HF
etched surface of G/Z/G presintered at 1400°C for 1 hr and infiltrated/densified at 1450°C for
2 hrs. There was no detectable secondary crystalline phase present in addition to the metastable
tetragonal phase in all cases, at least within the detection limit of XRD (i.e. ~3 vol.%) (Figs.
2a-c). For reference, an XRD spectrum of a sintered (1450°C for 2 hrs) monolith Y-TZP is
shown in Fig. 2d. As can be seen, no monoclinic phase was observed in either glass infiltrated,
infiltrated and then etched, or monolith Y-TZP specimens.
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The dependence of Young’s modulus and hardness gradations on the depth (from both top and
bottom surfaces to interior) of G/Z/G are shown in Figs. 3a and b. The specimen was presintered
at 1400°C for 1 hr, and then glass infiltrated/sintered at 1450°C for 2 hrs. The residual glass
layer (d≈50 μm, labeled as zone I in Figs. 3a and b) possessed a Young’s modulus value of
E = 68.3 ± 2.9 (mean ± SD, n = 12) GPa and a hardness value of H = 8.2 ± 0.2 (mean ± SD,
n = 12) GPa. For the glass-zirconia graded layer (d≈120 μm, marked as zone II in Figs. 3a and
b), the Young’s modulus and hardness varied from E = 137.2 GPa and H = 10.5 GPa near the
residual glass/graded layer interface to E = 212.7 GPa and H = 16.0 GPa near the graded layer/
Y-TZP interior boundary. The Y-TZP interior (identified as zone III in Figs. 3a and b) exhibited
Young’s modulus and hardness values of E = 240.8 ± 9.5 (n = 49) and H = 17.6 ± 0.5 (n = 49)
GPa, respectively. Note that the n values quoted in parentheses, n = 12 and n = 49, represent
number of indents made in the residual glass layer and the Y-TZP interior, respectively, on a
G/Z/G sample. The Young’s modulus variation in the graded glass-zirconia layer is best
described by a power-law relation E = Es + E0 zk, where Es = 74.6 GPa is the elastic modulus
at the interface of residual glass and graded layers; E0 = 327.5 GPa•mm−k is a scale factor; z
is the depth from the residual glass/graded layer interface to interior; and k = 0.32 is an
empirically derived coefficient.

Ceramic restorations are cemented onto less stiff tooth dentin structures. Upon occlusion, high
tensile stresses develop in the ceramic at the cementation interface directly below the loaded
area (highlighted by the dashed grey circle in Fig. 4a). If the tensile stress exceeds the bulk
strength of the ceramic layer, an internal surface flexural radial crack (R) can form. These
radial cracks can propagate upward and sideward, leading to catastrophic fracture of the
ceramic restorations [19]. In dentistry, radial cracks are clinically evidenced as bulk fracture
[20]. For the first approximation, the resistance of ceramic to radial cracking can be
experimentally determined by loading the top surface of a flat ceramic layer bonded to a
compliant substrate with a hard spherical indenter [1] (Fig. 4b). This ball-on-flat layer test is
similar to a three-point-bend test or a biaxial flexural test of a ceramic bar or disc, except here
we take additional consideration of the supporting role of a dentin-like base [19,21,22].

