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Abstract

Although brittle material behavior is often considered undesirable, a quantitative measure of
“brittleness” is currently not used in assessing the clinical merits of dental materials.

Objective—To quantify and compare the brittleness of human enamel and common dental
restorative materials used for crown replacement.

Methods—Specimens of human enamel were prepared from the 37 molars of “young” (18<age<25)
and “old” (50<age) patients. The hardness, elastic modulus and apparent fracture toughness were
characterized as a function of distance from the DEJ using indentation approaches. These properties
were then used in estimating the brittleness according to a model that accounts for the competing
dissipative processes of deformation and fracture. The brittleness of selected porcelain, ceramic and
Micaceous Glass Ceramic (MGC) dental materials was estimated and compared with that of the
enamel.

Results—The average brittleness of the young and old enamel increased with distance from the
DEJ. For the old enamel the average brittleness increased from approximately 300 pm™ at the DEJ
to nearly 900 pm™1 at the occlusal surface. While there was no significant difference between the
two age groups at the DEJ, the brittleness of the old enamel was significantly greater (and up to 4
times higher) than that of the young enamel near the occlusal surface. The brittleness numbers for
the restorative materials were up to 90% lower than that of young occlusal enamel.

Significance—The brittleness index could serve as a useful scale in the design of materials used
for crown replacement, as well as a quantitative tool for characterizing degradation in the mechanical
behavior of enamel.
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INTRODUCTION

The physical properties of human enamel have been studied for many decades. In describing
the mechanical behavior of this hard tissue, the hardness, elastic modulus and fracture
toughness have both physical significance and direct clinical relevance. Hardness represents a
measure of a materials resistance to permanent deformation or “penetration” under contact
loads. According to selected published studies, the hardness of human enamel ranges from
approximately 3to 5 GPa [1-5]. The elastic modulus describes a materials resistance to deform
elastically and quantifies the ratio of the magnitude of stress responsible for a corresponding
degree of deformation. Based on studies conducted within the last decade, the elastic modulus
of enamel ranges from roughly 70 to 100 GPa [1-7]. Fracture toughness is a property that
describes a material’s ability to resist propagation of an existing crack under a particular state
of stress. The indentation approach has been adopted in evaluating the apparent fracture
toughness of enamel, and average values from 0.6 to 1.5 MPasm0-> have been reported [3,8—
11]. There is a relatively large range in these properties, which is at least partly attributed to
anisotropy posed by the prisms (e.g. [4]) and the interprismatic organic matrix (e.g. [12]), and
spatial variations in the enamel chemistry [13] and mineral content [14].

While the aforementioned properties describe fundamental aspects of mechanical behavior,
they do not convey whether a material is brittle or not. Specifically, they do not address the
propensity for inception of flaws and cracks under contact loads, or characterize a material’s
ability to resist the initiation of fracture processes through either elastic or inelastic
deformation. Brittleness can be interpreted using different parameters. For instance, resistance
to crack growth (i.e. fracture toughness) is sometimes used to infer the brittleness of a material,
but technical definitions of brittleness generally include the material stiffness and hardness as
well. A quantitative measure of brittleness (B) has recently been defined according to

e
K

(1)

where Hc is the “transition point hardness” or constant hardness of the material and E and
K|c are the elastic modulus and fracture toughness, respectively. Many materials exhibit
indentation size effects (ISE) and load-dependent hardness. Brittle materials often exhibit a
distinct transition point in the hardness vs. load curve at which the hardness becomes load
independent or a constant value [15]. The definition of B in Eqn. 1 has a theoretical basis and
is dependent on an energy ratio that compares deformation and fracture processes. The
brittleness index has been used as a practical measure for characterizing the brittle behavior of
engineering ceramics [15,16]. Materials with high B value are more prone to fracture than
undergo elastic or inelastic deformation, whereas materials with low B would be more likely
to deform elastically or dissipate energy through inelastic deformation. Despite the relevance
of this physical description to the performance of dental materials, a measure of brittleness has
not been adopted for characterizing their mechanical behavior. Therefore, the primary
objectives of this study were to quantify the brittleness of human enamel from two patient age
groups and to compare results with the brittleness of common dental restorative materials used
for its replacement.
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MATERIALS AND METHODS

