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Abstract

Understanding the structure-property relationship of enamel is a basis to improve
restorative and preventive dentistry. This work is the first to systematically characterize
enamel according to its hierarchical levels: single crystallite fiber (0! level), multiple
crystallite fibers (1%t level), multiple rods (2"¢ level) and bulk enamel (3™ level). Spheri-
cal indentation and compression tests were used to characterize enamel’s elastic/inelastic
transition; the values decrease from 17 GPa to 0.4 GPa with increasing hierarchical lev-
els. This is attributed to increased volume of defects as well as weak phases surrounding
each crystallite fiber and rod. Similarly, the elastic moduli were measured as up to 115

GPa for 0™ level but 30 GPa for 3" level.

Both interrod and enamel rod regions showed creep under constant load, a quality
to reduce stresses. The measured creep response could be described by a series of creep
compliance elements such as spring and dashpot. The inelastic energy dissipation in the
interrod regions was found to be statistically significantly higher than in the enamel rod

regions, possibly due to higher protein unfolding activities at the protein sheaths.

Sub-10 um fracture was investigated under AFM and SEM. The mode I crack
tip toughness (K9) was quantified as 0.5-1.6 MPa+/m by measuring the crack-opening-
displacement (COD) profile under AFM coupled with Irwin’s ‘near-field’ solution. The
crack-closure stress at the crack tip was computed as 163-770 MPa with a cohesive zone
length and width of 1.6-10.1 wm and 24-44 nm based on the Dugdale-Muskhelishvili
(DM) crack model [Dugdale 1960; Goodier and Field 1963; Hahn and Rosenfield 1965;
Hahn 1976; Muskhelishvili 1953|. Toughening elements such as crack bridges and micro-

cracks were observed to occur across different length scales: the bridges are from =85



nm to ~3 pum and the microcracks are from 100-500 nm to =6 pwm. Their formations
were fostered by the weak phases surrounding each rod and crystallite fiber as well as

the abrupt change of crystallite orientations at the intrarod/interrod boundaries.

Summarized, enamel’s elastic moduli and elastic/inelastic transition for 0%-3r4
hierarchical levels were quantified. Both enamel rod and interrod regions creep under
constant load but the interrod regions are able to dissipate higher irreversible energy
compared to the enamel rod regions. The Ky, the bridging stresses and size of the
cohesive zone at the crack tip were calculated. Crack bridging and microcracks from

micro- to nanometer scales were observed.
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1. Introduction

Enamel is the hard outer coating protecting the soft dentin interior in teeth. It is
the hardest part of the human body. These critical load bearing tissues often survive
in the oral environment millions of loading cycles in the form of compression, wear and
torsion where the critical stress could range up to 2.5 GPa [1|. Its functional success
is a desired feature for loading structures. However, a deep understanding of enamel’s
structure-property relationship is essential before the principles could be applied to ad-
vanced structural materials design. Besides, in clinical perspective, a better understand-
ing of enamel’s structure-property relationship provides a basis for improvements in

restorative as well as preventive dentistry.

Teeth enamel’s resilience is also somewhat surprising. 90% by volume of its
structure consists of biological apatite crystallites that are as brittle as soda-lime glass
(enamel’s apatites extracted from de-proteinization have an average fracture toughness
of 1.0 MPa-/m [2] whereas the fracture toughness of soda-lime glass has been mea-
sured as 0.7-1.2 MPa-+/m [3]), the rest constituents are compliant organics (as soft as
skin) and water [4]. After decades of extensive study of their functionality and structure-
property relationship [5], it is today still a rather controversial area. Firstly, enamel is
traditionally considered as having little chances to deform and its fracture absorbs rel-
atively low energy compared to the underlying dentin [6]. But the fact is that enamel

seldom fails catastrophically except in extreme trauma conditions. Recent studies have
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even shown that enamel is able to imply toughening mechanisms after crack-initiation
[7-9]. Secondly, it is speculated that proteins contribute to energy absorption leading
to enamel’s toughness [10]. Modeling [11] studies and experimental results from protein
molecules in bone [12, 13| support this argument but there is little such microstructure-
specific experimental evidence in enamel. Some even claim that the existence of very
low amount of enamel proteins ‘likely do not play any major structuring function’ [14].
Thirdly, calculations show that the levels of hierarchical structure inside the materials
does not necessarily correlate to the excellence of mechanical properties [15, 16|, whereas
some show that tailoring the elementary building blocks at nanoscale is indeed essential
for the strength to achieve theoretical values [11]. Lastly, enamel’s properties often show

a wide variation of values [1].

Therefore, this study is dedicated to improve the fundamental understanding of
enamel’s structure-property relationship. What are enamel’s mechanical properties in
relation to its length scales? Does the small amount of proteins play a crucial role
in dissipating energy? What is the correlation between enamel’s multiple hierarchical
levels of structure with its mechanical properties and its role in maintaining the structural
integrity? The main characterization tools in this study are nanoindentation and atomic

force microscopy.

Although the overall teeth survival could also be due to the synergy of the co-
existence between enamel and dentin, the graded junctions between these tissues and/or
the shape of the teeth, this study focus to explore the multi-scale properties of enamel
itself to understand its secrets of functionality. If enamel itself has not been a high-
performing structure, it could not have survived as the outermost coating layer of an

important loading structure, teeth.



2. Theoretical Basis

In this chapter, the theoretical basis of the materials, the equipments and the
relevant analyses are explained. In Chapter 2.1, the hierarchical structure of enamel, its
formation process and its compositions are summarized. The analysis of nanoindetation
data is detailed in Chapter 2.2. In Chapter 2.3, the basic principles of fracture mechanics
for brittle solids (such as linear elastic fracture mechanics and the non-linear processes

around the crack tip) are explained.

2.1. Enamel

A detailed literature review is done to understand the structure, the development

process and the compositions of human enamel.

2.1.1. The hierarchical structure of human enamel

A longitudinal section of a human tooth is shown in Fig. 2.1 (a). Enamel rods are
closely packed and extend from DEJ to near enamel surface (Fig. 2.1 (b)), estimated
to be 6-12 um below the tooth surface [17]. The rods are embedded in a network of

interrod structures (Fig. 2.1 (c¢)). The diameter of the rods increases from ~3 pm in the
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inner enamel to ~ 6 pm in the outer enamel [17]. Enamel rods are partially demarcated

by organics.

Each rod as well as the interrod regions consist of apatite crystallite fibers of 24-35
nm in thickness and 55-90 nm in width [18, 19]. They have irregular outline (Fig. 2.1
(d) and (e)) as they are pressed against each other during crystallites growth [14]. The
crystallites are 40-50 um long, and some researchers believe that they span over the
entire thickness of the enamel layer [14]. Each crystallite is enveloped by an ~1 nm

thick organic layer [18].

The crystallographic axis of the crystallite fibers lies along their longitudinal axis
[20], Whereas the orientation of crystallite fibers relative to the rod axis depends on
its location around and inside a rod (Fig. 2.2). Within a rod, crystallites are mostly
oriented along the rod axis, but the further away their locations from the rod edge
with U-shaped organic sheath, the more the deviation of their orientation in comparison
to rod axis. This variation of orientation is up to 50 degrees and has been observed
in a previous study [21]. The crystallite orientations inside the interrod region are
significantly different from the adjacent crystallites inside rods and could deviate to up

to 90° [9].

The alternating bright and dark bands in enamel (marked by yellow dotted lines in
Fig. 2.1) are called the bands of Hunter and Schreger [22-24]. This optical phenomenon
is caused by changes in orientations between adjacent groups of enamel rods (Fig. 2.3).
They mainly occur in the inner two thirds of the enamel and are also called rod decussa-
tions, where enamel rods bend to the left and right and have different local orientations

while extending from DEJ towards the direction of enamel surface.
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Figure 2.1.: The structure of enamel. (a) A longitudinal section of a tooth and its Hunter-Schreger bands (for magnification, see Fig
2.3) and the lines of Retzius [17]. (b) Enamel rods are closely packed and span from inner enamel to outer enamel region.
The rods in the inner region are more intertwoven. (c¢) The enamel rods and the interrod region. (d) The cross sections of
enamel crystallite fibers [18]. (e) Enamel crystallite fibers are at least 100 um long and have irregular outline [25].
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-
Figure 2.2.: Crystallite fiber orientations inside enamel rods. Figure A shows a 3 dimensional
illustration. Figure B-D shows TEM images of the 3 faces in A [14, 21].

The series of dark lines (some are marked by blue dotted lines) in Fig. 2.1 (a)
are called the striae of Retzius [26]. These are light microscope manifestation due to
rhythmic swelling and shrinking of the rod diameter [17]. These intervals are about 4
um in width. They are largely attributed to a weekly rhythm in enamel formation [26];
some suggest that each line of Retzius separates different cohorts of cells that are grown
side by side [14]. The lines of Retzius end at the enamel surface as shallow trenches

known as Perikymata, visible on newly erupted teeth [27].

Since enamel is a hierarchical-structured material, its structure can be described
in terms of a 0" to 3" hierarchical level, where the smaller structural elements compose
bigger structural level and so forth [15, 16]. The ~50 nm diameter apatite crystallite

fibers are the mineralized structural elements of the 0" hierarchical level. Groups of
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Figure 2.3.: An SEM image illustrates three adjacent Hunter-Schreger bands [14]. Each Hunter-
Schreger band represents a group of enamel rods of similar local orientation but
different from those in the adjacent Hunter-Schreger bands.

apatite crystallite fibers are bundled together within one enamel rod or in the interrod
region as the 1% hierarchical level. The enamel rods are grouped to form the 2" level
in Hunter-Schreger bands in the inner enamel rod region. The rods within each band
have the same local orientation but different from the orientation of enamel rods in-
side the adjacent Hunter-Schreger bands. Multiple Hunter-Schreger bands form the 3

hierarchical level as bulk enamel.

2.1.2. Enamel formation

This section is summarized from Chapter 7 - Enamel: Composition, Formation and
Structure in the book Ten Cate’s Oral Histology by Antonio Nanci [14]. In this chapter,
italic forms are used for all scientific terms relevant to enamel formation because these

are generally non-familiar terms for materials scientists.
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Figure 2.4.: A schematic representation of four ameloblast cells in a section along their long axis,
showing (from bottom to top) stratum intermedium (believed to be closely related
to the development of ameloblasts), ameloblasts’ bodies, ameloblasts’ proximal
portion of Tomes’ Process (ppTP), ameloblasts’ distal portion of Tomes’ Process
(dpTP) and the growing enamel layer. [14].

The process of enamel formation is called amelogenesis. Ameloblasts are cells from
which tooth enamel develops. Ameloblasts (Fig. 2.4) are compartmentalized into body
and Tomes’ process. Mineral deposition is accomplished at Tomes’ Process and begins at
the dentinoenamel junction (DEJ) and ends at the outer enamel, constantly pushing the
ameloblasts away from the DEJ. The non-secreting end of ameloblast cells are attached
to the stratum intermedium. Crystallite formation is accompanied by enamel protein

secretion (discharge) out of ameloblasts and are segregated at two sites: (i) around the
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periphery of the ameloblasts on the ppTP (proximal portion of Tomes’ Process) and
(ii) along the face of the dpTP (distal portion of Tomes’ Process) (Fig. 2.4). The
crystallites growth at ppTP forms interrod regions whereas those at dpTP forms rods.
The formation of initial and final enamel layers are formed by the ppTP surfaces only
(without dpTP) and therefore contain no enamel rods. After crystallite formation,
enamel then hardens by the growth in width and thickness of pre-existing crystallites
while the matrix proteins and enamel fluid diminish (maturation stage). During the

maturation stage, no new crystallites are formed.

The proteins identified in enamel include ameloblastins, enamelins, amelogenins

(90% of the proteins), tuftelins, enamelysin, KLK/, amelotin and Apin.

Based on the biochemical characteristics, enamel proteins ameloblastin and enam-
elin are believed to guide the formation of enamel crystals. They undergo rapid ex-
tracellular processing and have short half lives. Therefore, their small amount does not
necessarily mean that they are produced in small amounts but might actually mean that
they do not accumulate over long periods. Those found in the deeper enamel are mostly

degraded fragments whereas those near enamel’s surface are more intact.

Amelogenin makes up 90% of enamel proteins. They are believed to form ‘nanosph-
eres’ surrounding crystallites along their axis. Based on the biochemical characteristics
and their distribution, they are believed to regulate growth in thickness and width of
crystallites. They are hydrophobic and are rich in proline, histidine and glutamine.
They undergo extracellular processing by enzymes into smaller fragments, tyrosine- and

leucine-rich amelogenin polypeptide comprises the bulk of the final organic matrix.

Enamelysin and KLK/ are involved in the extracellular processing and degradation
of the enamel matrix. FEnamelysin is involved in the short-termed processing of the

newly secreted matrix, whereas KLK/ acts as a digestive enzyme especially during the
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maturation stage. The role of tuftelins in the enamel matrix is still unclear.

The enamel proteins amelotin and apin are associated with the modulating surfaces
between ruffled-ended and smooth surfaces of ameloblasts during maturation stage. The
cyclic modulations between creation, decline and recreation of a ruffle-ended borders
or smooth surfaces of ameloblasts is hypothesized to maintain good pH conditions for

mineralization and matrix degrading processes.

Amelogenesis can take as long as 5 years to complete, and about two thirds of the
formation time is dedicated to the maturation stage. After the maturation stage, the

tooth awaits eruption through gum bed into the oral cavity.

2.1.3. Compositions of human enamel

Human enamel contains ~96% by weight of mineral [28|, individual values range
from 93.6-98.5% [29-39]. 0.05-8% of its composition is organic matters [35, 39-47],
averaging at approximately 0.5% [28]. The rest of the composition is water. By taking
the density of minerals, organic matters and water as 3.0, 1.4 and 1.0 g/cm?, the % by

volume for these constituents are calculated as 90%, 2% and 8% (Tab. 2.1) [4, 28].

Table 2.1.: Approximate content of main constituents of sound human enamel |4, 28|.

Constituent % by weight Density (g/cm3) % by volume

Mineral 96 3.0 90
Organic matter 1 1.4 2
Water 3 1.0 8

10



2.1 Enamel

2.1.3.1. Minerals

The major elements in human enamel is calcium and phosphorus; it also contains
carbonate, sodium, magnesium, chlorine and potassium |29, 30, 33, 35, 37, 39-41, 43, 48—
63] (Tab. 2.2) . Up to 40 trace elements were detected in human enamel including

strontium, zink, sulfur, silicon, aluminium and fluorine [28§].

