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Abstract

Objectives.—To survey simple contact testing protocols for evaluating the mechanical integrity
of zirconia dental ceramics. Specifically, to map vital material property variations and to quantify
competing damage modes.

Methods and results.—Contact tests have been conducted on layer structures representative of
zirconia crowns on dentin. Sharp-tip micro- and nano-indentations were used to explore the roles
of weak interfaces and residual stresses in veneered zirconia, and to map property variations in
graded structures. Tests with blunt sphere indenters on flat specimens were used to identify and
quantify various critical damage modes in simulated occlusal loading in veneered and monolithic
zirconia.

Significance.—Contact testing is a powerful tool for elucidating the fracture and deformation
modes that control the lifetimes of zirconia dental ceramics. The advocated tests are simple, and
provide a sound physical basis for analyzing damage resistance of anatomically-correct crowns

and other complex dental prostheses.
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1. Introduction

The virtues of yttria stabilized tetragonal zirconia polycrystal (Y-TZP) as a dental ceramic
are well documented [1-14]. There are many variants, but the mainstay is Y-TZP with 3 mol
% yttria (3Y-TZP). While the strongest and toughest of the dental ceramics, Y-TZP is
nevertheless not entirely immune to clinical failure over time [15-19]. This is an important

consideration as new-generation zirconia materials with improved translucency (but
potentially compromised strength and/or toughness) are developed [9,12,14,20-25].
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Elucidation of fracture and deformation mechanisms in these materials thereby holds the key
to prolonged lifetimes of next-generation dental prostheses.

Prostheses such as crowns and bridges are essentially layer structures, seated and cemented
onto a dentin base. They are subject to loading by occlusal contact and flexure, at high loads
under onerous cyclic conditions in agqueous environments. Bite forces can exceed 1000 N
[26] in well over 10° lifetime contact events [27,28]. It follows that testing protocols should
at very least embody these basic elements of clinical geometry and stress state. Zirconia-
based dental layer structures are of two main types: bilayer, in which a strong zirconia core
is veneered with porcelain; single layer, where the entire prosthesis consists of zirconia in
monolithic form. Traditional veneer/core structures are susceptible to failure from
delamination and chipping of an esthetic but weak porcelain overlay, and to the presence of
residual thermal stresses [29-37]. Monoliths avoid such issues but, at least in their basic 3Y-
TZP form, lack translucency. The quest for ever more esthetic monolithic zirconias without
compromising durability has become a driving force for materials development in the dental
research community [12].

The question arises as to which laboratory testing methodology is best suited to reveal and
quantify the various fracture modes that ultimately limit lifetimes of clinical zirconia.
'Standardized' mechanical tests that measure strength and toughness afford figures of merit
for loosely ranking materials, but offer little physical insight into long-term performance or
as to how critical configurational parameters may be optimized. They certainly have little
provision to account for the variety of ways failure can occur in crown-like structures (Fig.
1a), especially those deformation processes that precede and drive some important fracture
and wear modes [12]. A more pertinent yet straightforward approach is that of laboratory
contact testing, using commercially available indenters to probe point-by-point property
variations and to simulate occlusal and intaglio damage. Whereas the use of indentation as a
numerical measure of material toughness has been queried [38], the methodology remains a
uniquely powerful means of investigating a broad range of clinically relevant fracture and
deformation modes in brittle materials [33,36,39,40].

In this study we apply indentation methods to model layer structures consisting of Y-TZP-
based overlays cemented onto soft substrates, representative of zirconia prostheses on
dentin. While basic tests are conducted on flat zirconia surfaces, precedent in the contact
mechanics literature enables experimental and analytical extension to more complex,
anatomically-correct geometries [41-44]. We demonstrate how tests with sharp-tip indenters
can be used to map out property variations and to probe interface regions in multilayers. We
also show how tests with sphere indenters can be employed to measure the extent to which
fatigue and wear can significantly degrade strength properties of zirconia under adverse
chewing conditions. Results surveyed from previous studies, along with new data, are
presented as illustrative examples.