Human third molars (N=34) of selected patients within 18<age<78 were obtained from
participating clinics in the state of Maryland according to an approved protocol issued by the
Institutional Review Board of the University of Maryland Baltimore County. All of the molars
were caries free and had not been restored. Immediately following extraction the teeth were
maintained in Hank’s balanced salt solution (HBSS) at 2°C to maintain hydration [17] and
divided into young (18 < age < 25) and old (50 < age) groups according to the patient age.
Third molars were used to minimize the influence of cuspal wear on the enamel thickness and
the potential for accumulated damage at the cusps in first and second molars due to cyclic
contact. While all of the 3™ molars were at least partially erupted at extraction, it is unknown
whether they were in occlusion. None of the occlusal surfaces had signs of cuspal wear.

The restorative dental materials selected for the evaluation were comprised of materials
generally used for crown replacement and included groups of feldspathic porcelains,
Micaceous Glass Ceramics (MGCs), and selected dental ceramics (Table 1). The MGCs were
comprised of a range of mica platelet sizes that were achieved through heat treatment and have
been shown to exhibit a relatively wide range in both hardness and fracture toughness. While
only the fine to medium fine MGCs might technically be considered dental restoratives (similar
to Dicor), the entire MGC series has been effectively used as model materials in the dental
literature, especially in determining mechanical property correlations with microstructure
[18-20]. Details pertaining to the chemistry and microstructure of the dental materials, as well
of the methods of specimen preparation and testing have been presented elsewhere [18].

The teeth were sectioned using a programmable slicer/grinder (K.O. Lee Model S3818EL,
Aberdeen, SD) with diamond impregnated slicing wheels (#320 mesh abrasives) and then
mounted in a cold-cured epoxy resin. The enamel surfaces were polished using silicon carbide
abrasive paper with successively smaller particle sizes and finished using diamond particle
suspensions (Buehler) of sizes 9, 3, and 0.04 um. The sections were subjected to either
nanoindentation or microindentation testing. Those teeth examined using nanoindentation
(N=14) were sectioned bucco-lingually (Fig. 1(a)), equidistant from the buccal and lingual
aspects. Microindentation testing was performed on the remaining teeth (N=20); ten of these
teeth were sectioned bucco-lingually as described earlier. For the remaining ten teeth,
secondary sections were made from initial bucco-lingual sections to extract beams from
beneath the cusps (Fig. 1(b)). The beams were mounted in the epoxy resin with the prisms
oriented nominally perpendicular to the polished surface.

Nanoindentation was performed using an automated test system (*Triboindenter, Hysitron Inc.,
Mineapolis, MN) with a Berkovich diamond indenter and 50 nm tip radius. A load/hold/unload
procedure was used with a rate of loading and unloading of 1 mN/sec, and a maximum applied
load of 5 mN for 5 seconds. The surfaces were hydrated with HBSS during testing. By virtue
of the sectioning process, the indentations were nominally perpendicular to the enamel prism
axes. The hardness and elastic modulus were evaluated as a function of distance from the DEJ
beneath the buccal and lingual cusps. Each path of evaluation (Fig. 1(a)) was defined parallel
to the nominal prism orientation from the DEJ to the occlusal surface. Indents were introduced
at 9 different equidistant sites along these paths with the first site located approximately 20 um
from the DEJ, and the last site within 50 um of the occlusal surface. At each of the 9 sites, four
indents were introduced on a square array and 20 um center-to-center distance, resulting in a
total of 72 indents in each tooth (2 paths x 9 sites x 4 indents/site). Both properties were
evaluated using the traditional approaches [21]. Briefly, the hardness (H) was determined from
the ratio of applied load and indentation surface area, and the “reduced” elastic modulus (E)
was calculated using the stiffness of the unloading portion of the indent routine.
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Microindentation was performed using a semi-automated test system (*Leitz Miniload Il
Microhardness Tester, Ernst Leitz, Wetzlar, Germany) with Vickers diamond indenter. The
specimens were hydrated routinely with HBSS during testing. In the 10 teeth sectioned bucco-
lingually, indentations were made at a distance no more than 100 pm from the DEJ (inner
enamel), midway between the DEJ and occlusal surface (middle enamel) and at a distance no
more than 100 um from the occlusal surface (outer enamel) as shown in Figure 1(a). Within
each region 10 indents were made at each load of 0.1, 0.25, 0.5, 1.0, 2.0, 3.0 and 5.0 N. The
Vicker’s hardness (HV) was estimated from the indent diagonals in accordance with the ASTM
standard C1327 [22] by the indent load divided by the contact area. The hardness distribution
was plotted in terms of indentation load to identify the transition point hardness (HV,).