Table 2.2.: Approximate content of major and minor inorganic constituents of sound human
enamel (% by weight) [28|.

Constituent Concentration range Average
(% by weight) (% by weight)
Ca 34.6 - 38.2 36.6
P 16.3 - 19.2 17.7
COs3 24-4.2 3.2
Na 0.17-1.16 0.67
Mg 0.04 - 0.68 0.35
Cl 0.16-0.7 0.35
K 0.018 - 0.1 0.04

It is very common in the literature to equate the mineral in enamel to the synthetic
hydroxyapatite with a stoichiometric chemical formula Ca;(PO4)3OH with a molar ratio
of Ca/P=1.67. However, strictly speaking, enamel’s inorganic component has a range
of Ca/P ratio of 1.8-2.3 and contains a significant amount of other minor elements
(Tab. 2.2). More importantly, recent analysis [64, 65] showed that the hydroxyl content
(OH") in biological apatite (from bone) is just 0-20% of those in synthetic stoichiomet-
ric hydroxyapatite. Therefore, it is inappropriate to name the mineral in enamel as
‘hydroxapatite’. The name ‘apatite’ is however acceptable. High resolution TEM im-
ages observed sets of lattice striations with 8.17 A intersecting at 60° angles in enamel

crystallites, indicating its crystal structure composed of accumulated rhombic unit cells

11
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[66].

The mineral in enamel is sometimes called carbonated apatite. It is worth men-
tioning that the exact configuration of the carbonate substitution into the crystallite
structure is a controversial topic. A critical review by Leventouri showed that the
present proposed model of carbonate substitution in the lattice of B-type carbonate
hydroxyapatites remains unresolved because the proposed carbonate substitution mod-
els resulted from a limited number of samples [67]. Additional experiments on biological
and synthetic apatites are necessary to determine the exact crystal structure of minerals

in enamel.

2.1.3.2. Organic matters

Sound human enamel contains only ~1% of organic matter by weight. Of these,
~57% are peptides/proteins and ~43% are lipids [68|. Proteins, which are also known as
polypeptides are organic compounds made of amino acids arranged first in linear chains
(primary structure), which further form secondary, tertiary and quaternary structures.

Lipids are molecules including fats, waxes and sterols among others.

Researchers have not successfully investigated the sequence of amino acids in
enamel, let alone of their architecture at secondary and tertiary level. This is due
to the difficulties of sample preparation of very small amount of organic matter from
enamel. Several studies have attempted to characterize the proteins in enamel. The
types of acid amino determined are mainly proline, glycine, glutamic acid, histidine and
leucine [42, 69-73]. Hydroxyproline is also detected in mature enamel which is believed

to be indicative of the presence of collagen type I [74].

12



2.1 Enamel

2.1.3.3. Water

It is generally agreed that two types of water exists in human enamel, loosely

bound water and firmly bound water [28].

The loosely bound water is presumed to occur in the pores, adsorbed on the crys-
tallite surfaces, and is associated with organic matrix [75-78]. It can be nearly reversibly
removed by heating at 100-140 °C or exchanged with etanol or D,O [35, 38, 40, 48, 77—
80]. Such loss has no significant effect on the crystallographic properties of mineral. The
published values of loosely bound water are 0.3-3.5% by weight, averaging at approxi-
mately 1.3% [35, 36, 38-40, 48, 75-77, 79-83]. It has been shown that determination of
the content of loosely bound water is highly influenced by the experimental condition

such as relative humidity, temperature and pressure [83].

Heating above 150 °C causes an irreversible loss of firmly bound water [38, 40, 76—
79, 81, 84]. The loss of firmly bound water causes changes in crystallographic properties
[37, 48, 77, 85| and therefore is believed to associate with mineral itself [35, 40, 48, 76,
77, 81]. Since heating above 150 °C might cause loss of other materials too, the reported
values of 1.3-3.5% by weight [35, 38, 40, 75-77, 79-81] should be considered as an upper
estimate [28]. The firmly bound water could occur in the form of HPO,* (structurally

incorporated water) or OH™ (constitutional water) ions [28]. The structural water is

estimated at 1-2% [77, 80].

2.1.4. Bovine enamel

Bovine enamel were used to substitute human enamel in some studies due to their
structural similarities [86, 87]. For instance, AFM and electron microscopy characteriza-

tion show that the rod and crystallite fiber diameters do not have significant discrepancy

13
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from those in human enamel [88, 89]. The diameter of bovine enamel rod ranges from
3.7-8.8 um and the diameter of the crystallite fiber is &50 nm [88, 89|. Detailed mi-
crostructure of bovine enamel are available in the long article of Glimcher et al. [89].

Even the gradual change of crystallite fiber orientation within one enamel rod in bovine

enamel is very similar to human enamel.

2.2. Analysis of Nanoindentation Data

In nanoindentation tests, a force-controlled loading profile can be applied. An
example of a loading curve is shown in Fig. 2.5 (a). The recorded data are force (P),
penetration depth (h;) and time (¢). An example of a resulted load-penetration curve is
shown in Fig. 2.5 (b). The recorded data can be used to calculate the elastic modulus,

hardness, indentation stress-strain curve, energy dissipation, creep and stress relaxation,

as outlined in the following subtopics.

(b) Load, P [uN]

(a) Load, P [uN]
A
\ K lo ading\f,:’m :l
unloading \I? S=dP/dh
Time, t [s] Penetration depth, h, [nm]

Figure 2.5.: (a) A nanoindentation P-¢ loading profile and (b) the resulted P-h; curve.

14



2.2 Analysis of Nanoindentation Data

2.2.1. Elastic modulus and hardness

Although Berkovich geometry tip is widely used in the field of nanoindentation, its
triangular-shaped tip can only produce constant equivalent strain value [90]. A spherical
indenter has the advantage that the indentation strain increases with the penetration
depth [90]. Fig. 2.6 shows a schematic diagram of a spherical indenter in contact with
a specimen surface. The projected indentation contact area A can be related to the

indentation radius a, the indenter radius R and the contact depth h,. with

A=ma® =m (2Rh. — h?) . (2.1)

indenter

~

Sample
surface

Spherical 1

Figure 2.6.: A schematic diagram of an elastic contact between an ideal stiff spherical indenter
and the surface of an indented specimen.

The elastic contact of a spherical indenter on an elastically isotropic material can

be described by [91]:

1/3 2/3 1/3
P 1
n=(2) (2 (L), (2.2)
16 E, R
with h; the total penetration depth, P the applied load, E, the reduced elastic modu-

lus.

The indenter radius of a spherical indenter can be calculated by doing indentation

on a standard materials with known E, (for example a fused quartz). The measured

15



Theoretical Basis

data can be used to plot h; versus P?/3. The initial regime of the curve will be linear
if two conditions are fulfilled - the material is still elastic and the tip of the indenter is
spherical. Therefore, if the initial portion of the h, versus P?/? is linear, the slope could
be used to calculate R, which is a useful method for spherical indenter tip calibration.
The indenter with the known radius can then be used to probe a material with unknown
properties. Plotting the h, versus P?/3 of the initial loading curve will lead to a linear
curve as long as the contact is elastic. The slope can be subsequently be used to calculate

the E, of that material.

Oliver and Pharr [92] showed that E, can also be calculated from the unloading
curve. Firstly, the initial portion of the unloading curve in Fig. 2.5 is fitted to calculate

the stiffness S as
B dP

S=—.
dh

(2.3)

The residual depth h,. in Fig. 2.6 for a paraboloid indenter (whose behavior is the
same as that of a spherical indenter in the limit of small displacements) can be estimated

as

3P,
h, = - 2% 2.4
=i 24)
The contact depth h, is
3 Pmax
he=hy — = ) 2.5
i (25)

For a spherical indenter of known R, the h. can be used to calculate A from Eq.

(2.1). E, can then be calculated by
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2.2 Analysis of Nanoindentation Data

B =20 (2.6)

E. for the unloading curve of a spherical indentation can alternatively be calculated
as follows [93]. When a spherical indenter is unloaded from the maximum applied load,
the indenter is unloaded elastically from a spherical impression. Eq. (2.2) can be used
to fit the unloading curve in Fig. 2.5. By plotting h; vs P?/3, the slope @ can be derived.
Differentiating the equation h, = QP?? gives dh,/dP = (2/3)QP~"/3. By inserting the
P as the load upon unloading and the derived @, the stiffness S = 1/(dh;/dP) can be
calculated. Subsequently, the h. and E, can be calculated from Eq. (2.5) and Eq. (2.6)

respectively.

The elastic modulus of the specimen can be calculated by considering the compli-

ance of the specimen and the indenter tip combined in series,

1 (- (-1
- & T £ (2.7)

where F;, v; and E,, v, are elastic moduli and poisson’s ratio of the indenter and

specimen respectively.

The hardness, H is defined as the resistance against plastic deformation. For

materials loading beyond its elastic/inelastic transition, H can be calculated by

(2.8)

Often, the shape of the indenter can be pre-calibrated with a standard material,
for example fused quartz to get a function of the area versus contact depth (A=f(h.))

described in the reference [92|. Therefore, while the indenter radius is unknown, the
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stiffness fitted from the unloading curve and the recorded h; can be used to calculate
h. according to Eq. (2.5). The h. can be used to calculate A from the calibrated
function of A=f(h.). Subsequently, F, and H can be calculated from Eq. (2.6) and
(2.8). With available calibrated A — h. functions, the calculation of E, and H can
usually be calculated with a single click on the commercial nanoindentation software

and is commonly called ‘Oliver-Pharr method’ [92].

2.2.2. Indentation stress-strain curve

In the elastic regime of spherical indentation, which is usually the case for the

onset of loading [94]:

he =2 (2.9)

With the known indenter radius, the indentation area A can be calculated from
Eq. (2.1). According to Tabor [95], the indentation stress is represented by the mean

contact pressure, P,,:

P
P, ==. 2.1
= (2.10)

By assuming h;«R, substituting Eq. (2.1) (2.2) and (2.9) into Eq. (2.10) gives for

the elastic regime

4FE.\ a
P, = G 2.11
( 3 ) R (2.11)

Hence, plotting P, versus a/R can be interpreted as indentation stress-strain
curve (Fig. 2.7). The slope of the first linear region can be used to calculate E,. The

point when the curve starts to deviate from the linear stress-strain relationship is named
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2.2 Analysis of Nanoindentation Data

Mean pressure,
P,[GPa]
A

Elastic/inelastic
transition

a/R [nm/nm]

Figure 2.7.: An indentation stress-strain curve. The stress when the curve deviates from the
initial linear relationship is named ‘elastic/inelastic transition’.

‘elastic/inelastic transition’ (Fig. 2.7).

From Eq. (2.7), if we neglect the term (1 — v?)/FE; as it is ~10 times smaller
than in the 1/FE,, F is within +10% of E, for 20 GPa<FE, <120 GPa and 0.23<r<0.28.

Therefore in our case it is justified to approximate E ~ E, in Eq. (2.11). This gives

4\ a
P,~FE|—)—= 2.12
(37r) R (2.12)

and we identify the indentation strain as

4\ a
Indentati train~ | — | — 2.13
ndentation strain (37r> % (2.13)

This is different to the definition used for metals [95] where

Indentation strain ~ 0.2}% (2.14)
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To avoid the ambiguity arising from the definition of indentation strain, the inden-

tation stress-strain curves throughout this article are plotted as P, versus a/R.

2.2.3. Energy dissipation

The calculation of energy dissipation from a nanoindentation curve is described

previously by He and Swain [96]. The mechanical work done is the product of applied

force and the resultant displacement. Therefore, the area under the loading curve and

the dwell period until point B (Fig. 2.8) corresponds to the total mechanical work done

to the sample during the indentation, Up. Similarly, the area under the unloading curve

corresponds to the elastic energy, Ug recovered from the work. The inelastic energy

dissipation, Uy, can be calculated from the difference between the Ur and Ug (which

is the area covered inside the loading, the dwell region and the unloading curves):

Urnet = Ur — Ug (2.15)

(@) Load, P [uN]

/
/

Loadir%' / Uer /%moaéding
/

A Dwell period B

/ R

Penetration depth, h, [nm]

Figure 2.8.: A schematic drawing of theP-h; curve for nanoindentation. The loading profile
includes a dwell region from A to B by holding at a constant load. The areas rep-
resenting Ug, the elastic energy recovered and Ug,;, the inelastic energy dissipated
are shown too.
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2.2 Analysis of Nanoindentation Data

The ‘Inelasticity index’ is defined as the ratio of the inelastic to total energy for

an indentation [96] by

U ne.
Inelasticity index = % -100% (2.16)
T

2.2.4. Creep

Creep here refers to the displacement induced during holding at maximum load
in Fig. 2.8. For similar stress levels, this creep response can be used to compare the

resistance of materials against time-dependent indentation deformation.

2.2.5. Creep compliance

The mathematical problem of creep response during indentation is solved in refer-

ence [94, 97, 98]. For a constant load holding after a step change of load from 0 to P4,

ht% = —PmaxJ(t) (2]‘7)

with J(t) the creep compliance function. Viscoelastic deformation can be modeled as a
spring (that describes elastic deformation), in series with a slider (instantaneous inelastic
deformation), a dashpot (viscoplastic process) and one or more Kelvin-Voigt bodies (a
spring parallel with a dashpot) (viscoelastic processes) (Fig. 2.9). The corresponding

compliance function J(t) [99] is

J(t) = Co + ot + ZZ: c, {1 —eap (_Tt—])} (2.18)
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C C, T Cj T
C v
0 (CV: 1/1]) (C1=(1'V1)/G1) (Cj=(1'VJ)/GJ)
—— — —— —

10000, 0
Tih— * 2

Spring Slider Dashpot Kelvin-Voight Kelvin-Voight
(Instantaneous (Instantaneous (viscoplastic body body
elastic inelastic  deformation) (viscoelastic (viscoelastic
deformation) deformation) deformation) deformation)

Figure 2.9.: The material’s deformation of the dwell region in (a) can be modeled by several
elements connected in series: a spring, a slider, a dashpot and Kelvin-Voigt bodies.
The parameters involved are compliance Cy (which is a function of both instanta-
neous elastic and inelastic responses), ¢, (1/¢, gives the viscosity of the dashpot 1),

and the compliance and time constants of Kelvin Voigt bodies Cj, 7; (C; = 1(_;? ).

with Cj the compliance constant that is related to the elastic and inelastic instantaneous
behavior elastic modulus and hardness (Cy = f(E, H)) , ¢, the viscosity n with ¢, = 1/n,

C; and 7; are compliance constants and the retardation time of the j™ Kelvin-Voigt body.