Critical loads for the onset of flexure induced radial facture were measured for polished
homogeneous Y-TZP and G/Z/G plates (d = 1.5 or 0.4 mm) bonded with epoxy resin onto
polycarbonate substrates. The thickness of the epoxy adhesive interlayer was ~20 μm. For the
present study, the thickness of the epoxy resin is not critical, because the Young’s modulus of
epoxy resin is similar to that of the polycarbonate base [23]. Polycarbonate was selected as a
support material for the ceramic plates because it is compliant and can be considered a
representative for dentin or bone (though its Young’s modulus is slightly lower than that of
either) and is transparent, permitting direct observation of radial fractures evolving from the
bottom surface of the ceramic layer [24]. G/Z/G plates were fabricated from infiltrating
presintered Y-TZP (1400°C for 1 hr) with an aforementioned, in-house prepared glass powder
at 1450°C for 2 hrs. Six specimens (n = 6) were fabricated from two different batches for each
thickness (d = 1.5 or 0.4 mm). A ~10% variation in critical load was observed between the
specimens fabricated from the two different batches. As shown in Figs. 4c and d, for 1.5 mm
thick specimens, critical loads for G/Z/G (1990 ± 107 N, mean ± SD) were ~30% higher than
those for homogeneous Y-TZP (1388 ± 90 N, mean ± SD). However, for 0.4 mm thick
specimens, critical loads for G/Z/G (227 ± 20 N, mean ± SD) were almost twice as high as
those for homogeneous Y-TZP (113 ± 10 N, mean ± SD), suggesting that the impact of the
graded structure on the flexural damage resistance could be more significant for thin (d < 0.5
mm) ceramic prostheses. A 1-sample t-test showed that it was highly unlikely (p < 0.001) that
a specimen as strong as G/Z/G could have been sampled from the population of homogeneous
Y-TZP for both thicknesses.
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The appearance of a glass infiltrated Y-TZP (G/Z/G) framework is shown in Fig. 5, along with
a monolithic Y-TZP framework. The G/Z/G framework was fabricated by presintering a Y-
TZP green compact at 1400°C for 1 hr followed by glass infiltration/sintering at 1450°C for 2
hrs, while the monolithic Y-TZP framework was sintered at 1450°C for 2 hrs. As can be seen,
the G/Z/G framework exhibited a glossy appearance with a light yellow shade (Figs. 5c and
d), whereas the Y-TZP framework was white and opaque (Figs. 5a and b). In addition, the
interior of G/Z/G also contained a residual glass layer and a graded glass-zirconia layer, which
could facilitate the etching-silane cementation procedure.

4. Discussion
Using a glass powder developed in our laboratory, we have successfully established infiltration
conditions to fabricate G/Z/G structures in the thicknesses necessary for dental applications.
Our data shows that G/Z/G exhibits better resistance to flexure induced cementation radial
fracture compared to homogeneous Y-TZP (Figs. 4c and d). We propose the following
mechanisms for the observed strengthening effect. When a ceramic plate is bonded to a
compliant substrate and loaded axially on the top surface with a spherical indenter, the strain
(ε) distribution in the ceramic plate along the loading axis is continuous across the plate’s cross
section and can be described schematically by Fig. 6a. For a homogeneous Y-TZP plate, the
Young’s modulus is uniform throughout the section. According to Hooke’s law, the stress
(σ) in the ceramic plate along the loading axis is also continuous (Fig. 6b). The maximum
tensile stress, which occurs at the bottom surface of the flexing Y-TZP plate, is responsible for
the flexure induced cementation radial fracture. For a graded G/Z/G plate, the strain state is
still continuous (Fig. 6c), but the stress is now discontinuous, owing to the gradient in Young’s
modulus as a function of depth. Nanoindentation studies of G/Z/G show that the Young’s
modulus increases from the surface to interior following a power-law relation. Accordingly,
the stress distribution in G/Z/G can be described by Fig. 6d, with the tensile stress at the bottom
surface of the G/Z/G plate now lowered relative to homogeneous zirconia. In addition, the glass
infiltrates the surface flaws of Y-TZP, making G/Z/G relatively immune to the surface flaw
status compared to homogeneous Y-TZP. As a result, G/Z/G exhibits better resistance to
immediate flexural damage than homogeneous Y-TZP.

By controlling the gradient in glass content on the zirconia surface, good optical properties can
be achieved. Although the glass-zirconia graded layer has limited translucency due to its high
crystalline content, it provides a gradual transition in translucency from the highly translucent
surface residual glass layer to the opaque Y-TZP interior, which allows for the optical depth
necessary in creating a good aesthetic outcome. For better aesthetics, a thin porcelain veneer
with similar compositions to the infiltrated glass can be applied to the outer surface of G/Z/G.
This thin veneer could contain the contact damage, provide aesthetics, prevent unwanted wear
of opposing natural dentition, and allow for adjustment on the occlusal surface. Any occlusal-
surface contact damage can be confined within the thin veneer layer, because cracks are
unlikely to propagate from a low modulus, low toughness porcelain to a high modulus, high
toughness Y-TZP [25]. The thin veneer concept is supported by the unique structure of G/Z/
G, which includes a surface aesthetic residual glass layer, a graded glass-zirconia layer, and
an interior Y-TZP layer (Fig. 5). Alternatively, color stains can be applied to the surface of the
outer residual glass layer of G/Z/G using a powdered glass slurry that has similar composition
to the infiltrated glass. This staining technique has been used on the Empress system to improve
the aesthetic outcome of a single color pressed block of glass-ceramic and is well established
in aesthetic dentistry [26,27].