The excised beams of enamel mounted in epoxy (Fig. 1(b)) were used in evaluating the apparent
fracture toughness (Kc(app)) Using the indentation crack length approach. Briefly, 5 indents
were made on the polished surface using a 3 N load, which exceeded the critical load
corresponding to the transition point hardness. The diagonal lengths and average crack lengths
emanating from the indentation corners (Fig. 2(a)) were measured for each indentation. Then,
the surface was polished to remove approximately 200 um of material and the indentation
process was repeated. Sequential polishing and measurement was continued until reaching the
DEJ. A complementary subsurface evaluation of the crack configuration beneath the indented
surface distinguished that the cracks exhibited a Palmqvist configuration (Fig. 2(b)). Therefore,
the apparent fracture toughness (Kc(app)) Was estimated for each indentation according to

[23]
E \5(2P\ 1
KC:O.0084( ) (—)—l
HVC L c2 (2)

where E and HV, are the elastic modulus and the transition point hardness, respectively, and
P, L and c are the indentation load (kg), average diagonal length (m) and crack length (m),
respectively. The crack length was measured from the tip of the indentation diagonal to the
end of the crack tip (Fig. 2(b)). Note that Eqgn. 2 is for Palmqvist cracks [11, 23], with ratio of
crack length to indent diagonal of 0.125<c/L<1.25 [23], which were consistent with the crack
system and sizes examined. The values computed using Eqn. 2 are regarded herein as the
“apparent” fracture toughness in recognition of concerns raised in using indentation methods
to estimate the fracture toughness of materials [24]. Indentation tests are occasionally used for
estimating the fracture toughness of materials, particularly when the volume of material
available precludes the use of standardized methods of evaluation. There are concerns
associated with this approach for estimating fracture toughness and as such the results are often
termed the indentation fracture resistance (IFR) rather than fracture toughness. Details
pertaining to indentation fracture testing and the corresponding complications are summarized
in Reference 24.

The aforementioned properties (E, HV, and K¢(app)) were used to estimate the brittleness of
the enamel from the DEJ to the occlusal surface according to Eqn. 1. Brittleness numbers for
the dental materials were also estimated according to Eqn. 1 and the properties required for
these estimates were obtained in a previous investigation [18]. Mechanical properties of the
enamel (E, H, Kc(app) and the brittleness) were evaluated as a function of normalized distance
from the DEJ. Normalization was achieved by dividing the distance from the DEJ by the total
distance from the DEJ to the enamel surface along that path of evaluation [25]. The
normalization allowed the property distributions to be described over a distance from 0 to 1,
regardless of differences in the enamel thickness. Comparisons of the mechanical properties
were conducted using a t-test with unpaired samples or an analysis of variance and significance
was defined as p<0.05.
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The distribution in hardness and elastic modulus of the young enamel is shown in terms of the
normalized distance from the DEJ in Figure 3(a) and Figure 3(b), respectively. There is an
increase in both properties with distance from the DEJ, except at the occlusal surface. Average
values for the elastic modulus within the inner, middle and outer regions (Fig. 1(a)) are listed
in Table 1. For the old enamel, both the hardness and elastic modulus increased continuously
with distance from the DEJ to the occlusal surface. The average elastic modulus increased from
approximately 80 GPa at the DEJ to 100 GPa at the occlusal surface. Similarly, the hardness
increased from 3.5 GPa to 4.8 GPa. Results obtained for the elastic modulus of the old enamel
within the three distinct regions of evaluation are listed in Table 1. At the occlusal surface,
both the elastic modulus (p<0.001) and hardness (p<0.01) of the old enamel were significantly
greater than the corresponding properties of the young enamel.