1-v;
G,

C; can be related to the shear moduli G; and Poisson’s ratio v; by C; =

An instantaneous step change of load from 0 to P, is difficult to realize. Usually,
the load must be increased from 0 to P,,,, by applying a ramp loading at constant loading
rate. Therefore, a ramp correction factor, p; [98] is included into the Kelvin-Voigt bodies

in Eq. (2.18) where
=1 e fr) _ 1 (2.19)
pj = P - :

with ¢ the time for the load to increase from P = 0 to P4,

Similarly, the term c¢,t in Eq. (2.18) for dashpot is modified as ¢,(t — tr/2),
assuming the indenter penetration during the ¢z equals to the indenter penetration that

resulted from an average force of Pp,4,/2. Therefore, the creep compliance function for
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2.2 Analysis of Nanoindentation Data

a ramp-hold indentation testing can be described by

t . t ,
J(t)=Co+cy (t - ER) + ;C’j [1 — p,exp (—;)} ,J=1,2..n. (2.20)

J

Summarized, the time-dependent response for a spherical indentation’s dwell period
in Fig. 2.8 can be approximated by a combination of a spring, a slider, a dashpot and

one or more Kelvin-Voigt bodies connected in series (Fig. 2.8) as [99]

h? = Cot+e |[t——= )+ Ci|1—piexp| —— =1,2,..n..
i SVER ( 0 ( 9 ; J pPjexp 7 J

2.2.6. Stress relaxation

The data for the dwell period in Fig. 2.8 can be used to calculate stress relaxation
behavior. Firstly, the stiffness, S upon unloading at point B in Fig. 2.8 can be calculated,
as described under Section 2.2.1. h. can then be calculated according to Eq. (2.5). It has
been previously shown that the ratio of the h. and h; for enamel is almost a constant
[100]. Therefore, the ratio of the h;/h. at point B in Fig. 2.8 is calculated and is
used to estimate h. for every data point for the dwell period based on the known h; .
The indentation area is then calculated based on Eq. (2.1). The mean pressure, P, is

calculated by (2.10)

Although the load is constant during the dwell period in Fig. 2.8, the increase in
indentation area leads to a change of P,,. A possibility to perform fitting for the relation

of P, versus t is by using the Kohlrausch-Williams-Watts (KWW) model [100, 101]
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Po(t) = Py - cap [_ (;)ﬁ] (2.22)

KWW model is an empirical decay function which is used to describe the relaxation
of a material property [102]. P, (t) is the value of P,, at time ¢, starting with the
maximum value of the instantaneous stress P,,o at t = 0. The effective relaxation time
constant 7 is the dimension with the parameter of time, the larger the 7, the longer
the system needs before it reaches equilibrium. S is the power law component with
values in the range of 0 < 8 < 1 that describes the deviation of the system from the
usual exponential function. The smaller the 3, the more stretched is the decay function
horizontally. When =1, the usual exponential function is recovered and the model is

called Debye or Maxwell (DM) relaxation model [103]

Po(t) = Puo - exp {— (;)} (2.23)

2.3. Fracture Mechanics

This section presents some basics of fracture mechanics of brittle solids. Analytical
solutions used to describe the stress distribution and displacement around a crack tip of
an ideal isotropic Hookean material are outlined. The cohesive zone model that describes

the non-linear process at the crack tip is also presented.

2.3.1. Linear elastic fracture mechanics

Fracture mechanics is used to predict how or whether a crack in a material grows

under an applied stress. A classic paper by Griffith in 1921 served as a breakthrough of
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2.3 Fracture Mechanics

the theory of fracture mechanics [104]. Griffith realized that the fracture of glass involves
a fracture strength much lower than the theoretical stress needed to break the atomic
bonds, and that the breaking stress of glass fibers is not a constant value but increases
with decreasing fiber diameter. He proposed that pre-existing flaws (or cracks) in the
material as the reason of the low and variable experimental fracture strength values.
The applied stress is concentrated at the crack tip and breaks the local atomic bonds;
this process involves the conversion of the elastic energy to surface energy when new
crack surface is created [104]. Griffith experimentally verified the following equation on

glass [104]:

2F
o =) (2.24)

™

where o is the fracture strength, 2a is the length of the initial flaw introduced to the

specimen, F the elastic modulus of the specimen and ~ is the surface energy.

Griffith’s work received very little attention by the engineering community until
the early 1950’s for the following reason: (i) For usual structural material such as steel,
the fracture energy is orders of magnitude higher than v (ii) Many usual structural
materials demonstrate noticeable plastic deformation at the crack tip that makes the
assumption of a linear elastic medium at the crack tip unrealistic [105]. These led Irwin
[106] and Orowan [107] independently to propose that the v term in Eq. (2.24) should

be replaced with the fracture energy I' where

I['=2y+w, (2.25)

with w, the dissipative energy due to plastic deformation.
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crack front crack plane
| /

A +—

v

\ 4
Mode | Mode i Mode lll
Opening In-plane shear Out-of-plane shear

Figure 2.10.: The three fracture modes.

Another important contribution of Irwin is his introduction of the concept of a
stress intensity factor K to predict the stress state near a crack tip caused by remote
stresses [108|. Before we proceed to the analytical solutions developed by Irwin where K
appeared, it is useful to first present three basic modes of fracture (Fig. 2.10) [109, 110].
Mode I fracture is a tensile mode separation where the traction forces act to open crack
surfaces directly apart from each other. Mode II fracture is a shear mode separation
where the traction forces are parallel to the crack plane but perpendicular to the crack
front. Whereas mode III fracture is a shear mode separation where the traction forces
act parallel to the crack plane and also parallel to the crack front. The stress intensity

factors for mode I IT and III crack are designated as K, K;; and Kj;; respectively.

For an ideal isotropic Hookean material, Irwin’s ‘near-field’ solutions have been
developed as analytical solutions to describe the stresses (¢;;) and displacements (u;)
around a tip of a slit-like crack subjected to a remote applied load o4 (Fig. 2.11) with a
key assumption that the crack walls behind the crack tip are free of other tractions such
as crack bridging, or that region behind the crack tip which is subjected to closure stress

is reasonably small in comparison to the other dimensions [109, 110]. Irwin crack-tip
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crack

Oa

Figure 2.11.: 2-D stress tensor in polar and Cartesian coordinates centered at a slit-like crack
tip.

solutions for an isotropic homogeneous material of the three fracture modes in relation to
the coordinate system shown in Fig. 2.11 are listed below (K7 ;7 are stress intensity

factors of mode I, II or III cracks, E is the elastic modulus, v is the poisson’s ratio

109, 110]):

Mode I:
Oz p cos(0/2)[1 — sin(0/2)sin(36/2)]
Oyy (= \/2—1? cos(0/2)[1 + sin(0/2)sin(30/2)] (2.26a)
Oy sin(0/2)cos(6/2)cos(30/2)
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Opr . cos(0/2)[1 + sin*(0/2)]
0w (= \/2% cos3(0/2) (2.26h)
oo sin(0/2)cos?(0/2)
Oy =V (0gw + 0yy) =V (04 + 000) (2.26¢)
Opz = Oyz = Opy = 0p, = 0 (2.26d)
Uy K; [r | A4+ v)[(2c = 1)cos(0/2) — cos(30/2)]
et B (2.26e)
{uy} 2E \/; { (1+ )2k + 1)sin(6/2) — sin(39/2)]}
Uy K; [r | (1+v)[(2x—1)cos(8/2) — cos(36/2)]
_ A Jr (2.26¢)
{UG} 2E\/; {(1 4 )= (2K + 1)sin(0/2) + sz’n(36/2)]}
u, = —(V"2/E)(0pe + 0yy) = —(V"2/E) (0, + 099) (2.26g)
Mode II:
Oz p —sin(0/2)[2 + cos(8/2)cos(36/2)]
Oy (= \/% sin(0/2)cos(6/2)cos(360/2) (2.26h)
Ty cos(0/2)[1 — sin(0/2)sin(36/2)]
o p sin(0/2)[1 — 3sin*(0/2)]
Ooo (= \/% —3sin(0/2)cos?(0/2) (2.261)
Trg cos(0/2)[1 — 3sin?(0/2)]
Oy = V' (Opy + 0yy) = V(04 + 009) (2.26j)
Opz = Oyy = Opy = 0gy, =0 (2.26k)
Uy K [r | (+v)[(2x+ 3)sin(6/2) + sin(36/2)]
_ B T (2.261)
{uy} 2E \/;{(1+V)[(2K3)608(9/2)+COS(39/2)]}
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Uy K [r | A4+v)[=(2k = 1)sin(0/2) + 3sin(360/2)]

St Gy (2.26m)
wo | 2E V2T (14 0)[= 2k + 1)eos(8/2) + 3cos(30/2)]
U, = —(V"2/E)(0pe + 0yy) = —(V"2/E) (0, + 099) (2.26n)
Mode II1:
Opz = Oyy = Opp = Opg = Oy = Oy = Opg = 0 (2.260)
Oxz —sin(0/2
_ Ky (0/2) (2.26p)
Oys V2T | os(6/2)
Ors sin(0/2
_ Ky (0/2) (2.26q)
s V2nr cos(60/2)
Uy = Uy = Up = Uy = 0 (2.26r)
u, = (4K 1/ E)\/r/27[(1 + v)sin(6/2)] (2.26s)
and

B—v)/(1+v), V=0, v" =v, (plane stress)
K= (2.26t)

(3—4v), vV =v, V' =0, (plane strain)

A fracture criterion for mode I cracks is now postulated as:

K; > K. (2.27)

K. is a critical stress intensity factor and is a material’s characteristic resistance to
fracture. If the remote applied stress o4 (as shown in Fig. 2.11) leads to a stress

intensity K and if the fracture criterion in Eq. (2.27) is fulfilled, the crack can grow. It
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can be shown that Eq. (2.27) is equivalent to Eq. (2.24). Similar fracture criterions can
be determined for mode II and model III cracks too with K;; > K. and K > Krrge.
It has been shown that the stress intensity factor K can also be related to the remote

applied stress o4 as [111]:
K

4= Y./ar

where Y is a constant determined by the specimen’s dimensions and geometry. Corre-

(2.28)

sponding to this, the fracture criterion for mode I crack can also be written as

Ko
Y./ar’

o> (2.29)

Similar fracture criterions are also applicable to mode II and III cracks. For some
materials, the fracture resistance (critical stress intensity factor) increases with crack

extension. This gives rise to the characteristic resistance-curve behavior [8, 9].

2.3.2. Cohesive zone model

So far we have considered the fracture mechanics as linear elastic, with the as-
sumption that the non-linear processes at the crack tip are confined within a very small
dimension compared to the crack size. There is a need to better describe the separation
process represented so far by the term fracture energy I'. Besides, the infinite stress at
the crack tip when r approach zero is unrealistic. This led to the development of the
concept of a cohesive zone model that describes the non-linear separation process at the

crack tip.

Barrenblatt modeled the separation process at the crack tip by considering two
separating crack surfaces connected with an array of non linear springs [112] (Fig. 2.12).

As the separation of the crack planes, u increases, the traction in the springs first
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increases in a linear manner (following Hooke’s law), then increase in a non-linear manner
until it achieves a maximum traction . After that, the traction decreases to 0 at the
separation of u = ¢, which marks the end of the cohesive zone. Beyond 9, the cohesive
stress o becomes negligible. The area under the traction-separation curve represents the

work of separation and is equal to the fracture energy T',

X2 (Crack surface profile of Irwin’s
u linear elastic fracture mechanics)

a2 (Crack surface profile of
U<X"" Barrenblatt's cohesive zone model)

Width
of the
cohesive
zone

Non-linear springs

bridging the twq Two separating
crack surfaces with crack surfaces
cohesive stress ¢

™
N

Length of cohesive zone

o The area under the c-u
curve represents the
energy needed for the

O 2 .
! non-linear separation
processes in the
_ cohesive zone.
S hu

c

)

Figure 2.12.: Cohesive zone model, which describes the non-linear separation processes at the
crack tip. Upper drawing: Crack profile of Barrenblatt’s cohesive zone model
(solid curve) relative to Irwin’s linear elastic fracture mechanics (dashed curve).
Barrenblatt [112] modeled the cracking process in a cohesive zone as an array
of non-linear springs joining two crack surfaces. Lower drawing: The traction-
separation curve when two crack planes separate. When the crack separation u
becomes bigger than ¢§, the cohesive stress o becomes negligible. The horizontal
dotted line shows the average traction @ when the material is assumed as perfectly
plastic.
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I'= /000 o(u)du (2.30)

For simplicity, the traction-separation curve is often idealized as perfectly plastic
where the traction has a constant value at & and therefore I' = 7 - §. A load-displacement

solution for a cohesive zone with a constant traction is described in more details in

Chapter 5.2.2.
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3. Size-dependent elastic/inelastic
behavior over mm and nm length

scales

Enamel’s hierarchical structure has made the analysis of its mechanical behavior
complex. A profound understanding of the structure-behavior relationships necessi-
tates its mechanical characterization at all hierarchical levels. Characterization at the
nanoscale helps to probe local origins of macroscale responses. Characterization at all
length scales may provide guidance as to how enamel translates the strengths derived
from nanostructures and hierarchical structures to macroscale robustness. However, cur-
rent research on enamel lacks a comprehensive assessment of the mechanical properties
on most important hierarchical length scales which are namely: ‘bulk enamel’ (0.5-2
mm), ‘multiple rods’ (x50 wm), ‘multiple crystallite fibers’ within one rod (&5 pum) and
‘single crystallite fiber’ (=50 nm). Indentation with spherical tipped indenters enables
determination of properties at these various length scales because of the geometrical self

similarity and the ability to select indenters with varying radii.

In this study, human and bovine enamel’s stress-strain behavior with uni-axial

compression at millimeter length scale and spherical indentation with indenter radii of
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Spherical indentation Compression
/—/%

Oth level 1st level 2nd level 3rd level
‘Single ‘Multiple ‘Multiple ‘Bulk

crystallite fiber’ crystallite fibers’ rods’ enamel’
(10’s of nm) (100’s of nm) (10’s of um) (mm)

Figure 3.1.: Spherical indentation tests and uni-axial compression are used to probe the elas-
tic/inelastic transition of enamel from 0 to 34 level of its hierarchical structures,
corresponding to contact areas of ‘single crystallite fiber’ [18], ‘multiple crystallite
fibers’ within one enamel rod, ‘multiple rods’ [113] and ‘bulk enamel’.

