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Anisotropic, gradient and metal-like mechanical
behaviors of teeth and their implications on tooth
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The anisotropy and gradient of the elastic modulus and the hardness of teeth were investigated by
means of instrumented indentation method. Such properties are attributed to the unique micro-
structures of teeth based on scanning electron microscopic analysis. By comparing the relation-
ship between the ratio of hardness to the reduced elastic modulus and the ratio of elastic
unloading work to the total work of teeth in course of indentation to those of other materials, we
found that the material behaviors of teeth display metal-like characteristics rather than ceramics
as considered traditionally. These material behaviors and relevant functions are discussed briefly.
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The most important and impressive function of teeth is
life-long mastication!"?!. This implies that the structural
and mechanical properties of the tooth materials can
sustain repetitive occlusal loading for tens years. Teeth
are highly mineralized tissues with micro- and nano-
structural features and the arrangement of these features
can significantly affect the mechanical properties!'’.
Therefore, to understand the superior microstructures
and mechanical properties of teeth are important not
only in clinical practice but also in physical and materi-
als sciences.

Recently, a lot of mechanical tests on teeth were per-
formed with instrumented indentation or nanoindenta-
tion method. Cuy et al. made a nanoindentation mapping
of the mechanical properties of human molar tooth
enamel and presented that the material behaviors of
enamel were not homogeneous'”. Marshall et al. found
that mechanical properties through the normal dentin
remained relatively constant and the transition between
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enamel and dentin was smooth™*. At even smaller
scales, the hardness and Young’s modulus of single apa-
tite crystal rods in enamel were measured with nanoin-
dentation™. More recently, Nizam and Lim indicated
that although nanoindentation on teeth is a relatively
new area of research, it provides an excellent way to
probe and relate the structures and mechanical properties
of teeth at the submicron and nanometer scales that were
previously not possible but can now greatly benefit den-
tal research. For example, tooth enamel is made up of
the hydroxylapatite crystal rods and their orientations
will affect the nano-mechanical properties obtained.
Thus, anisotropy of teeth remains an interesting area of
research’.

In the present study, by means of nanoindentation
method, we examine the elastic modulus, the hardness
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of teeth, the ratio of hardness to reduced elastic modulus,
and the ratio of elastic unloading work to the total work
of enamel and dentin in course of nanoindentation test-
ing. It is found that the mechanical properties of teeth
are not only anisotropic but also gradient. Also, the crack
characteristics on the dentin-enamel junction (DEJ) are
discussed and analyzed. More significantly, the rela-
tionship between the ratio of reduced elastic modulus to
hardness and the ratio of elastic unloading work to the
total work shows that teeth have metal-like behaviors
rather than ceramics as considered traditionally. Finally,
we demonstrate that these material and mechanical
properties play key roles in teeth functions, such as the
matching between the enamel and dentin, as well as
their life-long mastication.

1 Materials and methods

The tested samples of teeth were taken from molars
and canines. All the teeth were removed in less than 12
month. Once the teeth were removed from the mouth,
they were enwrapped in the gauze immersed with 20%
glycerin and were stored at 4°C. This storage condition
has been widely used and provides the essential hu-
midity and temperature which prevents the teeth from
dryness, crack, and decomposition®’. We chose some
cross sectional area to examine the mechanical and
microstructural properties of teeth, as shown in Figure
1. The sectioned samples of teeth were mounted with
denture base resin (Type II) and epoxy resin, and all
the tested surfaces of the samples were carefully pol-
ished.
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In order to measure the mechanical properties of teeth,
indentation experiments were carried out using the MTS
Nano Indenter XP with a Berkovich diamond tip to test
the surface of each sample. Load and displacement
resolution of MTS Nano Indenter XP were controlled to
be within 50 nN and 0.01 nm, respectively. In addition,
the relevant microstructures of the tested samples were
investigated with a scanning electron microscope (SEM,
Sirion 400NC) and all tested data of SEM images were
automatically analyzed and recorded by employing Im-
age Analysis System (IAS, Image-Pro Plus 4.5, Media
Cybernetics).