The Vickers hardness of the inner, middle and outer enamel of a selected molar are plotted in
terms of the indentation load in Figure 4(a). Consistent with results of nanoindentation testing,
the hardness increased from the inner to the middle enamel, and then to the occlusal surface.
There is a 50% reduction in the hardness from loads of 0.1 to 5 N and a prominent indentation
size effect in the responses. All three regions exhibited a transition in hardness to a constant
value (HV ) that was essentially load independent beyond an indentation load of approximately
2 N. Microcracks were evident along the indentation periphery for loads between 0.25 and 1
N, whereas distinct cracks developed at the indentation corners at loads greater than 1 N. While
difficult to compare objectively, the degree of microcracking appeared to be most extensive in
the occlusal region of both age groups, and particularly in the old enamel. The indentation
damage findings are overlaid with the measured hardness in Figure 4(a) and convey that the
reduction in hardness is associated with the development of microcracking. The transition point
hardness was accompanied by peripheral cracks concentrated at the indentation corners.
Regardless of age, the inner and outer enamel possessed the smallest and largest transition
point hardness, respectively (Fig. 4(a)). Though the HV of the inner, middle and outer regions
were significantly different (p<0.01), there was no significant difference in the values from
corresponding regions between the young and old enamel. An equivalent hardness distribution
for a fined grained incisal Leucite porcelain veneer is plotted in Figure 4(b). This material also
exhibited indentation size effects with higher hardness at low loads and transition hardness
(HV,) beyond a load of 2 N. An overlay of the damage analysis revealed that the transition
point hardness is associated with the development of cracks at the indentation corners;
microcracking was not observed at lower loads. The transition point hardness of the enamel
and dental materials are listed in Table 1.

The distribution in apparent fracture toughness of the young and old cuspal enamel are plotted
in terms of normalized distance from the DEJ in Figure 5(a) and Figure 5(b), respectively.
There was no distinct trend in K¢app) of the young enamel with distance from the DEJ (Fig. 5
(3)); the average K¢(app) Was 0.83 +0.09 MPasm?5. In contrast, there was a decrease in the
average K(app) Of the old enamel from the DEJ (0.88 MPasm?5) to the occlusal surface (0.67
MPasm0-%) as evident in Figure 5(b). Average results obtained for the young and old enamel
within the three distinct regions of comparison are listed in Table 1. The difference in

Kc(app) Petween the two age groups was significant at the occlusal surface (p< 0.001), but not
in the other two regions

The brittleness of the enamel was estimated according to Eqn. 1 using the elastic modulus from
nanoindentation testing (Fig. 3(a) and Table 1) and the HV and K¢(app) estimated using results
from the Vicker’s testing (Table 1). Average values for the young and old enamel within the
three regions of evaluation are listed in Table 1 along with brittleness numbers for the dental
materials. There is an increase in the brittleness from the DEJ towards the occlusal surface
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irrespective of patient age. However, the average brittleness of the old enamel is over 100 %
greater than that of the young enamel at the occlusal surface; this difference is significant
(p<0.02). In general, the brittleness of the dental materials was lower than that of the young
enamel, except for the Leucite Empress and Finesse and the glass-infused alumina. The
feldspathic porcelains exhibited the highest brittleness of the dental materials with values
ranging from approximately 200 to 400 pm~1. According to the brittleness index, enamel is
the most brittle material of those studied and the disparity in brittleness between the enamel
and restorative materials increases with patient age.

Though the brittleness of enamel is dependent on age and location (Table 1), the values obtained
within the inner, middle and outer regions do not clearly describe the spatial dependence. A
more cohesive description of brittleness over the enamel thickness can be achieved by using
the spatial hardness distributions of the enamel obtained using nanoindentation (Fig. 3(b)). But
nanoindentation and microindentation measures of hardness are not the same. Hardness
obtained using nanoindentation is determined by the indentation load divided by the contact
area under load, thereby accounting for both elastic and inelastic deformation. Hardness
obtained using microindentation is determined by the indentation load divided by the contact
area after load removal, which accounts for inelastic deformation only due to elastic recovery
of the indent. Nanoindentation and microindentation hardness measurements would be
expected to exhibit close agreement in conditions where elastic recovery is small (and
specifically when the elastic energy is dissipated by fracture in measures of HVc). Note that
within the 3 specific regions the hardness (H) obtained using nanoindentation (Fig. 3(b)) and
the HV obtained using Vickers indentations are within 10% of each other. Therefore, replacing
the transition point hardness (HV.) with the hardness distribution obtained from
nanoindentation, the brittleness distribution was estimated using Eqgn. 1 for both the young and
old enamel; the distribution is shown as a function of normalized distance from the DEJ in
Figure 6. When compared to the young enamel, there is a marked increase in brittleness of the
old enamel with distance from the DEJ, as well as a larger degree of variation in the brittleness
numbers. The old enamel is significantly more brittle than the young tissue and particularly
near the occlusal surface.