3mm, 8.3 um, 63 nm are quantified. The corresponding contact areas are bulk enamel,

several rods, multiple apatite crystallites and finally approximately one apatite crys-

tallite (Fig. 3.1). Besides the elastic response we are interested in the limit of elastic

deformation which corresponds to an elastic/inelastic transition.
This chapter is based on the following published articles:

e Ang, S. F.; Bortel, E. L.; Swain, M. V.; Klocke, A.; Schneider, G. A. Size-
dependent elastic/inelastic behavior of enamel over millimeter and nanome-

ter length scales. Biomaterials, 31(7), 1955-1963 (2010).

e Ang, S. F.; Scholz, T.; Klocke, A.; Schneider, G. A. Determination of the
elastic/plastic transition of human enamel by nanoindentation. Dental

Materials, 25(11), 1403-1410 (2009).
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3.1. Materials and methods

3.1.1. Materials

For uni-axial compression tests, permanent bovine mandibular incisors were used
due to their larger size and amount of enamel compared to human teeth. Bovine enamel
also shows very similar microstructure with human enamel in terms of rod size and shape
[88, 114]. Rectangular prisms were first cut from the labial side of bovine incisors, as
shown in the upper inset in Fig. 3.2. With the upper surface bonded by double-sided
tape on a holder, the lower surface was first polished with an abrasive paper of grit
4000, followed by diamond suspensions of down to 1 wm. The polishing steps were then

repeated for the upper surface.

compression
prism
cut out
of enamel

Quartz force sensor Side view:
Support holder

I
rt//v

Upper suppo
Half cylinder / Range of
Specimen/ Imo‘ﬁ'}?e"t
O e
- Alumina plate/ ‘movable

lower
Moveable lower support- support’

Displacement sensor— |

Non-movable
lower support

Figure 3.2.: Uni-axial compression device. Upper inset shows the portion of labial bovine
enamel cut out for sample preparation. Lower inset shows the side view of the
equipment parts for compression tests.

Human third molar teeth were utilized for the nanoindentation. After disinfec-

tion in 0.1 wt% thymol, the teeth were stored in Hank’s Balanced Salt Solution (HBSS,
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A tooth sectioned
at its transverse
plane, glued

hollow core

Figure 3.3.: A tooth sectioned at its transverse plane was glued on a polishing holder, which
consists of a solid steel cylinder core and a hollow cylinder.

Invitrogen, USA) before sample preparation in order to minimize near surface deminer-
alization and, subsequently, a change in mechanical properties [115]. The teeth were cut
at the junction between crown and root and the root was discarded. The tooth surface
facing the root was then glued onto a solid steel cylinder which was to be attached inside
a steel cylinder with a hollow core (Fig. 3.3). The steel cylinder with a hollow core acted
as the polishing holder and also maintained the plane parallelism of the polished surface.
The cuspal region of the tooth was first polished with an abrasive paper of grit 4000.
It was further polished with diamond suspensions to 0.25 wum. The final polishing step
was performed with silica suspension of 0.06 um (Mastermet 2, Biihler, Germany). The
polished tooth was then glued face-up on a magnetic plate with wax for subsequent in-
vestigation with AFM and nanoindentation. The polished tooth surface was investigated

in regions where enamel rods were oriented parallel to the nanoindentation direction.

Synthetic polycrystalline hydroxyapatite was used for comparison purposes in
nanoindentation tests. The materials were provided from the Department of Materi-
als Science and Engineering, University of Illinois at Urbana-Champaign with purity of
>99.9 % and grain size of around 1 um. The polishing steps were the same as those for

the human third molar teeth.
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3.1.2. Methods

Two methods are used in this study: uni-axial compression tests and nanoinden-

tation.

3.1.2.1. Uni-axial compression

The principal experimental setup for the uni-axial compression is shown in Fig. 3.2,
modified from a previous experimental setup by Jelitto et al. [116]. The equipment parts
for uni-axial compression are mounted in a very rigid metal frame. The force exerted on
the sample is controlled manually. A quartz force sensor (quartz dynamic load cell 9212,
Kistler Instrumente GmbH, Germany) of high sensitivity (-11.3 pC/N) and minimal
drift is used to measure the exerted force. The sample is loaded to a maximum force of
3 kN. A half cylinder, held to the upper support by magnets, is placed in between the
upper support and the sample to rectify possible lack of plane parallelism of compressed
sample surfaces. The displacement of the upper support is transferred via a movable
lower support to an inductive position encoder (1-Wetal /2 mm, HBM, Germany) with

linearity error of <#+0.3 %, which is programmed to measure over a distance of £100
wm.

2 in area and 1.5 mm in thickness is

An alumina sample of approximately 4-5 mm
used to calibrate the effect of equipment deformation under compression. It is assumed
that the compressibility of alumina is negligible up to 3 kN with a pressure of 150 MPa,
and the generated force-displacement response represents the equipment deformation
under loading. (For the calibration curve please refer to Appendix A.1. The calibra-
tion has an uncertainty of <2 pum.) All force-displacement curves with specimens had

this equipment deformation subtracted before the stress-strain curves were computed.

Compression of 2x2x2 mm? aluminum cubes (AIMgSig5) showed reproducible (0.2 %)
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Size-dependent elastic/inelastic behavior over mm and nm length scales

yield stress and displayed similar values shown in the material data sheet (=160 MPa).
The uncertainty of displacement of +2 pum is 10 % of 20 um displacement used in the
calculation of elastic modulus, and £2 % of the 100 wm total displacement shown in

Fig. 3.5(a).

3.1.2.2. Nanoindentation

The nanoindentation experiments were performed using a Triboscope indenter
system (Hysitron, USA) mounted with a diamond spheroconical indenter tip (Hysitron,
USA). 3 indenters were used in this study: R=8.3 um, R—0.86 pm and R=63 nm. The
R=63 nm indenter is a cube corner indenter for which the tip is assumed to be reasonably
spherical at very low penetration depth (hy<10 nm). The indenter radii calibration is

explained in Appendix A.2.

All indentation tests on human enamel were done at ambient conditions. Each
series of indentations was finished within 8 hours. Using the 8.3 um indenter, one human
third molar was studied with indentation loads of 5 mN and 11 mN. The indentations
were placed in the middle of the enamel rods. With the 0.86 um indenter, the synthetic
HAP was studied with indentation loads to 2 mN. Using the R—=63 nm indenter, three
human third molars and the HAP sample were studied with indentation loads to 0.4
mN. The indentations on enamel using the R=63 nm indenter were placed at four
specific micro structural locations, namely: ‘head’, ‘center’, ‘neck’ and ‘tail’ of the rods
(Fig. 3.4). All indentation tests consisted of one loading and unloading cycle in 20 s.
All resultant curves consisted of 8000 data points. The load-displacement data were
used to derive the indentation stress-strain curves. The reduced elastic moduli were
calculated using Eq. (2.2) (and, as explained in Chapter 2.2.2, when h;«R, Eq. (2.11)

is equivalent to Eq. (2.2)). The indentation hardness, H, a measure of the material’s
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3.2 Results

Figure 3.4.: The R=63 nm indenter was used to make indents on 4 regions inside enamel rods:
‘head’, ‘center’, ‘neck’ and ‘tail’.

resistance against permanent deformation is computed from Eq. (2.8) according to the

experimental protocol described by Oliver and Pharr [92].

To observe any potential cracking in the enamel from nanoindentation tests, in-
dentations using the R=63 nm indenter with 1 mN load were made. AFM with a high
resolution tip (nominal tip radius<10 nm) was used to investigate the topography of the

indented enamel surface [117].

3.2. Results

The equipment deformation effect of the compression equipment is calibrated and
is outlined in Appendix A.1. The radii of the 3 indenters used in this study were
calibrated as 8.34+0.9 um, 0.8640.03 pm and 63+11 nm respectively and is explained in
Appendix A.2. For simplification, these indenters are called R=8.3 um indenter, R—0.86

um indenter and R=63 nm indenter.
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Size-dependent elastic/inelastic behavior over mm and nm length scales

After the final polishing steps, the achieved ‘surface roughness’ for the bovine
enamel rectangular prisms for compression test is <5 um. The ‘surface roughness’
here refers to the distance of the highest peak and the lowest valley of the contacted
surface during tests. Due to the difficulties involved in specimen preparation, only

2 in area

stress-strain curves of one satisfactory sample with a dimension of ~2x2 mm
and ~1 mm in thickness is presented in this article. Many samples had pre-existing
cracks (observed under a light microscope) or were too thin after appropriate roughness
was achieved. After polishing for nanoindentation samples (both human enamel and
synthetic HAP), the achieved surface roughness, RMS (calculated by the equipment
software) is <1 nm over an area of >1x1 um?. RM S is calculated based on the equation

RMS = +/(>_(Z;)?)/N where Z; are the measured heights of every pixel and N is the

total number of measured heights (pixels).

The stress-strain curves from two uni-axial compression loadings, together with
indentation stress-strain curves of enamel are plotted in Fig. 3.5 (a), (c) and (d). (The
corresponding P — h; curves are shown in Appendix B.1.) The data from spherical
indentation tests on enamel by Staines et al. [118] using R=3.125 mm indenter were
extracted and re-plotted as Py, versus a/R in Fig. 3.5 (b). The limit of elastic range is

approximated when the curve deviates from linearity.

For macroscopic compression of bovine ‘bulk enamel’, the stress-strain curve of the
first loading indicates a limit of elastic range at around ~400 MPa. The initial stress-
strain curve firstly exhibits a linear elastic response with a compression modulus of ~30
GPa, then deformed inelastically with decreased stiffness (Fig. 3.5 (a)). It reached the
maximum stress of around ~680 MPa without ultimate catastrophic fracture. Instead,
it exhibited progressive damage with a jagged curve behavior at nearly constant stress
at =680 MPa. This is followed by another jagged curve at a lower stress level at =580

MPa. Upon unloading followed by immediate reloading, the specimen first deformed
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3.2 Results

elastically at a decreased elastic modulus of ~14 GPa, reached a similar limit of elastic

range as in the first loading, and was able to attain similar ultimate strength achieved

in the first loading.

For indentation tests on enamel, the limits of elastic range were observed as ~0.9

GPa for ‘multiple-rod’ (a~90 pm with the R=3 mm indenter, hy=~3 pm) [118], 1.6 GPa

for ‘multiple-crystallite-fiber’ (a~250 nm with the R=8.3 wm indenter, hy=7 nm), 6-17
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Figure 3.5.: Enamel’s stress-strain curves. (a) Uni-axial compressive stress-strain curves for
bovine enamel. Indentation stress-strain curves of human enamel with (b) R=3 mm
indenter [118] (¢) R=8.3 pm indenter and (d) R=63 nm indenter. Depending on the
contact areas, these length scales corresponds to (a) ‘bulk enamel’ (b) ‘multiple
rods’ [118], (¢) ‘multiple crystallite fibers’ and (d) ‘single crystallite fiber’. The
curves in Fig. (c) and (d) do not start from zero because data of h;<1 nm are
associated with noise and are discarded.
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Size-dependent elastic/inelastic behavior over mm and nm length scales

GPa for ‘single-crystallite’ with a contact area of approximately one crystallite fiber
(a=20 nm with the R=63 nm indenter, h;~3-10 nm) (Fig. 3.5 (b)-(d)). The calculated
reduced elastic moduli are F,=82 GPa (R=3 mm indenter), £,=120 GPa (R=8.3 pum
indenter) and E,=76+18 GPa (R=63 nm indenter). Fig. 3.5 (c) is a collective response
from all indentations with the R=8.3 um indenter. Due to the large number of in-
dentation curves with the R=63 nm indenter at all 4 regions inside enamel rods, only
some of these indentation stress-strain curves were plotted in Fig. 3.5 (d) to illustrate
overall behaviors. The indentation stress-strain curves in Fig. 3.5 (b)-(d) first deformed

elastically, and then appeared to soften.

Under the R=63 nm indenter, the collective mean values and the standard devia-
tions of reduced elastic moduli, indentation hardness and the elastic/inelastic transition

of enamel of all regions are 76+18 GPa, 5.740.3 GPa and 12+3 GPa.

The synthetic HAP specimen show mean values of F.=120+6 GPa, H=10+1

GPa and an elastic/inelastic transition=11+2 GPa with the R=0.86 pm indenter. For

Synthetic hydroxyapatite:
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Figure 3.6.: Indentation stress-strain curves of synthetic HAP with R=0.86 um indenter and
R=63 nm indenter. (The extensive curves beyond the elastic/inelastic transition
were not shown here because they no longer fulfill the assumed elastic behavior
and are unrealistic to be used to calculate P, versus a/R using Eq. (2.11).)
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nanoindentation with the R=63 nm indenter, the synthetic HAP specimen show mean
values of E,=129+13 GPa, H=10+1 GPa and a elastic/inelastic transition=20+2 GPa.
Examples of the indentation stress-strain curves are shown in Fig. 3.6. (The correspond-
ing P — hy curves are shown in Appendix B.2.) With the same R=63 nm indenter the
E, and the elastic/inelastic transition of the synthetic HAP are about 40% higher than

the average values of enamel.

3.3. Discussion

To illustrate the size-dependence of the elastic/inelastic transition, it is plotted
versus the contact radius for both enamel and synthetic HAP in Fig. 3.7. The elas-
tic/inelastic transition of HAP (=7 GPa), probed by using R=10 pm indenter by He
and Swain [119] is also included in the figure. With the reported reduced elastic modulus
of HAP of 130 GPa, the elastic/inelastic transition of ~7GPa and R=10 pum introduced
into Eq. (2.11), the contact radius is calculated as ~1270 nm. The elastic/inelastic
transitions of enamel are always smaller than of synthetic HAP for contact radii up
to 1000 nm. With increasing length scale, the elastic/inelastic transition of both ma-
terials decrease. Such behavior in synthetic HAP is attributed to an indentation size
effect based on geometrically necessary dislocations [120, 121]. The underlying reason
of such behavior in enamel is more complex due to its heterogeneous and hierarchical

structure.

For the smallest contact radii of ~20 nm, the length scale of ‘single crystallite
fiber’, the enamel data scatter strongly, but the highest elastic/inelastic transition is
close to the value of the nearly pure HAP (Fig. 3.7). It can be concluded therefore that
in some of these measurements in enamel the indenter measures the mechanical response

of a single apatite crystallite. In addition it can be concluded that even at these very
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Figure 3.7.: Decreasing limit of elastic/inelastic transitions of enamel and synthetic HAP with
increasing length scales. (The scattering of enamel’s elastic/inelastic transitions at
the contact radii of ~20 nm shows that even at these very small length scales, the
response may not always only include apatite crystallites within the enamel.) The
right hand side Y-axis is the maximum shear strain in enamel at the elastic limit
calculated according to Eq. (3.2).

small contact radii, the response may not always only include apatite crystallites within

the enamel.