2. Materials and Testing

The bulk of the zirconia test material was obtained from commercial 3Y-TZP sources, fired
and sintered according to manufacturers’ specifications. Specimens were prepared in the
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form of flat slabs with thickness ranging from 3 mm down to below 0.1 mm and with
surface polish to 1 um finish. All had a nominal strength near or above 1 GPa. Some Y-TZP
specimens were tested as monoliths. Select specimens were prepared in-house with glass-
infiltrated surfaces to produce graded structures [45]. Bilayer specimens of net thickness 1.5
mm were fabricated with either porcelain or a glass as veneer onto the zirconia core.
Adjacent layers were joined by firing [46] or by cementation with a thin resin adhesive
[47,48]. Thermal expansion mismatch conditions were noted in each case.

Select specimens were sectioned and side-polished. These were subjected to either micro-
indentation using a Vickers diamond pyramid indenter, or to nano-indentation with a
Berkovich diamond indenter in an automated test machine, to elucidate vital roles of any
weak interfaces and strong residual stresses in bilayer structures or compositional
concentration effects in graded structures.

To simulate occlusal damage modes representative of a zirconia-based crown on dentin, the
slabs were first cemented onto a polycarbonate substrate as shown in the schematic
configuration of Fig. 1b [48,49]. The top surface was then axially subjected to a single axial
load/unload cycle with a spherical indenter of prescribed radius until damage was initiated in
either the top or bottom surface of the cemented slab. The advantage of a flat specimen is
that the damage modes may be observed, identified, analyzed and quantified with minimum
geometrical complication. Use of a polycarbonate substrate also enables /7 situ undersurface
viewing of any cracking at the intaglio interface, and serves to inhibit catastrophic
propagation so that 'broken' specimens remain intact. Equivalent critical load data for a
stiffer dentin substrate can be calculated using an explicit scaling relation for flexing plates
on soft substrates (eqn. 1, below) [50]. If the slab itself is transparent or translucent the onset
of top-surface damage can also be observed /n situ, otherwise, critical loads could be
determined in a microscope after unloading specimens with arrays of indents placed over a
specified load range. As indicated above, complexities of anatomically-correct crown
geometries and changes in substrate properties can be readily incorporated once the
underlying damage modes are documented [42,48,51].

To quantify long-term flexure behavior, monolith zirconia specimens were tested in the same
flat-surface configuration as Fig. 1b, but in repeat sphere axial loading up to 107 cycles [52].
In these tests the top surface was protected with a thin polymer film so that attention could
be focused on potentially deleterious intaglio surface cracks. The specimen undersurfaces
were prepared in three states before cementation to the polycarbonate base [52,53]: polished
to 1 um finish; sandblasted with 50 um alumina grit; pre-indented with a sharp (Vickers)
indenter at 10 N, representative of an errant microcontact impression or equivalent scratch of
width ~ 20 um.

Contact fatigue testing with spheres of radius 3.18 mm was conducted on zirconia bars 3
mm thick freely supported by a thick metal base plate, or discs 1.2 mm thick cemented onto
a composite support base. (It has been demonstrated that the modulus or hardness of the
sphere is not a critical factor, as long as these quantities remain equal or greater to those of
the specimen material [54].) Repeat indentation tests were made at prescribed maximum
loads up to 1000 N over 108 cycles, either axially on a crosshead testing machine [55] or in
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sliding contact in a mouth-motion machine [56]. Optical microscopy reveals marked surface
damage in these tests, akin to severe wear facets. The indented specimens were then broken
in fast 4-point flexure (bars) or piston-on-3-ball biaxial flexure (discs) in a dry environment,
with damage sites centered on the tensile side, to quantify 'inert' strength. Those specimens

suffering strength degradation failed from the indentation sites.

3. Results

3.1 Exploratory mapping

The utility of indentation techniques as a means of mapping spatial variations in material
properties is demonstrated in Fig. 2. In the two examples shown, software in an automated
nanoindenter test machine is programmed to place an array of Berkovich nanoindentations
across specimen sections. The software routinely deconvolutes elastic modulus £ (and
hardness H) from the load-displacement functions at each contact site [57]. Figure 2a shows
elastic modulus profiles across tooth enamel sections in the great apes (human, orangutan,
chimpanzee, gorilla) [58]. The data confirm that enamel is stiffer (and harder) near the tooth
outer surface [59]. Comparative variations are evident in indentation toughness
measurements [60]. Interestingly, the data in Fig. 2a show little difference between the
various ape species, consistent with (if not definitive evidence for) a common ancestry [61].