The residual glass and the glass containing graded layer on the internal side (intaglio surface)
of G/Z/G offer great potential for adhesive bonding using etching-silane techniques rather than
the current grit-blasting procedure for cementation of homogeneous zirconia. The residual
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glass layer and the glass phase in the graded layer can be selectively removed by HF acid,
creating a 3-dimensional surface morphology (Fig. 1d). A strong resin bond can be established
by the application of a silane coupling agent followed by the penetration of an adhesive resin
into the 3-dimentional surface network. A previous study shows that Y-TZP containing a
similar glass infiltrated surface exhibits a marked improvement in adhesive bond strength using
standard etching-silane techniques following simulated aging [28]. The merits of the current
research over the previous study [28] lie in two aspects. First, the previous study infiltrates a
fully sintered Y-TZP using a two-cycle heat-treatment technique at low temperatures (750°C)
with a short dwell time (1 min). As a result, no strengthening effect is observed in glass
infiltrated zirconia compared to homogeneous zirconia. In the present study, we infiltrate/
densify presintered Y-TZP at 1450°C for 2 hrs, establishing a graded glass-zirconia layer with
necessary thickness to spread the maximum tensile stresses from the surface into the interior;
and secondly, unlike the previous study which infiltrates only the cementation surface of Y-
TZP, we infiltrate all accessible surfaces of the zirconia framework (Figs. 5c and d), improving
both the aesthetic and cementation properties.

With an increase in resistance to flexural damage, the absence of grit-blasting damage, and the
aid of adhesive cementation, the overall strength of the G/Z/G restoration will be much higher
than current veneered Y-TZP restorations. This may ultimately lead to the development of ultra
strong yet aesthetic ceramics for posterior inlays, onlays, full-coverage crowns, and fixed
partial dentures (FPDs), preserving tooth structure by reducing the thicknesses of the veneering
porcelain and G/Z/G framework. The current FPDs with Y-TZP frameworks often fracture
from the lower portions of the connectors, leading to chipping or delamination of the porcelain
veneer. G/Z/G has improved aesthetics, which allows for a FPD design without porcelain
veneering in the lower portions of the connectors, improving the flexural damage resistance
of PFDs.

Finally, G/Z/G eliminates sharp interfaces in veneered Y-TZP prostheses, which may
ordinarily lead to delamination of the porcelain veneer due to the dissimilar thermal and
mechanical properties between porcelain and Y-TZP [29,30]. The residual glass at the G/Z/G
surfaces acts as an encapsulation layer that could impede water absorption and prevent
hydrothermal degradation of the interior Y-TZP [13]. The present glass–zirconia infiltration
technique can be readily extended to other ceramic materials such as alumina, alumina-zirconia
composites, etc. Such graded structures offer appealing prospects for the design of next-
generation structural ceramics with improved damage resistance and functionality for total
joint replacements, dental prostheses, aerospace, military, microelectronics, machining, and
other engineering applications.