The lower elastic/inelastic transition values, down to approximately 6 GPa for
contact radii of 20 nm, is likely to be related to the organic material separating the
apatite crystallites, and will be discussed in more detail later. The next measured
length scale ‘multiple crystallite fibers’ corresponds to contact radii of ~250 nm which
means that the mechanical probing involves multiple crystallite fibers and is within
one rod. The corresponding elastic/inelastic transition of 1.6 GPa shows only limited
scatter of 0.1 GPa. Hence, enamel appears to be very homogeneous at this length scale.
The next length scale ‘multiple rods’ corresponds to a contact radius of ~90 um which
means that the mechanical probing averages over multiple rods. The corresponding
elastic/inelastic transition is only 0.9 GPa, which is again small, but still double the value
of the compression test. Therefore it is very obvious that every hierarchical structure of

enamel has a different mechanical response. Possible non-linear mechanisms of inelastic
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deformation are extension and breakage of protein layers, interfacial slippage, viscoelastic
effects, all of which may lead to rotations of the apatite crystallites or cracks in them.

These will be considered later based on the experimental findings.

Fig. 3.8 shows a plot of the elastic/inelastic transition versus reduced elastic mod-
ulus measured for the length scale of ‘single crystallite fiber’ (R=63 nm indenter) for all
four specified regions (‘head’, ‘center’, ‘neck’; ‘tail’) inside the enamel rod structure. It
is obvious that the elastic/inelastic transitions even within the same region in the rod
scatter considerably. This is not caused by measurement errors because measurements
with the same indenter on synthetic HAP showed a maximum of 10% standard devia-
tions from the mean values. On the other hand an approximately linear relationship is
observed between the elastic limit values and the reduced Young’s modulus. Because all
measurements were performed within rod units, changes of the apatite crystallite orien-
tation or compositional changes might result in these strong variations. While variations
of Young’s modulus of synthetic HAP between 127 and 162 GPa have been shown [122],
they do not explain the very low E, values measured. In addition, large F, variations
were measured at the same locations inside the rods, with similar apatite crystallite ori-
entations observed [14, 21|. Therefore, it is most probable that compositional changes
or the volume fraction of mineral /protein are the source of the observed variations. Ap-
plying the equation from Ji and Gao [11], the measured modulus, E, can be related to

the volume fractions of minerals, V.

— (BB — Gyp?E) + \/(UB,E — Gy E)* + 16,0 EL E

Vin =
2G,p*E,,

(3.1)

with £, the elastic modulus of the minerals, G|, the shear modulus of protein and p

the aspect ratio of the crystallites. Since E' ~ E,. as explained in Section 2.2.1, we used

E=40-115 GPa (Fig. 3.8), G,=0.1 GPa [123], p=100 and F,,=129 GPa (Fig. 3.6), and
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Figure 3.8.: Elastic/inelastic transition versus reduced elastic modulus, E; (bottom x-axis) and
Vi (top x-axis) for four regions inside enamel rods (‘head’, ‘center’, ‘neck’, ‘tail’)
(R=63 nm). There is seemingly a linear correlation between both properties.

found that the involved V, ranged from 0.48 to 0.93, as plotted in Fig. 3.8. When
p=30 [124] is assumed, V', is found to range from 0.79-0.98. Despite the influence of the
assumed p on the calculated V,, it is obvious that pronounced nanoscale heterogeneity
in enamel prevails at lengths scales of 40 nm. Such nanoscale heterogeneity has been

proposed as an effective energy dissipation strategy in bio-mineralized tissues [125].

Possible mechanisms for non-linear deformation in enamel

In this section, possible mechanisms for non-linear deformation in enamel which

are non-linear extension of protein layers, viscoelasticity and cracking are discussed.

Non-linear extension of protein layers

On the possible causes of the observed elastic/inelastic transition in enamel, non-
linear extension of protein layers is hypothesized to occur before the others such as

crystallite frictional sliding and cracking. The maximum shear strain in the protein
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1) Indenter

Enamel rod
—~ or apatite
" crystallite
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h h, Protein layer

Figure 3.9.: Schematic illustration of enamel deformation induced by a spherical indenter. It
is assumed that the deformation is completely due to the shear deformation of the
protein layer.

layer, 7, can be calculated using a model [126, 127] (Fig. 3.9):

(hum + hy) tanb
’YP = h

(3.2)

P

with the maximum shear strain 7, in the protein layer, h,, and h, the thickness of the
enamel rod or crystallite and protein layer depending on the length scales investigated, 0

the contact angle between the indenter and the surface (Fig. 3.10). Since tanf = a/R,

(o + hp)

a
T = h, R (3.3)

Using the above model for multiple enamel rods of A, =5 um and a protein layer
in between them of h,=70 nm the corresponding v, is calculated as ~2 for the elastic
limit with the 3 mm radius indenter [118]. For indentation involving multiple enamel
crystallites within one enamel rod, h,;=50 nm is the thickness of one crystallite and

hp=1 nm is the thickness of the protein layer. The corresponding 7, at the elastic
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limit for R=8.3 um indenter and R=63 nm indenter are calculated as ~1.5 and ~16
respectively. These values are plotted as the second Y-axis in Fig. 3.7. In order to
estimate a reasonable elastic stretching limit for proteins in enamel tropocollagen is
used as a reference. The strain limit of covalent bond stretching (after that molecular
fracture occurs) in a single tropocollagen molecule is 0.5 [128|. This is consistent with
macroscopic tensile stress-strain measurements on protein tissues such as horn (mainly
keratin), tendon and ligament (mainly collagen), where the tensile strain limit is usually
0.5 or less [5, 129, 130]. The above calculated values are much higher than this elastic
limit of 0.5. As a consequence it is very probable that the outermost protein layer
at the border of the contact especially near the sample surface already deforms non-
linearly or even breaks before the elastic/inelastic transitions of enamel were detected
by the indentation tests. Shear deformation of protein layers and seemingly breakage of
some protein backbone between crystallites under indentation has been identified in a

cross-sectional TEM view below a 500mN Berkovich indent in enamel [131].

Viscoelasticity

The influence of viscoelasticity is also considered. In the compression test, the
decreased elastic modulus in the second loading is unlikely to be dominated by any
viscoelastic effect. In a viscoelastic structure, the first loading would squeeze out the
soft substance inside the channels between inorganic minerals, as illustrated in a previous
study [132]. Before its recovery, a structure would show stiffer behavior upon second

loading and not decreased elastic modulus, observed in Fig. 3.5 (a).

In a recent nanoindentation study by Guidoni et al. [133], the creep displacement
of enamel shows a displacement rate of 0.33 nm/s under a constant load of 5 mN using a
Berkovich indenter. Such a creep effect is expected to be less significant for the blunter

8.3 um spherical, with which the limit of elastic range happens within the first second of
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the present experiment. For the cube corner indenter, a creep response of 0.5 nm/s was
recorded under a constant load of 5 mN on atmospherically dry enamel [133]. Even at
such a high load (5 mN), the creep response accounted for only <20 % of the displacement
involved in this study when the limit of elastic range is observed. Therefore, the effect of
creep when the load is smaller than 25 uN (the load when the elastic/inelastic transition

is observed in enamel with R=63 nm indenter) is expected to be insignificant.

Cracking

Detailed investigations of the enamel surface with high resolution AFM around
1 mN indentations by the R=63 nm indenter (a cube corner indenter) did not reveal
any kind of surface cracking within the resolution of our system (not shown here). This
is probably also true for the indentation by R=8.3 um indenter which is blunter. The
E, by R=8.3um indenter is high (E,=120 GPa) and may also be an indication of the
absence of cracking. For R—=3 mm indenter, it is unclear whether the lower E, (82 GPa)
in comparison to the R=8.3 um indenter and R=63 nm indenter is due to cracking or the
presence of thicker protein sheath for shearing. Nevertheless, all the indentation stress-
strain curves (length scale <200 um) exhibited elastic/plastic behaviors. This may also
be assisted by the constraint provided by the surrounding elastic material around the
indentation contact area. In contrast, the stress-strain curve on a macroscopic scale
(length scale>1 mm) showed elastic/micro-crack induced damage behavior, which is
most probably due to the cracking in enamel. Based on our findings, it appears that
when a small volume is involved, plastic deformation is the major form of deformation
when enamel exceeds the limit of elastic range. Whereas when a big volume is involved,

micro-crack induced damage happens beyond the elastic limit.

A map of elastic/inelastic regions for enamel is proposed in Fig. 3.10. After a

certain length scale, for example at a contact radius of 1 mm, when the stress increases,
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Size-dependent elastic/inelastic behavior over mm and nm length scales

the elastic region is followed directly by micro-crack induced damage. At the smaller
studied length scale, when stress increases, the elastic region of enamel is followed by the
plastic region, which might be caused by frictional sliding between crystallites, protein
detachment from crystallites or deformation inside apatite crystallites, since the proteins
are not able to carry the load. If very high stress happened at these small length scales,
micro-crack induced damage will ensue. The boundary between the plastic and the
micro-crack induced damage regions for length scales of <100 um are estimated based
on the experimental data of synthetic hydroxyapatite as the following. The data of
the first ‘pop-in’ phenomena (increased displacement under constant load) of synthetic
hydroxyapatite were extracted by doing nanoindentation with R=63 nm indenter and
R=0.86 pm (Fig. 3.6), and with R=10 um [119]. It has been experimentally observed
that the first ‘pop-in’ of brittle materials are associated with initiation of dislocations
[117, 134]. In another study, it has been reported that the first‘pop-in’ appeared to
occur when a median crack is nucleated [135]. The subsequent ‘pop-ins’ of synthetic
hydroxyapatite, when happened, followed closely after the first pop-ins and might be
caused by crack initiation [117]. So, these values are deemed reasonable to approximate
as enaml’s plastic to micro-crack induced damage behavior of enamel and is plotted in
Fig. 3.10. Nevertheless, the real transition of enamel’s plastic deformation to micro-

crack induced damage might be lower due to imperfection in biological apatite.

The behavior of enamel even at macroscopic scale showed desirable characteristics
for a load-bearing structure. As shown in Fig. 3.5 (a), the bovine enamel rectangular
prism is deformed in a progressive damage manner, which was also observed earlier
in the compressive stress-strain curves of bone [136]. The load-bearing capability was
observed to remain even beyond the ultimate strength, indicating the inherent crack
damage tolerance of the structure instead of failing catastrophically. The stress-strain

response associated with the second loading shows a decreased elastic modulus, which
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Figure 3.10.: A map of regions of the most probable deformation behaviors of enamel: elastic,
plastic or micro-crack induced damage behavior. At the smallest investigated
length scale, plastic behavior ensued after elastic deformation. However, for the
biggest investigated length scale, micro-crack induced damage occurs beyond the
elastic limit. (The boundary of plastic to micro-crack induced damage transition
is estimated from the ‘pop-in’ phenomena of synthetic hydroxyapatite (explained
in the text.)

could be attributed to substantial microcrack damage resulting from the first loading.

3.4. Conclusions

A comprehensive assessment of the elastic/inelastic behaviors in enamel for the
different lengths scales is presented (Fig. 3.10). At the smallest length scale, plastic
deformation occurs beyond the elastic/inelastic transition, and is unlikely to be caused
by proteins alone. At the biggest length scale, micro-crack induced damage ensued after
the elastic/inelastic transition was reached. The elastic/inelastic transition of enamel is

0.4-17 GPa from millimeter to nanometer length scales. These length scales encompass
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essential hierarchical levels of enamel which are ‘bulk enamel’ (a~1 mm), ‘multiple rods’
(ax~90 um), ‘multiple crystallite fibers’ (a~250 nm) and ‘single crystallite fiber’ (a~~20
nm). The macroscopic compression test results show that enamel is capable to deform
in a progressive damage (saw tooth) manner in the inelastic region and also retain its
load bearing capability beyond the ultimate strength. The contact loading at the 40 nm

length scale revealed local heterogeneity.

52



4. Comparison of Mechanical
Behavior of Enamel Rod and

Interrod Regions

Dental enamel is able to maintain its structural integrity under mechanical loading
conditions in the oral environment. It is often said that proteins and peptides contribute
to the toughness of bio-mineralized materials (dentin, bone, enamel, nacre) through
their extensive non-linear deformation. Indeed, energy loss occurs when a protein or
peptide is stretched even at very small strains [137]. The interrod regions of enamel are
relatively protein-rich compared to the enamel rod region and are therefore expected
to exhibit hysteresis, higher inelastic energy dissipation, greater displacement under
constant load (creep), lower viscosity and a higher relaxation time for stress relaxation.
Previous studies comparing the enamel rod and the interrod regions showed that the
elastic modulus and hardness in the enamel rod region are higher than in the interrod
regions [138, 139]. The differences observed by Habelitz et al. may be a result of different
crystallite orientations in the two regions [138]. In comparison, Ge et al. observed 50%
higher elastic modulus and hardness in the enamel rod compared to the interrod region
[139]. To date no emphasis was placed on the time-dependent property comparisons of

these two regions, which may be attributed primarily to proteins but not the minerals
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Comparison of Mechanical Behavior of Enamel Rod and Interrod Regions

present.

This study aims to probe the mechanical property differences of enamel rod and
interrod regions in enamel, with a focus on the contribution of organics. We used
spherical indentation with ~1 pum radius tip to perform nanoindentation on enamel in
a liquid environment. Single loading-unloading curve tests were used to calculate the
elastic modulus, hardness and energy dissipation for the enamel rod and interrod regions.
In addition, in creep tests at constant load, energy dissipation, the viscosity and stress

relaxation behaviors for both regions were determined.
This chapter is based on the following published manuscripts:

e Ang, S. F.; Saadatmand, M.; Swain, M. V.; Klocke, A.; Schneider, G. A. Com-
parison of mechanical behaviors of enamel rod and interrod regions in

enamel. Journal of Materials Research, 27(2), 448-456 (2012).