Figure 2b shows an analogous £ profile in an in-house glass-infiltrated 3Y-TZP [62], The
value ~ 70 GPa at the outer surface is close to that of tooth enamel or porcelain, with a
smooth transition to the value for bulk zirconia over an infiltration depth —150 um. The
absence of an abrupt internal interface avoids a potential source of weakness in the structure.
Further benefits of infiltration are enhanced shade selection at the cameo surface [25] and
greater bond strength at the intaglio surface [63]. The advantages of nanoindentation
property mapping of this kind should become even more apparent as new biomimetic
zirconias and other inhomogeneous dental ceramics are developed.

Microindentation with a Vickers diamond pyramid is a valuable site-specific tool for probing
properties of interfaces in dental bilayer structures. Figure 3 shows examples for a 3Y-TZP
zirconia core veneered with (a) dental porcelain and (b) borosilicate glass [46]. For the
porcelain-veneered structures in Fig. 3a, thermal expansion coefficients were matched (<
0.5x1078 °C™1) s0 as to generate minimal residual stresses. Vickers indentations with well-
defined corner cracks (10 N in porcelain, 40 N in Y-TZP) are placed close to the interface.
The lead crack emanating from the porcelain indent is seen to arrest at the interface. Indents
placed even closer to the interface lead to delamination. In no case did a crack from a
porcelain indent traverse into the tougher zirconia core. The behavior is quite different for
cracks emanating from indents in the zirconia. In those cases the cracks penetrate readily
into the weaker porcelain without any delamination. The methodology provides a clear
visual picture of the role of a weak interface for cracks originating in either the veneer or
core. It also has provision for rigorous fracture mechanics analysis, with due allowance for
important effects of mismatch in elastic modulus [64], enabling quantification of the
interface toughness [46,65].
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Whereas in Fig. 3a care was taken to choose a veneer with small thermal expansion
mismatch, in Fig. 3b a borosilicate glass veneer was selected to give a deliberately large
expansion differential (< 5x1076 °C~1) [46]. Mismatch of this order induces lateral tensile
stresses in excess of 150 MPa into the zirconia core (compression in the porcelain veneer). A
Vickers indentation in the 3Y-TZP core has penetrated into the veneer as before but,
exacerbated by slow crack growth, has traversed the entire zirconia core. Note also the
deflection of adjacent corner cracks nearly parallel to the interface. The influence of
excessive thermal expansion mismatch is visually palpable, reinforcing the need to pay close
attention to property matching in bilayer structures.

3.2 Simulated occlusal contact

Results of contact tests with a single-cycle sphere axial contact on flat monolith zirconia and
veneered zirconia slabs bonded to soft substrates are shown in Fig. 4 [66,67]. Critical loads
to initiate the various damage modes (Fig. 1b) in the Y-TZP/substrate specimens are plotted
as a function of zirconia thickness d'in Fig. 4a, in the veneer/Y-TZP/substrate specimens as a
function of zirconia core thickness @ in Fig. 4b but with fixed retveneer+core thickness d=
a, + &b = 1.5 mm. Data points are loads Fr at which subsurface radial cracks are observed to
initiate from the intaglio zirconia surface. The solid curves in Fig. 4a are theoretical
predictions from the stress solution for a flexing zirconia plate on soft substrate [67]

Py = BSd*/log(E /Es) (1)

where £; and £ are elastic moduli of zirconia and substrate respectively, S'is the strength of
zirconia, dis the net layer thickness and B is a coefficient. While the tests were conducted
on polycarbonate substrates for experimental expediency, the Ag data in Fig. 4 have been
adjusted to match dentin substrates using appropriate modulus ratios in egn. 1. For the
trilayer veneer/Y-TZP/substrate structure in Fig. 4b, an extra multiplicative factor to allow
for veneer/core modulus and thickness ratios has to be incorporated into the right-hand side
of egn. 1 [67]. It is noteworthy in this latter case that the zirconia core, although much
stronger than the overlaying veneer, is still subject to intaglio radial cracking, owing to the
concentration of tensile stress at the lower surface of the flexing bilayer plate beneath the
contact site [67]. It is also noteworthy that Ay is not sensitive to the actual core thickness in
Fig. 4b, provided the netthickness @' remains fixed.