DISCUSSION

Hardness is commonly used to assess the physical behavior of enamel, particularly in studies
aimed at quantifying the effects of clinical treatments on its mechanical behavior (e.g. [26-
30]). Evaluations conducted using microindentation tests generally employ a single load of
between 0.25 and 10 N. Only a single investigation has considered the potential for load
dependence in the tissue’s response [31]. Furthermore, no prior study has distinguished the
indentation size effects in enamel and the mechanistic contributions to the mechanical behavior
of this tissue. Results from the microindentation testing of enamel showed that the Vickers
hardness was dependent on the indentation load and that the material response was load
dependent. Indents made with loads of 0.5 N and larger had microcracks that developed along
the periphery. Those indents made with loads larger than 2 N were accompanied by the
development of well-defined cracks at the indentation corners (e.g. Fig. 2(a)). Therefore, the
reduction in hardness of enamel with increasing load (Fig. 4(a)) distinguishes that there is a
change in the mechanistic response to concentrated contact loads. These results emphasize that
human enamel does not exhibit a single hardness (for loads less than 2 N) and that reported
measurements can reflect contributions from two different components of material behavior.
Specifically, at indentation loads less than 0.5 N, the measurement reflects enamel’s ability to
resist permanent deformation in the classical sense (i.e. through quasi-ductile dissipative
mechanisms). At indentation loads equal to 2 N and larger, hardness measurements largely
represent the tissue’s resistance to indentation damage through the generation of new surface
area (i.e. brittle fracture). Hardness measures conducted between the aforementioned load
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range (0.5<P<2 N) are influenced by a combination of dissipative processes comprising
deformation and fracture. Therefore, it is essential to choose an indentation load in examining
the hardness of enamel such that the measured values reflect the component of physical
response of greatest interest.

Substantial efforts have been invested in the development of dental restorative materials for
replacement of enamel. Though hardness measurements are used to interpret the resistance to
contact damage and/or wear, they have limitations in describing the mechanical behavior of
dental materials if not examined correctly. For example, the measured hardness is subject to
indentation size effects as shown for the feldspathic porcelain (Fig. 4(b)). There is some obvious
merit to the brittleness index in application to dental materials. Brittleness numbers for the
dissimilar ceramics (Table 1) underscore the qualitative differences between the brittle alumina
and the tough zirconia that has been observed in Hertzian contact studies [19]. For the MGCs,
the brittleness numbers range from approximately 50 to 300 and increase with a reduction in
mica platelet (grain) size. Previous studies on the contact damage resistance of MGCs [20]
have shown that coarse grain structures undergo substantial quasi-plastic deformation under
Hertzian contact and thereby suppress the development of detrimental cone-cracks. Finer grain
MGCs undergo a much greater degree of brittle contact damage [20] and the traditional
properties (E, HV or K¢appy) do not clearly delineate this behavior on an individual basis. The
brittleness numbers for the MGCs in Table 1 clearly distinguish the increase in brittleness with
decreasing grain size. However, despite their low brittleness, MGCs with coarse grains have
lower damage resistance under dynamic fatigue [32]. Thus, the brittleness index should be
useful in future evaluations of dental restorative materials, but the clinical performance may
not necessarily be optimized by microstructures with minimum brittleness numbers.