4.1. Materials and methods

4.1.1. Materials

Human third molar teeth were utilized for the nanoindentation. After extraction,
the teeth were disinfected in 0.1 wt% thymol before storing in Hank’s Balanced Salt
Solution (HBSS, Invitrogen, USA). The teeth were cut and polished as described in
Section 3.1.1 except that the final step of polishing is now with the diamond suspensions
of 0.05 pm diamond suspensions (Buehler, Germany). The polished tooth was then glued
face-up on a steel plate with wax for subsequent investigation with nanoindentation.
The polished tooth surface was investigated in regions where enamel rods were oriented

parallel to the nanoindentation direction.
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4.1.2. Methods

The nanoindentation experiments were performed using a Triboscope indenter
system (Hysitron, USA) mounted on an AFM Dimension controlled by Nanoscope VI
(Veeco, Santa Barbara, CA). The sphero-conical indenter (Hysitron, USA) has a long
shaft (suitable to perform nanoindentation in liquid) and has a diamond tip of ~1 um

radius. The indenter tip radii calibration procedure is explained in the Appendix A.2.

All indentation tests on human enamel were done in distilled water. Each series
of indentation tests were completed within 12 hours. Distilled water was chosen over
HBSS as the liquid medium because salt layer would otherwise be built on the sample
surface (observed with AFM scanning). Habelitz et al. investigated the effect of storing
dental enamel in de-ionized water for one day - the measured reduced elastic modulus
and hardness seem to be lower after storage but still lies within the error range of the
measurements on a fresh sample [115]. Therefore, the use of distilled water in the current
experiment within 12 hours is not expected to cause significant change of mechanical

properties.

One tooth was used for each indentation loading profile in Fig. 4.1 (a) and (b).
For each loading profile, 5 indentations were done each for the enamel rod and for the
interrod regions on the teeth. The interrod region could be recognized by the <3 nm

depressions due to polishing effect. The loading profiles are:

The load-unload profile (Fig. 4.1 (a)): (i) P=0 uN to P=500 uN in 10 s (ii) P=500
uN to P=0 uN in 10 s.

The load-hold-unload profile (Fig. 4.1 (b)): (i) P=0 uN to P=5 uN in 10 s (ii)
Holding at P=5 uN for 60 s (iii) P=5 uN to P=500 p N in 10 s (iv) P=500 uN for 180
s (v) P=500 uN to P=0 uN in 10 s.
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Figure 4.1.: The load-time curves (a) of the load-unload and (b) the load-hold-unload loading
profiles.

The resultant curves from both loading profiles consist of 8000 data points. The
load-hold-unload profile involves a holding period of 180 s, and therefore, step (ii) (hold-
ing at P=5 uN for 60 s) is necessary for the manual thermal drift correction. It is
assumed that holding at such a low load at step (ii) does not cause increasing depth and
the change in depth over time in this period is due to thermal drift. The thermal drift
(nm/s) is calculated and is assumed to be linear. These drifts were then subtracted from
step (iii), (iv) and (v) above to remove the thermal drift contribution during this dwell
period. This methodology to remove thermal drift contribution has proven to be robust
by applying the same loading function and the subsequent correction on sapphire. The
‘creep’ of sapphire surface after this correction methodology is <2 nm . Since sapphire
should not exhibit creep under this loading profile and in room temperature, this <2

nm displacement represents the displacement uncertainty of the correction.

The analyses of the mechanical properties was carried out as described in Section
2.2. The reduced elastic modulus, E; joq4ing 15 calculated based on Eq. (2.2). E: unioading
is calculated based on Eq. (2.6) where the unloading curve is fitted as elastic unloading
from a spherical impression, described in Section 2.2.1. The hardness H is calculated

from Eq. (2.8). The calculation of elastic energy recovery (Ug), inelastic energy dissi-
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pation (Urne), inelasticity index are described in Section 2.2.3. The analysis regarding
creep, creep compliances (Cy and 1) and stress relaxation are detailed in Section 2.2.4 -

2.2.6.

For statistical analysis, p-values are calculated to determine whether the differences
of two regions are significant. For a significant level of 0.05, when the p-value<0.05, the

mechanical properties of both regions are statistically significantly different.

4.2. Results

The indenter radii for the used long shaft indenter was calibrated to be R=889+19
nm (explained in Appendix A.2). The polished enamel samples have a surface roughness

of <1 nm. The thermal drift for the step loading profile measurements was measured to

be 0.4-0.8 nm/s.

For the load-unload measurements, the maximum penetration depth is h;=26-
30 nm and corresponds to a contact radius of a~200 nm. For the load-hold-unload
measurements, the maximum penetration depth is h;=47-57 nm and corresponds to a
contact radius of a~250 nm. All load-penetration depth curves of the enamel rod and

the interrod regions for both loading profiles are shown in Fig. 4.2 (a) and (b).

The mechanical properties probed at enamel rod and interrod regions by using
the load-unload profile (Fig. 4.1 (a))and the calculated p-values are summarized in
Table 4.1. The reduced elastic modulus F; jpading and E; ynioading Of the enamel rod
regions (86.3+£5.9 GPa and 109.4+4.8 GPa) are significantly higher than those in the
interrod region (78.2£3.9 GPa and 103.0+3.4 GPa). The hardness in both regions show
statistically significant difference too (H,,q=5.240.4 whereas H,perroa—4.840.2). (Note:

An overlapping of both standard deviations (STD) here might lead to an assumption that
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Figure 4.2.: (a) All load-penetration depth curves under (a) the load-unload profile (b) and the
load-hold-unload profile. For each loading profile, the number of measurements in
each region is 5. The ‘A’ and ‘B’ in (b) denote the beginning and the end of the
holding period at Py,q,=500 uN.

both average values must be not statistically different. Usually, both average values show
no statistically difference if their standard error bars (not STD) overlap. The standard
error bars of both values could be calculated by using the formula SE=STD/v/5 and
gives 0.2 and 0.1 for both hardness respectively. Hence, the two error bars do not overlap
and an statistical test has shown that the corresponding p-value is <0.05, thus being
statistically significant different.) The elastic energy recovery of the enamel rod region
(Ug.roa—39244131x107° nJ) is statistically significantly lower than in the interrod region
(U E,mtermd:4097i89><10_6 nJ). The inelastic energy dissipation and the inelasticity
index of both regions do not show statistically significant differences. The inelasticity
energy dissipation is 24084150x107% nJ in enamel rod region and is 25674345x107°
nJ in interrod region. The inelasticity index of the enamel rod and interrod regions are

3842 and 38+4 respectively.

The mechanical properties probed at enamel rod and interrod regions by using the
load-hold-unload profile (Fig. 4.1 (b)) and the calculated p-values are summarized in

Table 4.2. The inelastic energy dissipation in both regions show statistically significant
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difference: the dissipation in the enamel rod region (9315+1500x 1075 nJ) is statistically
significantly lower than in the interrod region (12656+1297x107¢ nJ). The values of the
elastic energy recovery, the inelasticity index and the creep do not show statistically

significant difference.

Table 4.1.: Mechanical properties probed from the load-unload profile (Fig. 4.1 (a)).

Enloading Er,unloading H UE Ulnel ]nelGStiCity

|GPa| |GPal [GPa] [x107%nJ] [x107%nJ] index %]
Rod (N=5) 86.3+5.9 109.44+4.8 5.24+0.4 3924+131 24084150 3842
Interrod (N=5) 78.2+3.9 103.0+£3.4 4.840.2  4097+89 25671345 3844
p-value 0.033 0.039 0.046 0.040 0.369 0.839

Table 4.2.: Mechanical properties probed from the load-hold-unload profile (Fig. 4.1 (b)).

Ug Urnel Inelasticity Creep
[x1076 nJ] [x107%nJ]  index [%]  [nm]
Rod (N=5) 4766+1076 93151500 6645 16+3
Interrod (N=5) 51944850 12656+1297 T1£5 2145
p-value 0.504 0.005 0.172 0.111
1/Cy n Po T
[GPa] [x 10'2 Pa- s] [GPal [s]
Rod (N=5) 377 6.4+2.2 4.2+0.4  443+£87
Interrod (N=5) 3148 4.5+1.4 3.440.7 4234148
p-value 1.000 0.133 0.079 0.801

For the analysis of creep compliances, the data from point A to point B of Fig.
4.1 (b)) are plotted as h; versus t to be analyzed with different combinations of spring,
slider, Kelvin-Voigt bodies and dashpot using Eq. (2.21). Two example curves of h,

versus ¢, each for enamel rod and interrod region are plotted in Fig. 4.3 (a). When
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Figure 4.3.: Two example curves of h; versus t under constant load of 500 uN, each for enamel
rod and interrod region and the corresponding (b) h¢3/? versus t (to calculate Cy,
n according to Eq. (4.1) and (c) P, versus ¢ (to calculate the effective relaxation

time constant according to DM model in Eq. (2.23)).

The red solid lines in (b)

and (c) are the fitted curves according to the formula shown in the graphs.

Kelvin-Voigt bodies were included in the analysis, the creep compliance and the time

constant were negative, thus unrealistic. The best fit was the combination of a spring,

a slider and a dashpot with R?>0.99 (R?=1 means perfect fitting) with the equation
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4.3 Discussion

used to calculate the viscosity 17 whereas the intercept 35% [CO = ';—’;] is used to calculate
Cy according to Eq. (4.1). The example of such curve fittings are shown in Fig. 4.3
(b). (Note: one may question why a time-dependent property, n already exists in Eq.
(4.1) even at t = 0 which is unrealistic. If we re-call what was mentioned in Chapter
2.2.5, an instantaneous step change from 0 to P, is difficult to realize and therefore
the term % where ¢, = 1/n and tp is the 10 s rising time were included in the creep
compliance equation Eq. (2.21) and also Eq. (4.1). Consequently, the term 7 already
exists even at ¢ = 0.) For the analysis of stress relaxation, the DM model (Eq. (2.23))
is found to yield better fitting than the KWW model (Eq. (2.22)). The fitting with the
DM model generates a curve with R2>0.99, examples are shown in Fig. 4.3 (c). The
1/Cy, the viscosity, the instantaneous stress P,,o and the stress relaxation time constant

of both regions show no statistically significant difference between the rod and interrod

regions and are listed in Table 4.2.

Although load reduction occurred during the holding stage of the load-hold-unload
profile (Fig. 4.2 (b)) due to the relaxation of the spring holding the transducer inside the
nanoindenter, such load reduction happened with 486-491 uN at point A and dropped
to 461-477 uN at point B, and is deemed insignificant in influencing the results in this

study.

4.3. Discussion

Two values of elastic moduli are reported here, F, joading and Fy ynioading- 1he initial
loading curves are generally more accurate to calculate E, than the unloading curves
because an unloading curve might be influenced by creep resulting in an underestimate
of the E, unioading values. (In principle, the extend of the influence by creep could be

estimated based on the comparison between the duration during unloading with the
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time constant from the creep experiments. However, the time constants of stress re-
laxation in Table. 4.2 could not be used as a direct comparison here since they were
calculated based on having a constant load of 500 uN whereas the unloading curves used
for E, unioading calculation in Tab. 4.1 were unloaded from 400 uN to 0 uN. Anyway, the
nanoindentation curves in Fig. 4.2 (a) do not show significant round shape (a ‘nose’)
at the beginning of the unloading curve), which sometimes round backward and gives
a negative stiffness value and is typically found in materials of significant viscoelastic
behaviors [140, 141]. Therefore the influence of creep on the E\ ynioading, if exists, is not
very remarkable.) FE, and H in the enamel rod regions are statistically significantly
higher than the interrod region. The difference could be due to the difference of crys-
tallite orientation or difference in protein contents. Knowing that F, and H for a single
crystal hydroxyapatite changes from £F=1624+1.9 GPa and H=14.84+0.1 GPa where the
test direction was parallel to its c-axis and F=127.2410.4 GPa and H=9.54+1.5 GPa
for the test direction being perpendicular to its c-axis (P<500 uN with a Berkovich
indenter) [122], the relatively smaller difference in Tab. 4.1 might be due to the dif-
ference of crystallite orientations between the enamel rod and interrod region, and not
necessarily due to the different amounts of protein. The big differences reported by Ge
et al. [139] with £ and H being 50% lower in the interrod regions are not observed in
our study. The reason might be related to the larger indentation area in our study thus
not resolving the protein sheath as well. The residual impression of the indentation of
Ge et. al on protein sheath can be approximated as an equilateral triangle with sides of
125 nm each, which makes a contact area of <7000 nm?2. The contact area in this study

is at least 7x (200 nm)?=125663 nm? and thus, is one order of magnitude larger.

The load-hold-unload loading function was able to observe significant different
energy dissipation behaviors between enamel rod and interrod regions. The Uy, in

the interrod region is significantly higher than the enamel rod region. This could be
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attributed to the unfolding and stretchings of the proteins or even their sliding between
the crystallites as the interrod region is expected to have a higher amount of organics than
the enamel rod region too. Compared to the load-unload profile, the Uy, in the interrod
region under the load-hold-unload profile with a dwell period increases more significantly
than in the enamel rod region. Dislocation movement or fracture in hydroxyapatite is
unlikely since the elastic/inelastic transition of hydroxyapatite for such a contact radius
(=200 nm) is 10 GPa [142], while the highest mean pressure in this study was only ~5
GPa.

If the inelastic energy dissipation is attributed to protein bonds unfolding alone, the
question that arises is how many protein bond openings were involved under the utilized
loading profiles? For a simple calculation, the inelastic energy dissipation of the enamel
rod region from the load-unload profile, Uy,e=2.4 pJ (Table 4.1) is used. It has been
shown in a previous study that an applied load of 0 pN to 204 pN is necessary to open a
single 127 protein bond by 20 nm [143|. Therefore, the energy used to open a single pro-
tein bond is (0.5) x (204pN) - (20nm) = 2 x 107 pJ. (Even though the single 127 protein
bond opening did not exhibit linear elastic behavior, the calculation is reasonable to esti-
mate the amount of energy under the load-displacement curve [143].) Assuming that the
enamel’s proteins exhibit similar protein bond opening behavior as 127 protein, the num-
ber of the protein bonds unfolded is then estimated as (2.4 pJ)/(2x10° pJ)=1.2x10°.
The volume fraction of enamel’s organic matters is estimated as follows: assuming that
the cross section of infinitely long enamel crystallites are 30-50 nm in diameter and are
enveloped by a 1 nm thick organic layer, the area fraction of organic matters is 0.04-0.06.
This organic matters area fraction of ~0.05 can also be approximated as the volume frac-
tion. Of these organic matters, ~57% are peptides/proteins (Chapter 2.1.3.2), so the
volume fraction of peptides/proteins are ~0.03. Next, we are interested to calculate

the number of protein bond openings per volume under the single load-unload profile
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at the enamel rod region. We further estimate the volume displaced by an indenter
with R=889 nm for a penetration depth of 30 nm by using the standard equation to
calculate the volume of a partial sphere as V = - h?- (3- R — hy)/3=2485314 nm?. So
the number of protein bond openings per volume of proteins within material displaced
by the indenter during the 10 s loading time is 1.2x10°/(0.03 - 2485314 - 10)=1.6 protein
bonds unfolding/(nm? proteins -s). This number might be lower when we consider the
volume affected by the applied stress does not only involve the volume calculated above
(displaced by the indenter) but also the volume just below and nearby the indenter.
Besides part of the energy could have been used to cause sliding between crystallites.
Nevertheless, this gives an estimation of the number of protein unfoldings which could

happen that contribute to the inelastic energy dissipation.