Also included as dashed lines in the plot for the Y-TZP/substrate bilayer in Fig. 4a are
predictions of critical loads Ay and A¢ to produce top-surface yield (quasiplastic)
deformation and peripheral cone cracking in axial contact [48,68,69]

Po=A(T*/Ey (2a)

Py = DH(H/E)*r* (2b)
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where 7and A are toughenss and hardness of zirconia and A and D are coefficients, here
plotted for a nominal sphere radius 7=5 mm. Note that Ay in egn. 1 depends on dbut not 7,
whereas Pc and A, in eqn. 2 depend on rbut not @ Thus the dashed Pc and Ay lines in Fig.
4a will move up and down the plot as rvaries, but the solid A line will be unchanged.
Conversely, points will progress down the Py curve as ddiminishes, but Pz and A, will
remain unchanged. Thus while yield and even cone cracking are likely to initiate first in
thicker zirconia specimens, subsurface radial cracking will rapidly become the dominant
threat as thickness diminishes much below 1 mm.

The single-contact data in Fig. 4 are useful for identifying conditions under which each
potential damage mode is likely to initiate. It is important to ask how these damage modes
will evolve in the long term, after repeat occlusal cycles. Critical contact loads to generate
intaglio radial cracks in multi-contact tests on monolithic Y-TZP are shown in Fig. 5 for
various subsurface states [52] (again using egn. 1 to adjust experimental data to match dentin
substrates [53]). The straight lines for polished and sandblasted surfaces are predictions in
accordance with strength degradation from chemically-assisted slow crack growth acting on
critical flaws. Load-bearing capacity in these two instances is degraded by more than a
factor of 2 over some million or more cycles, i.e. typical of chewing frequencies over 5 years
or so [27,28]. The sandblasted surfaces are some 30% weaker than polished surfaces over
the cyclic range, demonstrating the potentially deleterious effects of undersurface
roughening prior to fitting of a crown. The degradation is even stronger for zirconia surfaces
with a controlled light-load indentation flaw, by up to some 80% [70,71]. Moreover, the
falloff over the cyclic range is faster than predicted from slow crack growth alone, indicative
of some additional, mechanical fatigue mechanism within the quasiplastic contact zone [52].
Such data suggest care to avoid deep surface scratches from errant sharp particles [72] or
coarse diamond drill burs during prosthesis preparation or finishing [73].

Figure 6 plots remaining strength S of monolithic zirconia after prior cyclic contact at the
occlusal surface from a sphere of radius r=3.18 mm, for (a) axial and (b) sliding loading.
The degradation is particularly marked for sliding tests in Fig. 6b: note the enhanced dropoff
in strength after a relatively small number of cycles, and at a much lower contact load than
that for axial loading in Fig. 6a. Post mortem examination of the contact sites in zirconia and
other ceramics reveals progressive buildup of surface attrition with continued cycling [55].
Ultimately, coalescence of microcracks within the quasiplastic zone into macroscopic cone
(or other) cracks, exacerbated by enhanced tensile stresses in sliding mode [74], accounts for
the abrupt strength dropoffs. The degradation is determined by number of cycles rather than
total contact time, meaning that the degradation is predominantly mechanical in nature [75].
These results add substance to our contention that standard strength tests on pristine material
surfaces, even incorporating slow crack growth into the flaw mechanics, are an inadequate
guide to long-term performance.