In comparing properties of the materials in Table 1, the high brittleness numbers of old enamel
result from its comparatively low fracture toughness. Results for K¢(app) (Fig. 5(a)) fall well
within the range of values reported in the literature. The K¢ (app) for young enamel in Table 1
is within 20% of that reported by Xu et al. [3] (for 3™ molars) and Caputo et al. [8] (for a
manidibular molar). Both of the aforementioned groups reported values that were lower than
those determined in the present study, which would result in higher brittleness estimates than
those presented in Table 1 and Figure 6. The latter group found that the apparent fracture
toughness of enamel was dependent on the tooth type and the specific location evaluated. Also,
differences in K¢(app) between these studies are not unexpected due to the experimental
difficulties and limitations of the indentation fracture test [24]. Despite the minor differences
in Ke(app) reported, enamel is the most brittle material of those evaluated in this investigation.
And as the disparity in brittleness between enamel and the dental materials increases with
patient age, the enamel of seniors is potentially the most brittle material in the oral environment.
The comparatively high brittleness numbers of the old enamel indicates that it becomes more
likely to dissipate strain energy via fracture. These results forecast the potential problems that
may arise in cyclic contact between enamel and dental materials in the teeth of senior patients.
Studies have not been performed to determine whether the brittleness index correlates with a
materials scratch and/or wear resistance. As such, the higher brittleness numbers for the old
enamel cannot necessarily be used to indicate that it is more likely to fail through any one of
the aforementioned modes without additional evidence. Further study should address these
relationships.

Brittleness numbers for the old enamel were significantly greater than those of the young
enamel near the occlusal surface. There are two relevant age-related processes that may
contribute to the observed differences. Specifically, there is a reduction in the proteinaceous
matrix residing along the prism boundaries as a result of natural maturation and oral conditions
that lower the oral pH [33]. In turn, prolonged exposure to mineral ions and fluoride within the
oral environment can promote replacement of the organic material with fluoro-apatities [34].
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White et al [9] postulated that the enamel possesses larger fracture toughness than
hydroxyapatite due to the unique mechanisms of toughening enabled by the organic matrix.
Indeed, the apparent fracture toughness of the old enamel was found to be significantly lower
than that of the young enamel at the occlusal surface (Table 1). Therefore, the larger brittleness
of the old enamel is expected to result from a reduction in the interprismatic organic matrix
and an increase in mineral content, both of which would reduce the resistance to cracking and
brittle fracture. In contrast to old enamel, the brittleness of young enamel exhibited an acute
decrease at the occlusal surface (Fig. 6). The response is attributed in part to a reduction in
both the elastic modulus and hardness (Fig. 3) and an increase in apparent fracture toughness
at the occlusal surface (Fig. 5(a)). This response was unexpected and may be associated with
differences between the near-occlusal chemistry and that of deeper enamel that results from
mechanisms of diffusion. An evaluation of the structural and chemical factors that are
responsible for the observed trends in mechanical behavior is currently underway.

Importance of the interprismatic organic matrix on the mechanical behavior of enamel has
received recent attention. In evaluations of the stress-strain characteristics and creep responses
it was reported that the enamel behaved more like a metal than a ceramic [35] and that the
protein content of the organic interprismatic enamel is the essential medium bestowing enamel
with damage tolerance. A related study [36] showed that the time-dependent behavior of
enamel is lost when heated to temperatures that cause irreversible damage to the organic matrix.
Even under the small contact forces associated with nanoindentation, enamel undergoes
irreversible deformation and the energy absorbed is largely a function of the interprismatic
contributions [37,38]. In light of these studies, the brittleness of the old enamel is believed to
be greater than that of the young enamel due to changes in the material’s capacity to undergo
deformation and propensity for fracture. Specifically, the microstructural changes cause a
reduction in the energy dissipation by inelastic deformation and an increase in that via cracking
and fracture. Overall these results highlight that the interprismatic protein matrix may be more
important to the initiation of cracks and brittle fracture of enamel than its contribution to elastic
or inelastic deformation.

CONCLUSIONS

The brittleness of human enamel and common crown replacement materials was estimated.
According to results of the evaluation the following conclusions were drawn:

1. The hardness of enamel is a function of the indentation load and exhibits indentation
size effects. There is a decrease in hardness of enamel with increasing load, which
results from an increase in energy dissipation through the development of cracks and
brittle fracture

2. The average brittleness of the young enamel increased from 300 um ™ at the DEJ to
400 um~1 at the occlusal surface. The average brittleness of the old enamel increased
from 310 pm~1 at the DEJ to nearly 900 pm1 at the occlusal surface. At the DEJ
there was no significant difference in brittleness between the young and old enamel.
However, at the occlusal surface the brittleness of the old enamel was significantly
greater (p<0.02) and between 2 to 4 times larger than that of young enamel.