The inelasticity index (Urne%) from the load-hold-unload profile is ~70% and is
found to be similar with the ~70% reported by He and Swain when a 5 pm spherical
indenter was used to load on enamel in 10 s to a P,,,, of 300 mN and unloaded again to 1
mN in 10 s [96]. When a material is stressed beyond its’ elastic limit, its U, % increases
with the stress/strain level until it reaches a plateau value. Such relationship has been
shown previously on a single tropocollagen [137]). Enamel is expected to exhibit the
same materials behavior. The 70% in this study is either the maximum Ur,4% that could

be achieved by enamel with increasing stress-strain level or an intermediate value.

Under the load-hold-unload profile, the calculation of Uy, utilized every data
points of each corresponding curve in Fig. 4.2 (b) and has observed statistically signif-
icant difference between the enamel rod and the interrod regions. For the calculation
of creep, viscosities and stress relaxation behaviors, only the data from the dwell region
from point A to point B (holding at P,,..) are involved in the calculation and have not
observed statistically significant difference between the two investigated regions. For

creep, damage that can be attributed to microcracks and/or voids [144] is unlikely to
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be a significant contribution to the measured creep. In a previous study [145], burnt
and dry enamel specimens exhibited lower creep compared to sound enamel when held
under a constant load of 250 mN for 900 s with a Berkovich indenter. If the increased
penetration depth in that study was significantly caused by damage, burnt and dried
samples should have exhibited higher creep compared to sound enamel which however

was not the case.

The viscosities calculated when the creep responses were considered as a spring, a
slider and dashpot in series (7,0q=6.442.2x10"? Pa.s; Ninterroa—4.5+1.4x10'? Pa.s) are
lower than the values recorded by Mencik et al. [99], whose studies involved a contact
area of several enamel rods, probably because different values of viscosities prevail at
different length scales. Under the contact conditions of our experiment (a length scale
of ~400 nm and a contact pressure of ~5 GPa), viscoplastic process prevails, whereas
viscoelastic and viscoplastic processes prevail at a bigger length scale and load level in
the case investigated by Mencik et al. [99]. The viscoelastic values in this study were
also found to be lower than the value of 1.1x10' Pa.s by Schneider et al. [132], whose

value was calculated based on a pure viscosity model.

4.4. Conclusions

This study used spherical indentation of ~1 wum tip radius to probe the mechanical
properties of enamel rod and interrod regions of enamel. The elastic modulus and
hardness in the enamel rod regions are significantly higher than in the interrod region.
When the applied stress was held for a longer period, the inelastic energy dissipation in
the interrod region is significantly higher than in the enamel rod region. The increase in
inelastic energy dissipation over time is significantly higher in the interrod region than

in the enamel rod region. From the creep response, the calculated viscosity and the
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time constant for stress relaxation of enamel rod and interrod regions are statistically

similar.
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5. Sub-10 um toughening and crack

tip toughness

Throughout our lifetime, mastication loadings result in a distribution of cracks
in enamel [146, 147]. Despite this, enamel could be considered as a damage-tolerant
material against crack propagation due to the following reasons. Small cracks in enamel
of 40 um deep and 8 um wide were observed to be occluded by mineral deposition,
proposed as a key phenomenon to repair tiny enamel cracks in vivo [148]. Studies of ex-
vivo cracks over larger distances have shown that enamel exhibits R-curve behavior; the
stress intensity increased from values between 0.5 and 1.5 MPa+/m up to 2.5 MPay/m
at 1.5 mm crack extension in human enamel [9] and up to 4.4 MPay/m at 500 um
crack extension in bovine enamel [8]. The reported toughening mechanisms are crack
bridging of tissue ligaments of 10 pum wide or bigger, microcracking, possible bridging
by protein ligaments and crack deflection promoted by enamel rod decussations mainly
existing in the inner enamel {149, 150]. The observed toughening mechanisms in enamel
are summarized in Tab. 5.1. Although the smallest structural units of enamel are of
nanometer-sized, toughening mechanisms of sub-10 pm-scale in enamel has never been

investigated.

It is well-known from ceramic materials that toughness measurements with Single-
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Edge-Notch-Beam (SENB) or Compact-Tension (CT) specimens are usually not able to
measure the crack tip toughness, Ky, in particular when steep crack resistance curves
prevail [151-153]. In brittle materials the most commonly used method to measure
K7 is to measure the crack opening displacement (COD) in the crack tip region with
high spatial resolution using an atomic force microscope (AFM) or scanning electron
microscope (SEM) [154-157|. With this information, Irwin’s crack tip solution [109, 110]

is applied to evaluate K7g.

In enamel, a crack tip toughness study based on COD measurements is missing
which is the objective of this investigation. AFM is used as a high spatial resolution
tool for COD measurement to calculate Ko [109, 110]. The information is also used to
apply a cohesive zone model developed by Goodier and Field [158-160| for the Dugdale-
Muskhelishvili crack model [161, 162| to compute the closure stresses at the crack tip,
the cohesive zone width and length, as well as the corresponding crack tip toughness. In
addition to AFM, SEM is also used to investigate toughening mechanisms around and

behind the crack tip.

In a number of other studies [8, 9, 149, 150| enamel’s toughening mechanisms are

already reported but not with a special focus on the different lengths scales. As enamel

Table 5.1.: Previously observed toughening mechanisms in enamel.

Crack bridges - Uncracked ligaments of 10-20 pm in width [8, 9, 149, 150]
- Crack bridging zone of 30-100 um in length [150]

Microcracks - Water droplets adjacent to a crack indicate microcracks [149]

- 15% of the crack paths [9]

Protein bridging - Observed to span across 700-900 nm crack opening [9]

Crack deflection - Mostly in inner enamel due to rod decussations [9, 149, 150]

- 70% crack deflection reduces >30% the crack tip stress intensity [9]
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is hierarchically structured with nanometer-sized basic structural units, the objective
is to identify the specific toughening mechanisms of sub-10 pm-scale for the first and

second hierarchical level as defined in Section 2.1.1 using AFM and SEM.
This chapter is based on the following published manuscripts:

e Ang, S. F.; Schulz, A.; Pacher Fernandes, R.; Schneider, G. A. Sub-10-micrometer
toughening and crack-tip toughness of dental enamel. Journal of the Me-

chanical Behavior of Biomedical Materials, 4(3), 423-432 (2011).

5.1. Materials and methods

5.1.1. Materials

Mature bovine incisors were used due to their larger amount of enamel compared
to human teeth. The bovine teeth are stored in Hanks’ Balanced Salt Solution (HBSS)

2 were first cut out

before sample preparation. The rectangular prisms of ~3x2mm
from the labial side of mature bovine incisors (Fig. 5.1 (a) by using a saw (Briider
Mannesmann 92571, Germany) under water irrigation. The cows were sacrificed between
3-4 years old. The specimen surface was first ground with an abrasive paper of grit 4000.
It was further polished with diamond suspensions of 1 um, 0.25 um and finally 0.05 um
(Biihler, Germany). The polished tooth was then glued face-up on a steel plate with wax

for subsequent investigation on the same day. A total of 15 specimens were investigated

(13 specimens under AFM and 2 specimens under SEM).
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5.1.2. Methods

The methodology for vickers indents and the AFM and SEM investigations are

described here.

5.1.2.1. Vickers indents and AFM measurements

The freshly polished enamel surfaces were introduced with Vickers indents of 400 g
for 10 s (3212, Zwick GmbH, Germany). An example is shown in Fig. 5.1 (b). Without
the introduction of the Vickers indent, no cracks were observed on the specimens follow-
ing the same polishing procedures and examined under AFM with the same experimental
conditions. The weight of 400 g was selected because the induced crack lengths were
long enough that the crack lengths to indentation size ratio was bigger than 3. Yet, they
should not be too long; due to the fact that scanning of high resolution pictures with
AFM is extremely time consuming, excessive crack lengths would lower the chance to
find the crack tip within one day after sample preparation and therefore are undesirable.
3-5 indents were made on the polished surface of each specimen; they were at least 500
um apart. Only one specimen was investigated within a day. No samples are re-used
overnight because polished samples, if left immersed in HBSS solution for rehydration
overnight, were covered with a layer of salt deposition that precludes nanoscale obser-
vation of the sample surface under AFM. Only one crack (from one specimen) could be
investigated in one day. The indents were first observed under a light microscope (Aris-
tome, Ernst Leitz Wetzlar, Germany). Then, the crack profiles were examined under
AFM (Dimension 3100, Veeco, USA) in tapping mode. Cracks with insufficient crack
lengths were discarded. We calculated the total crack lengths by summing up the lengths
under the optical microscope attached with the AFM system and the AFM topography

scans. All the measurements were carried out in an air environment.
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Figure 5.1.: (a) A bovine tooth. The indicated area was cut out and polished for investigation.
(b) A Vickers indent observed under an optical microscope. The ‘along’ crack
(going mainly along enamel rod boundaries) and the ‘across’ crack (going mainly
across the enamel rods) are labeled. The results for both types of cracks are labeled
with subscript ‘(||)” and ‘(L)’ in the article.

As the darker contrast in the AFM topography images belongs to lower topography
levels, the crack can be identified as a dark contrast due to the deeper position of the
AFM tip. An X-Y sample stage was used to trace the cracks away from the Vickers
indents as far as the crack tips. Super sharp tips with tip apexes <10 nm (SuperSharp-
Silicon, Nanosensors, Switzerland) were used together with a slow scanning frequency
of 0.2 Hz to acquire high resolution images (an example is shown in Fig. 5.2 (a)). The
height profiles across the crack at the desired positions are later obtained from the to-
pographical images to measure the COD between two opposing crack walls (2u;) as well
as the height difference (2ury) (Fig. 5.2 (¢)), both as a function of the distance from the
crack tip (X). The COD measurement was stopped when the crack could no longer be
differentiated from the surface roughness, this position is taken as the zero position for
X (Fig. 5.2 (d)). The lateral resolution of the AFM measurement primarily depends
on the tip radius, which is <10 nm here [156]. Therefore the uncertainty in the COD

measurement is <10 nm. The vertical resolution of the AFM measurement is of sub-
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nanometer level [163].
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Figure 5.2.: COD measurements. (a) An AFM topography image of a well-polished enamel
surface with a crack and its crack tip. The rectangular box is a chosen area for
roughness analysis (R,=0.973 nm). (b) Illustration of the mode I and mode III
fracture at the crack tip of a Vickers indent. (c¢) A cross-sectioned topography
profile corresponding to the white line at point A in (a), used to calculate u; and
uprr of that point, for the calculation of K1y and Kipg respectively. (d) A similar
cross-sectioned topography profile was done at point B in (a) where the crack could
not be differentiated from the surface roughness and is defined as the crack tip for
the crack. The AFM measurements have sub-nanometer vertical resolution [163].
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5.1.2.2. SEM investigations

Vickers indents (1 kg, 10 s) were made on the 2 polished specimens. A higher
weight of the Vickers indent load (1 kg) was chosen so that the resulting crack profiles
are longer and clearer for observation under SEM. Two indents per specimen were made.
The surface were cleaned with ethanol and dried for one day in a desiccator. The samples
were contacted with silver paint at the edges and carbon pad at the bottom to avoid
the build up of charges during the measurements. SEM images were recorded using the

secondary electron signal with an acceleration voltage of 5 kV.

5.2. Results

The surface roughness, R, of our enamel specimens over an area of 500x500 nm?
is less than 1 nm (Fig. 5.2(a)). R, is the arithmetic average of the absolute values of
the surface height deviations measured from the mean plane. Out of the 13 specimens
investigated under AFM, only 6 CODs are used (Tab. 5.2). For the other cracks,
either the observed crack tips were too close to microcracks or bridges, the crack lengths
were too long and the crack tips could not be traced until the end of the day, or when
the crack tips were identified, the crack lengths were too small. The cracks propagating
mainly along rod boundaries are termed ‘along’ (Fig. 5.1 (b), Fig. 5.6 (a)) whereas those
propagating across the rods are termed ‘across’ (Fig. 5.1 (b), 5.6 (b), 5.7 (a)). The terms
‘longitudinal’ and ‘transverse’ [8] (also illustrated in Fig. 5.9) are not used because they
usually describe the rod orientations relative to the cross-sectional plane but not the
manner of crack propagation. The enamel rods in this study are oriented in an oblique
orientation relative to the sample surface plane, judging from their prolonged shape in

the pictures (Fig. 5.1 (b), 5.6 and 5.7), hence neither ‘longitudinal’ nor ‘transverse’.
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The ‘along’ and ‘across’ cracks are typically longer than 100 pm and 50 wm respectively.
Cracks with insufficient crack lengths are discarded. The results for ‘along’ and ‘across’

cracks are labeled by subscripts ‘(||) > and ‘(L)” accordingly in this study.

5.2.1. Determination of crack tip toughness

The measured in-plane and out-of-plane displacements u; and wuy (Fig. 5.2 (c))
are used to determine the mode I and mode III crack tip toughness respectively. Recall
that mode I fracture is a tensile mode separation where the traction forces act to open
crack surfaces directly apart from each other, whereas mode III fracture is a shear mode

separation where the traction forces act parallel with the crack plane and also parallel

with the crack front (Fig. 5.2 (b)).