4. Discussion

Dental zirconia ceramics are relatively strong and tough, but are subject to property
variations and degradation of load-bearing capacity over time. There is a place for clinically
relevant testing procedures that can map out such variations and that can identify and
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elucidate competing damage modes (Fig. 1a). Indentation testing is a simple but uniquely
powerful methodology that meets this need. Judicially placed micro-and nano-indentations
in specimen sections can clarify the roles of internal interfaces and property gradients: in
bilayer structures, residual stresses from thermal expansion mismatch and interface
toughnesses can be evaluated; in graded structures, mechanical properties can be traced out
across a specimen section. In many instances indentation mapping is the only practical way
to explore and quantify such elements. It promises to become ever more useful as more
biomimetic dental materials with elaborate microstructures and layer configurations are
developed.

Testing of flat layer zirconia layers on a soft support with blunt, spherical indenters (Fig. 1b)
takes us closer to actual occlusal loading conditions than do 'standardized' strength and
toughness test protocols. Chewing involves complex mouth motion [27,76], but is essentially
a contact process. Contact testing affords visual and quantitative evaluation of the
susceptibility of dental zirconias to fundamental mechanisms of fracture and deformation. It
contains provision for cyclic loading, axial or sliding, in aqueous environments. It enables
damage modes to be identified and analyzed in terms of explicit critical load relations (egns.
1 and 2). The use of flat specimens is not restrictive, since the geometrical complexities of
anatomically-correct prostheses can readily be analyzed in conjunction with extended finite
element methods [43,51,77,78].

Figure 1 depicts two basic classes of damage in dentin-supported zirconia layer structures:

(i) Intaglio radial cracks. These cracks usually initiate from the intaglio surface immediately
below the contact zone. They are subject to high tensile stress states in plate flexure,
especially dominant in thinner layers, so are more likely to grow into longitudinal or even
splitting cracks that traverse the entire height of the prosthesis [43,51,79]. Initiation of such
cracks is conveniently visible in simple tests on transparent test substrates (Fig. 1b) [66].
The presence of a thin compliant cementation layer between ceramic overlay and substrate
can substantially lower the critical load for radial crack initiation [80]. In certain cases, e.g.
loading with a soft contact, radial cracks may also generate at the margins in anatomically-
correct crown structures [81]. The roles of surface states associated with undersurface
preparation prior to fitting, e.g. sandblasting, grinding, scratching etc. can be readily
quantified (Fig. 5).

(it) Occlusal surface damage modes. It can be argued that occlusal damage modes should be
less deleterious, since typical occlusal contacts are arguably blunter than those used in the
current tests, with consequent diminution of contact pressures below those needed to initiate
quasiplastic deformation [82]. Moreover, measurements of actual occlusal contact areas
using pressure-sensitive film techniques indicate that while bite forces can indeed exceed
1000 N, these forces are distributed along the entire dentition in normal clenching, with
further diminution of local contact pressures in an individual tooth or crown prosthesis [26].
Also, flexural stresses at the top surface are predominantly compressive during normal
chewing activity, so incipient crack initiation may be subdued. However, local high pressures
sufficient to induce top-surface yield in a crown structure could occur in biting on a hard
object with high curvature (e.qg. fruit pit, ice cube, bone fragment, eating utensil). Any
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sliding component in the contact stress field would further enhance the onset of top-surface
damage [83]. As noted in Fig. 6, damage of this kind is cumulative and far from benign. Any
cracks that emerge from the contact zone and grow into the lower reaches of a zirconia layer,
especially under cyclic fatigue conditions, will be subject to flexural tension [84,85], Such
cracks have been observed to traverse the entire thickness of a supported ceramic plate in
ball-on-flat tests [53]. In any event, the strength data in Fig. 6 usefully serve to quantify how
rapidly, and to what extent, Y-TZP degrades under extreme contact fatigue conditions. More
extensive contact testing also reveals subsidiary damage modes, such as inner cone cracks
from hydraulic pumping, median cracks from coalescence of microcracks within a
quasiplastic zone, chipping from near-edge contacts, delamination, etc. (Fig. 1a) [44,53],
Shallow material removal processes at wear facets from multiple abrasive microcontacts at
lower contact pressures, superficially akin to quasiplasticity damage but surface-localized,
can also act as sources of failure.