3. The porcelain, ceramic and micaceous glass ceramic restorative materials exhibited
a brittleness of between 50 and 400 um™L. Their comparatively low brittleness
suggests that contact loading of the restoratives is more likely to promote either elastic
or inelastic deformation than fracture, in comparison to enamel.

4. The enamel was the most brittle material of all those evaluated in this investigation
and its brittleness increased with patient age. The brittleness index could serve as a
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useful scale in the design of materials used for crown replacement, as well as a
quantitative tool for characterizing degradation in the mechanical behavior of enamel.
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Figure 1. Schematic diagrams of the specimen configurations and regions of evaluation

a) a molar sectioned bucco-lingually and the regions of evaluation for the nanoindentation and
microindentation testing. Nanoindentation was performed along paths defined parallel to the
prism orientation in the cuspal region as defined by the line with arrow (left side). Indentations
were made from the DEJ to the occlusal surface at 9 equidistant sites along this line.
Microindentation was performed in the inner, middle and outer enamel to evaluate indentation
load dependence on the hardness (right side).
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b) specimens used for estimating the apparent fracture toughness using the microindentation

approach. The cuspal beams were mounted in cold-cure epoxy such that the occlusal surface
faced outward and the enamel prisms were oriented perpendicular to the potting surface.
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Figure 2. Indentation of enamel and the development of cracks at the indentation corners

a) a typical indentation in young enamel. The enamel is from a 21 year old female patient and
the indentation in this figure was obtained midway between the DEJ and occlusal surface.

b) the Palmqvist crack configuration from a side view of a Vickers indentation. The indentation
diagonal (L) and crack lengths emanating from the indentation corners (c) are highlighted for
clarity.
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Figure 3. Property distributions of the young cuspal enamel determined using nanoindentation.
The normalized distance ranges from 0 (at the DEJ) to 1 (at the occlusal surface)
a) elastic modulus

b) hardness
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Figure 4. Indentation size effect diagrams for enamel and a selected crown material

a) human enamel (patient age = 23). The highlighted region indicates the load range in which
microcracks (light grey) were evident at the indentation periphery and well-defined cracks
(grey) were evident at the indentation corners.

b) porcelain veneer on an alumina foundation. The highlighted region indicates the load range
in which well-defined cracks were evident at the indentation corners. There was no evidence
of microcracking at smaller loads.
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Figure 5. The apparent fracture toughness distribution of the enamel obtained using
microindentations

a) young
b) old
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Figure 6. Brittleness distribution for the young and old enamel
The brittleness numbers in this figure were calculated according to Egn. 1 using the H and E
distributions obtained using nanoindentation (Fig. 3) and the K¢(app) distribution obtained using
microindentation (Fig. 5). The region highlighted in gray represents the range in brittleness
numbers obtained for the dental materials listed in Table 1. *The line denotes significant
difference over the range in normalized distance covered. The p-value increases from left to

right.
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Table 1
Mechanical properties of the enamel and selected restorative materials obtained from the indentation analyses. Values
presented represent the mean.

Material HV, (GPa) E (GPa) K, (Mpa*m°®%)P B (um™)
Human Enamel (young)
Inner 31 75 0.88 305
Middle 35 82 0.88 375
Outer 4.1 87 0.95 393
Human Enamel (old)
Inner 3.0 79 0.88 313
Middle 34 90 0.73 582
Outer 4.0 100 0.67 897
Micaceous Glass Ceramics®
Fine (d=1.1 pm) 4.2 71 1.04 271
Medium-fine (d=1.8 um) 3.6 70 1.18 180
Medium (d=3.7 um) 3.4 68 131 135
Coarse (d=10 um) 2.7 50 1.65 49
Cmacor glass (d=15 pm) 1.8 64 1.50 51
Feldspathic Porcelains®
Leucite Body 5.6 67 1.14 288
Leucite Incisal 5.3 65 1.26 216
Leucite Finesse 5.6 70 0.99 402
Leucite Empress 5.6 67 1.03 353
Nepheline syenite 6.3 70 1.19 310
Dissimilars?
Zirconia 13.9 210 4.90 122
Glass-infused alumina 11.7 250 3.10 304
Glass-ceramic 5.5 104 2.80 73

afrom Quinn et al, [18]

bvalues obtained using indentation and represent apparent toughness (K¢(app))
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