Based on the Oliver-Pharr method[(m, the reduced
elastic modulus, E,, can be evaluated from the nanoin-
dentation measurements by the following equation:

Jr S,

E =— ,

284

where A is the contact area at maximum load which can
be calculated by the indenter shape function, S, is the

(D

contact stiffness, and £ = 1.034 is constant in Oliver-
Pharr method. The hardness H can be obtained from the
following relation:

Pm
H = i 2
here P, is the peak load.
The effects of a non-rigid indenter on the load
displacement behavior can be taken into account by the

reduced modulus E, as follows:
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Figure 1 The anatomic sketch of the third molar shows the positions of the cross sectional area tested and the directions of nanoindentation. (a) The
positions of sections A, B, C, D and E in the tooth; (b) the tested direction of each section.
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where E is elastic modulus, v is Poisson’s ratio of the
sample tested, and E; and v; are the corresponding values
of the indenter. For the diamond indenter used in our
experiments, E; = 1141 GPa and v; = 0.07. Also, in all
calculation, Poisson’s ratio of the specimen was as-
sumed to be 0.25. Furthermore, in the course of nanoin-
dentation testing, the maximum indentation depth was
controlled to be one micrometer so that the trace made
by Berkovich tip was an equilateral triangle with a side
length of approximately 7 um. Note that the distance of
adjacent indents was set to be twenty times greater than
that of the indent to avoid the overlapping of influence
regions of indents.

2 Results and discussion

Three types of loading and unloading curves of the
nanoindentation on teeth under the same testing condi-
tions are shown in Figure 2. The curve of dentin is nor-
mal and smooth with maximum load about 20.5 mN.
However, the situations of enamel are different when the
positions of the elected sections are different. One curve
that describes the course of the testing on section A or B
is no longer as smooth as that of dentin and shows clear
pop-in, which indicates that micro-cracking occurs
around the indent tips. The other that describes the
course of the testing on section C or D or E still remains
smooth similar to that of the dentin, which testifies that
micro-cracking does not occur. These prove that the
mechanical properties of enamel are anisotropic.

Further, we examined the variations of the average
modulus and the average hardness on the different posi-
tions and directions of the sections elected previously, as
shown in Table 1. The tested results demonstrate that the
mechanical properties of enamel are anisotropic, while
the properties of dentin are approximately isotropic.

In addition, a typical plot of the results is shown in
Figure 3. It shows the variation of modulus and hardness
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Figure 2 Curves of load P against indentation depth % showing the
loading and unloading loops.

along X and Y directions on section C in enamel. Both
modulus and hardness present some differences between
X and Y directions. In particular, the diagram shows a
valley-shaped variation. As shown in Figure 1(a), sec-
tion C is perpendicular to the vertical Z, thus it is
roughly parallel to the occlusal surface of tooth. How-
ever, since the rough occlusal surface of that part is
convex outward, the measurements made on section C
represent some variations from its outmost surface to its
inner part of enamel. This displays a well-organized
gradient property from the surface to the inside of
enamel.

The hydroxylapatite crystals, which are the main
components of the enamel, are in the form of rods with
diameter of 4—6 um[z] and stand upright on the surface
of dentine and run through the whole thickness of
enamel®. However, by employing scanning electronic
microscopy (SEM), we observed that the crystaline rods
near the occlusal surface (Figure 4(a)) are short and
thick while the rods near the DEJ (Figure 4(b)) are long
and thin, which is in accord with the gradient variations
of modulus and hardness in the enamel stated above. This
is an indication that the gradient of the mechanical prop-
erties of enamel should derive from its microstructure.

Table 1 The data of elastic modulus, hardness and W, /W, of sections A, B, C, D and E
Enamel Dentin
Direction of section vertical section horizontal section incliped verti(;al see incliped horizontal section
section tion section
Section A D E C B A B D E

Modulus zZlY 81.02 83.39 91.93 97.59 82.57 24.11 24.36 23.55 23.34
(GPa) X 80.56 83.06 95.83 98.88 66.67 22.77 2226 24.18 24.49
Hardness ZlY 4.11 4.02 427 498 3.93 0.85 0.87 0.85 0.88
(GPa) X 4.13 4.04 4.53 4.87 3.83 0.81 0.81 0.85 0.89
WIW, ZlY 31.37 30.64 3331 31.37 30.84 25.53 26.15 26.01 26.53
(%) X 32.03 30.45 34.97 31.54 33.65 25.20 25.032 25.50 26.58
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Figure 3 Plots showing variations of the modulus and hardness on section C in enamel. The valley-shaped distributions show the gradient decreasing of

Modulus gradient of section C

modulus and hardness from the outmost surface and the anisotropy in X and Y directions in enamel. In this figure, origin is the cross of X and Y directions.
The positive numbers of X and Y directions indicate the left side from the origin to the edge of section C and the negatives indicate the right side from the

origin to the edge of section C.
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Figure 4 SEM images showing microstructural variations of enamel.