New zirconia ceramics for dental restorations are continually under development, with a
goal of maintaining mechanical integrity while improving translucency [12,25,44], The trend
is toward monoliths, for greater longevity and avoidance of interfacial and residual stress
issues. Compositional variants—graded structures, biomimetic structures, nanostructures—
are being explored. An understanding of basic damage processes is a vital complement to
the continued development of more esthetic yet durable zirconias.
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(b)

Failure modes in ceramic layers on soft substrates. (a) Schematic of crown on dentin,
showing fracture and deformation modes at occlusal and cementation surfaces from axial,
sliding and edge contacts [12]. (b) Basic experimental setup, indicating damage modes from
sphere indenter of radius rat axial load P on flat zirconia layer of thickness ¢ on compliant
substrate: C cone crack at contact periphery, Y quasiplastic zone from yield deformation, R

radial crack from intaglio surface.
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2.
Use of Berkovich nanoindentation to probe elastic modulus variations in dental structures.

(a) Across longitudinal section in great ape tooth enamel, showing gradient in values
between outer and inner surfaces [58]. (b) At cross section of in-house glass-infiltrated 3Y-
TZP (TZ-3Y-E grade, Tosoh, Tokyo, Japan), with value close to that of dental porcelain and
tooth enamel at cameo surface increasing to that of core zirconia at depth ~ 150 um [12].
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(b)

Porcelamn

3.
Corner cracks from Vickers indentations near fused interfaces in bilayers [46]. (a) Porcelain

(Lava Ceram, 3M ESPE AG, Seefeld, Germany) on 3Y-TZP (Lava Frame, 3M ESPE AG,
Seefeld, Germany), CTE mismatch < 0.5x1076 °C~1, Note how cracks either arrest,
delaminate, or penetrate interface. (b) Borosilicate glass on same 3Y-TZP, CTE mismatch ~
5x1076 °C~1. Large residual stresses in latter case have caused catastrophic failure of the
bilayer.
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(b) Veneer/Y-TZP/dentin
10%

° ,__-—-—-—'. 3 . - ~_=__.__=_=— Pr
L_—d

10j
d=dy+dy=1.5mm
02—l
0 0.5 1 15
Zirconia thickness, d, (mm)
10

Critical loads to initiate radial cracks (Ag), cone crack (#c), and quasiplastic yield
deformation (Ay) in flat 3Y-TZP (Prozyr Y-TZP, Norton, East Granby, CT) on a compliant
substrate, as function of zirconia thickness. (a) 3Y-TZP layer of variable don substrate, Ao
and A, computed for nominal r=5 mm [86]. (b) Veneer layer of thickness &} on same 3Y-
TZP core of thickness db, with fixed net thickness o= 1.5 mm [67]. P data from tests on
polycarbonate substrates scaled for equivalent dentin substrates using eqn. 1.
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5.
Critical loads Ay for intaglio radial cracking in monolithic Y-TZP (Prozyr Y-TZP, Norton,

East Granby, CT) on a dentin substrate as function of number of contacts with a hard sphere
[52]. Data shown for as-polished, sandblasted, and indented (Vickers, 10 N) zirconia
undersurfaces. Linear fits to polished and sandblasted cases are in accordance with strength
loss from moisture-assisted slow crack growth. Curve through data for indented surfaces is
empirical fit, revealing enhanced degradation from mechanical fatigue for flaws within
quasiplastic contact zone. Arrows indicate 'runouts', i.e. no failure after 107 cycles.
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Inert strength of zirconia after occlusal damage from cyclic contacts with hard sphere of
radius 7= 3.18 mm, in water. (a) Axial loading of 3Y-TZP bars (Prozyr Y-TZP, Norton, East
Granby, CT) with tungsten carbide indenter at two loads shown [55]. (b) Sliding loading on
3Y-TZP discs (Zpex, Heany Dental, Scottsville, NY) with zirconia sphere in mouth-motion
machine at relatively low load (data courtesy Marcia Borba and Tomoyuki Okamoto). Data
points for specimens on the lower solid lines are failures are from contact sites. Boxes at left
axis are strengths of unindented specimens (standard deviation bounds). Abrupt drops in
strength after cycling correspond to initiation of cone or other macroscopic cracks from

quasiplastic zone.
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