It is well to acknowledge some limitations of the present study. The current flexural tests have
been conducted on specimens with polished surfaces, which do not simulate the clinical cases
of the HF etched G/Z/G surfaces and machined or grit-blast Y-TZP surfaces. For this, we argue
that the elastic gradients lower the tensile stress at the bottom surface of the G/Z/G plate and
render G/Z/G more impervious to surface flaws than Y-TZP. In addition, the present flexural
specimens have been loaded monotonically to fast fracture, which does not simulate the clinical
case of high cycle fatigue loading. It is well established that ceramic radial fractures are
susceptible to enhancement from the fatigue processes [5,6,23,24,31], effectively lowering the
critical fracture loads in both G/Z/G and Y-TZP. We are currently conducting long-term fatigue
studies of G/Z/G with Y-TZP controls. Moreover, the cementation properties, especially the
long-term durability of the G/Z/G–resin bond strength following simulated aging as described
by Kern and coworkers [4,32], are yet to be determined.
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5. Conclusions
We contend that, using a combined glass infiltration/densification technique, G/Z/G with a
graded structure can be fabricated. G/Z/G offers better resistance to immediate flexural
damage, better aesthetics, and potentially better veneering and cementation properties over
homogeneous Y-TZP.
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Figure 1.
Scanning electron microscope (SEM) images showing cross-section (polished) and surface
(etched) views of G/Z/G (d = 1.5 mm) fabricated from Y-TZP plates presintered at 1400°C for
1 hr followed by glass infiltration/densification at 1450°C for 2 hrs in air. (a) A low
magnification backscattered electron (BSE) image revealing cross-sectional features of G/Z/
G: an outer surface residual glass layer (~50 μm thick) at both the top and bottom surfaces. (b)
Inserts (white boxes) of (a) are BSE images showing outer surface residual glass layer (black),
graded glass-zirconia layer, and dense Y-TZP interior. Note: the glass content (black) gradually
decreases as proceeding towards the interior. (c) A higher magnification BSE image of (b)
revealing (from top down): an outer surface residual glass layer and a graded glass-zirconia
layer. (d) A secondary electron (SE) image of a G/Z/G surface subjected to hydrofluoric acid
(10%) etching for 15 mins, revealing a 3-dimentional morphology consisting of exposed glass
coated zirconia grains, traces of residual glass, and intergranular voids which are ideal for
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silanization and subsequent adhesive resin penetration, providing a strong chemical-
mechanical bond.
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Figure 2.
X-ray diffraction (XRD) spectra of G/Z/G surfaces. (a) and (b) As infiltrated surfaces of G/Z/
G fabricated from Y-TZP plates presintered at 1100°C and 1400°C respectively for 1 hr. Glass
infiltration and densification were carried out at 1450°C for 2 hrs in air. (c) Hydrofluoric acid
(10%, 15 mins) etched surface of G/Z/G fabricated from 1400°C presintered Y-TZP. (d) As
sintered surface of homogeneous Y-TZP control sintered at 1450°C for 2 hrs. T: tetragonal
zirconia phase, and G: amorphous glass phase. Note: no secondary crystalline phase exists in
G/Z/G.
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Figure 3.
Variations of (a) Young’s modulus E and (b) hardness H as a function of depth z below the G/
Z/G surface. G/Z/G specimens were fabricated from presintered Y-TZP plates (1400°C for 1
hr) followed by glass infiltration at 1450°C for 2 hrs. Three distinctive zones are apparent: an
outer surface residual glass layer (I), a graded glass-zirconia layer (II), and a dense Y-TZP
interior (III).
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Figure 4.
Ceramic restorations are fully supported by and often bonded to a less stiff dentin. (a) Posterior
tooth-to-tooth contact involves contact of the cusp’s inner incline with the opposing tooth cusp
tip (r≈1 mm [33]); thus tensile stresses develop directly below the contact area (highlighted by
the dashed grey circle). (b) Schematic of Hertzian indentation on flat ceramic/polymer bilayers
to determine the resistance of ceramic plates to cementation surface radial cracking. (c) and
(d) Bar charts showing critical loads for cementation surface radial cracking in ceramic plates,
d = 1.5 mm and 0.4 mm respectively, on polycarbonate substrates. Ceramic plates are G/Z/G
fabricated from glass infiltration of 1400°C presintered Y-TZP and the homogeneous Y-TZP
controls. Note: the advantage of G/Z/G over homogeneous Y-TZP is more pronounced for
thinner specimens.
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Figure 5.
Digital photographs showing (a) veneering and (b) cementation (intaglio) surfaces of a three-
unit Y-TZP framework, and (c) veneering and (d) cementation (intaglio) surfaces of a three-
unit G/Z/G framework fabricated from a presintered Y-TZP framework (1400°C for 1 hr)
followed by glass infiltration at 1450°C for 2 hrs. Note in (c) and (d): the residual glass layer
and the graded glass-zirconia layer at the accessible surfaces of the G/Z/G framework improve
both the aesthetic and cementation properties.
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Figure 6.
Schematic demonstrating the strain (ε) and stress (σ) distributions in a ceramic plate on a
compliant substrate, loaded axially from the top surface with a hard spherical indenter.
Illustrations are made for (a) strain and (b) stress distributions in a homogeneous Y-TZP plate,
and (c) strain and (d) stress distributions in a graded G/Z/G plate on compliant substrates along
the loading axis across the plate cross section. LA and NA stand for load axis and neutral axis,
respectively. Note in (d): the maximum tensile stress at the bottom surface of the G/Z/G plate
is lowered relative to homogeneous zirconia (b).

Zhang and Kim Page 16

Dent Mater. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