SEM images show that the microscopic flaws initiate
from DEJ on the enamel side but no such micro-flaws
on dentin side, as shown in Figure 5. These micro-cracks
appear to spread into enamel to some extent. We meas-
ured the distribution of the length of these micro-cracks
and gave the average length to be about 175 um. Further,
we coarsely measured the chewing forces with foil
pressure sensors (Digital Multimeter with Dynasen’s
Carbon Gauge) and obtained the average chewing pres-
sure to be about 6.6 MPa for male and 5.2 MPa for fe-
male. Based on these measurements, we evaluated the
tolerance stress or in terms of elastic fracture mechanics

by o~ K, / \za. By taking the toughness of enamel

to be 0.52 to 0.76 MPa- m"*** and microcrack length a

~175 um, the tolerance stress o would be 25 to 33 MPa,
which is much greater than the average chewing force

measured. This implies that the observed micro-flaws
can be safely tolerated in enamel, unless comparatively
longer cracks are created from the outmost surface under
external loading and propagate through enamel. There-
fore, the existence of these micro-cracks not only dem-
onstrates the additional anisotropic feature of enamel,
but can also provide a proper tolerance to release the
stress. In fact, the difference between the elastic
modulus of enamel and dentin can induce high internal
stress, since the teeth work under repetitive occlusal
loading of 10° cycles/day and 20 MPa'"!. Besides the
cyclic pressure loading, the enamel also takes the func-
tion of cutting and grinding food with minimal wear
through the life time. However, the physiological and
mechanical functions of these anisotropic features of
enamel have not been understood very well yet.
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Figure 5 (a) SEM image showing DEJ in tooth; (b) a part in (a) showing micro-flaws that initiate from DEJ and extend into enamel; (c) a histogram

showing statistics of the length of micro-flaws.

In particular, we studied the relationship between the
ratio of hardness to reduced elastic modulus H/E, and
the ratio of unloading work to total work {'= W,/W,. The
averaged values of ¢ were measured to be about 0.326
and 0.262 in enamel and dentin, respectively, as shown
in Table 1. This indicates that the indents in enamel in-
volve more elastic deformation than those in dentin. In-
terestingly, the data of many materials collapse nearly on
a straight line in the diagram (see Figure 6), as suggested
in ref. [11]. The datum of dentin ({'= 0.264) locates in
the region where steel (for GCrl5 steel = 0.287 in
Figure 6) and Ti alloy (for Ti alloy £=0.230 in Figure 6)
do. Unexpectedly, the datum of enamel (= 0.326) lo-
cates at where bulk metallic glasses (BMG, for La-based
BMG ¢'=0.308 and CuHf-based BMG ¢'=0.317 in Fig-
ure 6) do, rather than brittle ceramics (see Al,Os, glass
and fused silica in Figure 6). Recalling the great
difference between the fracture toughness, like K;c =
70— 100 MPa m"? for steel whilst 0.52 to 0.76 MPa m"?
for enamel®*, the ratios of H /E, and ¢ similar to
steel and metallic glasses in dentin and enamel are very
impressive. In fact, the ratio of H/E, is related to the

deformation properties of a rough surface to govern

wear resistance in tribology!'? and the ratio of reversible
work to total work ¢ is the indication of energy dissipa-
tion. So, the relatively same position of enamel and me-
tallic glasses in the diagram of H/E, vs ¢ (Figure 6)
indicates that the enamel presents similar balanced func-
tions in both the resistance against wearing and the en-
ergy dissipation as metals, rather than ceramics as peo-

ple usually supposed.
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Figure 6 The plot showing the relationship between the ratio of hard-
ness to reduced elastic modulus H/E, and the ratio of unloading work to
total work W./W, The value of enamel is located in the range of metallic
glasses (La-based BMG and CuHf-based BMG) and the value of dentin is
located in the range of Ti alloy and GCr15 steel.
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3 Summary

Nanoindentation provides an excellent way to under-
stand the relationship between the microstructures and
mechanical properties of teeth. By means of instru-
mented indentation method, we report that the elastic
modulus and hardness of enamel are not only anisot-
ropic but also gradient. In combination with SEM ob-
servations, these special anisotropic features are attrib-
uted to the microstructures of enamel. In particular,

H/E, and W,/W, of dentin and enamel are similar to

steel and metallic glasses, respectively, rather than ce-
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