The measured half crack opening profiles (u;) versus crack length behind the crack
tip (X) are plotted in Fig 5.3 (a). (The data of u; versus X of all cracks are listed in
Appendix C.) The u; and X values are used to calculate Ko, by the following equation

that describes the near-tip COD profile for a straight crack [109, 110],

Ko [8X
= fbﬂvf 7(1—1/2) (5.1)

Uy

uy is the half COD between two opposing crack walls (u;=COD/2), X is the dis-
tance from the crack tip, £ and v are the elastic modulus and Poisson’s ratio of enamel
and are taken as F—87 GPa [164] and »=0.23 [165]. (The lower case annotation ‘Ir’
indicates that the values are calculated based on Irwin’s parabolic ‘near-field” solution).
The value of E=87 GPa is the average elastic modulus values derived from both the
longitudinal and transverse orientations of enamel from Vickers indentation under com-

parable load as in our study [164|. The crack opening up to 10 pm behind the crack tip
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Figure 5.3.: The calculation of Ko 1. (a) ur versus X profile for all cracks. The crack opening
2ug is around 40 nm and does not lie within the measurement uncertainty of <20
nm. (b) ur versus v X. The slopes are used to calculate Ko 1, with Eq. (5.1).

is not associated with observable ligament bridges and is used in the calculation. A key
assumption in utilizing the Irwin’s ‘near-field’ solutions is that the crack walls behind
the tip remain free of traction [109, 110]. u; versus v/ X was plotted (Fig. 5.3 (b)); the
slopes are used to calculate Ko, based on Eq. (5.1) but without forcing the intercept-y
to zero. A total of 6 crack tip toughness measurements are reported here: 2 ‘along’

cracks and 4 ‘across’ cracks. Both of them show similar values with Ky y,()=0.63-0.91

MPay/m and Ko p(1)—0.50-1.58 MPay/m (Tab. 5.2).

Similar to Eq. (5.1), the mode III crack tip toughness, K1, can be described by

the following equation [109, 110|, with ur; being the height difference of two crack walls

(Fig. 5.2 (c)),

K r [8X
Urrr = % 7(1—|—V) (52)

Similarly, uz;; versus v X were plotted to calculate K 110,1x() =0.02-0.03 MPay/m
and Ko e(1)=0.05-0.15 MPay/m. The results are summarized in Tab. 5.2 too. The

K1), values are at least 50% higher than K mio,Ix(|)- However, these values are an
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order of magnitude smaller than the values of Ky, and could be deemed negligible.

Table 5.2.: The values of crack tip toughness (K 10,lr and K HIO’Ir) based on Irwin’s ‘near-field’
solutions [109, 110], and the crack closure stress near the crack tip (py), the width
(0) and length (A) of the cohesive zone and the corresponding crack tip toughness
based on cohesive zone solutions developed for the Dugdale-Muskhelishvili crack
model by Goodier and Field [158-162].

Irwin’s solution DM crack model’s solution
Crack Ko 1r Ko 1r Tbr A 6/2 Ko,
(MPay/m)  (MPay/im) (MPa)  (um) (m)  (MPay/m)
‘along’-1 0.63 0.020 163 10.06 22 0.81
‘along’-2 0.91 0.028 734 1.61 16 1.48
‘across’-1 0.50 0.050 234 6.55 21 0.95
‘across’-2 0.53 0.147 433 3.15 18 1.21
‘across’-3 1.11 0.054 770 1.24 13 1.36
‘across’-4 1.58 0.079 574 1.54 12 1.13

5.2.2. Cohesive zone

The wuy versus X plot (Fig. 5.3 (a)) seemingly shows a u;~20 nm half opening
at the beginning of the measured COD (at X=0). This crack opening (2u;) is around
40 nm and does not lie within the measurement uncertainties of <10 nm. We interpret
this finite crack tip opening, § as the end of a cohesive zone length A with constant
bridging stresses oy, (Fig. 5.4 (a) and (b)). The load-displacement solution developed
by Goodier and Field for the Dugdale-Muskhelishvili crack model (Fig. 5.4(b)) [158-162]

is used to calculate oy, and A,

_ aon; o, sin? (0 — ¢) 1 (sind + sing)’
ur = (cosgb In S0+ 0) + cosf - In (sinf sin¢)2> (5.3)

a 1—12

where (b:arccos(a_)i_’\), Hzarccos(“_)‘) and E'z( £ )
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Figure 5.4.: Model of a Dugdale-Muskhelishvili (DM) crack. (a) The actual crack and the
cohesive zone ahead of the crack tip. (b) the DM model.

The crack length a is taken as a())=100 um for along cracks and a()=50 um for
across cracks because these were the minimum crack lengths observed under the light
microscope. (When the values of a differ by £20 pm from the above values, the results
of Tpr, A, 0/2 and Ko, in Tab. 5.2 differ by <5%). Since the half CODs at X=0 in
Fig. 5.3 (a) are interpreted as the finite crack tip opening of the cohesive zones d, A has
been added as X-offset in Eq. (5.3) to locate the tip of the cohesive zone. The onset of
the crack is shifted leftward and re-labeled with X’ where X’ = X + X (Fig. 5.4 (a) and
(b)). Since the model is only valid for the region near the crack tip, only data points
up to 4.3 um behind the crack tip (the length scale of one enamel rod) are used for the
fitting procedures. MATLAB’s curve fitting toolbox with custom equations was used for
the curve fitting. The fitting program iterates for the same values of 7y,; and \ within
the huge range of input values of oy, C [1-2000 MPa| and A C [0.1-50 pm], resulting
in oy, ())=163-734 MPa, Gp,;(1)=243-770 MPa and A()=1.6-10.1 pum, A)=1.2-6.5 um
(Tab. 5.2). (The iterations gave the same values when wider range of starting values:
o C [1-200,000 MPa| and A C [0.05-100 pm|. These ranges under consideration are

sufficient because it is rather unrealistic for oy, to be smaller than 1 MPa or bigger than
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200 GPa or for A to be smaller than 50 nm (the diameter for a single enamel crystallite)
or bigger than 100 um, which is the maximum crack length.) The R? which defines the
goodness of the fit is >0.84. §/2 is calculated from Eq. (5.3) by inserting X =0 and the
corresponding values as 0/2=12-22 nm (Tab. 5.2). So, 6/2()=16-22 nm, §/2(,)=12-21
nm. The data points together with the fitted curves based on Eq. (5.3) are plotted as
ur versus X' (Fig. 5.5 (a)).

The relationship

Km:\/(lfyz) . (5.4)

with Jo = 2 [ o(ur)du; for the near-tip zone [166] can be used to calculate crack-tip
toughness based on the calculated 71,; and § values. Since the bridging stress, o, in the
applied cohesive model is constant, J. = 2.7y, -u; = oy, - 0. Therefore, the crack tip

toughness is calculated according to the equation,

E

1—v2

KIO,cz - Ubr6 (55)

as K19,,=0.8-1.5 MPay/m (Tab. 5.2). (The lower case annotation ‘cz’ indicates that the
values are calculated based on the cohesive zone solutions.) @y, and Ky, are plotted
versus A for better visualization (Fig. 5.5 (b)). (Alternatively, the stress intensity
contributed due to the bridging stress inside the cohesive zone can also be calculated

based on the weight function [167]

AK = \/gf /OA %dm (5.6)

where f is the area fraction of the reinforcements on the crack plane [168]. The denomi-
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Figure 5.5.: Cohesive zone parameters fitting. (a) u; versus X’ profile for the original data
points used for fitting with DM’s cohesive zone solutions together with their fitted
curves (dashed lines) (X' = X + A). (b) op,; and Kpg ¢, versus .

nator is replaced by some function of  but for A < a, all formulae will lead to Eq. (5.6)

as the limit. When traction is assumed to be uniform, o(z)=a, integrating Eq. (5.6)

gives
AK =26f+\/2)\/7. (5.7)
Eq. (5.7) is shown here because it will be used in the chapter of Discussion. Eq.

(5.7) is not used to calcualte Ko ., because f is not known. Eq. (5.5) and Eq. (5.7)
are equivalent as long as they are used to calculate the stress intensity caused by the
bridging stress in the cohesive zone. The selection would depend upon experimental or

mathematical convenience.)

5.2.3. Toughening mechanisms

Crack bridging and microcracks of different lengths scales are identified. Crack
bridges on the length scale of one enamel rod (=3 pm), bundles of crystallite fibers

(300-400 nm) and approximately one crystallite fiber (/=85 nm) were observed (Fig.
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5.6). Similar to the bridges at multiple length scales, microcracks of ~6 um and 100-500
nm were detected (Fig. 5.7 (a) and (b)). Additionally, loosenings of groups of crystallite
fibers (Fig. 5.7 (c)) are also observed. Fig. 5.7 (b) also shows possible indication of
proteins. The crack paths show an undulatory pattern. The presence of crack bridging
has been observed to significantly reduce mode I1I shear too (observed from the reduction
of the surface level difference for both sides of the crack (Fig. 5.8)). In Fig. 5.8, the
topography difference on both sides of the crack was bigger (indicated by the brightness
difference) but the surface levels became similar towards the crack tip propagating across
ligament bridges. This indicates that the mode III fracture was significantly reduced by

the presence of crack bridging.

S =

~3 um elastic
ligament
bridges

\

bridges
in interrod regio

~200 nm {

« elastic ~85 nm
ligament frictional % }
bridge bridge

Figure 5.6.: Crack bridges in enamel. (a) ~3 um intact ligament bridges, (a) and (b) 200-
400 nm bridges, (c¢) a nano-sized ~85 nm frictional bridge corresponding to the
length scale of one enamel rod, several enamel crystallites and approximately one
crystallite respectively.
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Figure 5.7.: Microcracks and seemingly protein ligaments. (a) A microcrack across a few enamel
rods (=6 wm) and (b) within an enamel rod at the interface of apatite crystallites
(100-500 nm). The ligament inside the crack, circled in white in (b) is seemingly a
protein ligament. (¢) Loosening of groups of crystallites (/2100-250 nm) indicates
the presence of microcracks.

5.3. Discussion

Enamel’s crack tip toughness was reported as K1p=0.5-0.8 MPa+/m in a previous
study which is based on enamel CT specimens [9]. These lie at the lower range of our
measured Kj9=0.6-1.6 MPa,/m. The wide variations of our reported Ko are hypothe-
sized to be caused by different morphological surroundings around a crack tip and will

be discussed in the second last paragraph of discussion.

A cohesive zone of 1-10 um long and 24-44 nm wide with an average bridging stress

of 163-770 MPa is calculated to occur at the crack tip. Inelastic processes prevail within
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Ligament L~ % '
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Figure 5.8.: The mode III fracture was significantly reduced by the presence of crack bridging.
(The surface level difference of both side of the crack was bigger at the lower part
of the image but the surface levels became similar towards the crack tip.

the cohesive zone which are decoupled from the linear-elastic field outside the zone [160].
Possible inelastic processes within the zone are the separation of the so-called ‘sacrificial
bonds’ [13], protein bridging, protein breakage, microcracks, minerals ligament bridging
and/or mineral fracture. An up to 10 um long zone means that multiple crystallite
nanofibers or even multiple enamel rods are included in the inelastic process and the
bridging stress is not only caused by protein bridging alone. Experimental studies showed
that the ultimate stress of proteins such as ligaments (mainly collagen), tendon (mainly
collagen) and horn (mainly keratin) are 2.5-7 MPa, 70 MPa and 260 MPa respectively
[5, 129, 130, 169] and are generally lower than the calculated 163-770 MPa. Secondly, the
maximum stress intensity shielding contributed by the protein bridging can be estimated
by using Eq. (5.7) with AK, as the stress intensity due to protein bridging, ,=2.5-260
MPa as the yield strength of protein, f,=0.1 as the area fraction of protein bridging

ligaments (estimated based on the volume fraction of protein in enamel), A=1-10 pm
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as the protein bridging zone length. AK, is calculated as 0-0.13 MPay/m and is much
smaller than the crack tip toughness. Mineral fracture is unlikely to occur in the cohesive
zone according to the following calculation. The theoretical strength of hydroxyapatite
crystallites can be estimated by oy, = E\,/30=4.3 GPa (E,,=129 GPa [142]). Assuming
that a material’s failure is due to the fracture of the mineral phase, the strength of
different hierarchical levels can be calculated based on the formula 0,1 = - (%n), On
and 0,1 the strength of the hierarchical structure n and n+1, v, the volume fraction of
minerals at hierarchical structure n [15]. 1, is assumed to be constant for all hierarchical
levels and is taken as 0.9, ©=0.9. Since a single crystallite fiber is level 0 [15], the
strength of the first hierarchical structure level, multiple crystallites, can be estimated
by using the formula o1 = 1 - (%) = ("Tm):l.Q GPa. Similarly, the strength needed
for mineral failure of the second hierarchical structure level, multiple enamel rods is
o9 =1 (0—21) =0.9 GPa. Hence, the strength of the first hierarchical level is significantly

higher than the calculated cohesive zone stresses, whereas the second hierarchical level

has a strength close to the upper limit of the cohesive zone stresses.

Previous studies of enamel fracture have observed cracks more commonly along
rod boundaries than running through rods [170]. 10-20 wm wide bridges in enamel have
been observed in several previous experimental studies [8, 9, 149, 150]; they span across
multiple rods. In this study, 3 um wide bridges are observed along interrod regions
which corresponds to the diameter of an enamel rod (Fig. 5.6 (a)). Approximately 200
nm long ligament bridges are also observed in the interrod region and encompass groups
of crystallite fibers (Fig. 5.6 (a)). Even a single crystallite fiber in the enamel rod region

is capable of forming nanoscale sized ~85 nm bridges (Fig. 5.6 (c)).

Besides providing a weak interface to form bridges, interrod regions also reinforce
enamel’s structure by hindering crack propagation when a crack runs across them but not

along them (Fig. 5.6 (b)). The rod-interrod boundaries are locations where an abrupt
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change in crystallite orientation occurs [9, 89, 171], therefore crack propagation obstacles
occur and a crack needs higher energy to propagate through them. The presence of crack

bridging has proved to reduce mode III fracture too (Fig. 5.8).

Summarized, the presence of an organic phase as well as the abrupt change in
crystallite orientations in the interrod region coupled with enamel’s hierarchical structure
are obviously advantageous for bridge formation at different length scales - several enamel
rods (10-20 pm) (Tab. 5.1), one enamel rod (~3 um) (Fig. 5.6 (a)), groups of crystallite
fibers around interrod regions (200-400 nm) (Fig. 5.6 (b)) and even one crystallite fiber
(=85 nm) (Fig. 5.6 (c)). Such ability of a material to form bridges from ~20 pm
down to ~85 nm has neither been observed before in enamel nor in commercial ceramic

materials.

Small droplets adjacent to the the crack in enamel are observed and are believed to
be the result from the loosenings of the interrod spaces due to microcracks (the specimens
were hydrated by using cotton swabs saturated with HBSS salt solution) [149]. In our
study, we observed microcracks of the length scale of one to two enamel rods (~6 pm)
(Fig. 5.7 (a)) and multiple crystallites (100-500 nm) which occurred in the enamel rod
region) (Fig. 5.7 (b)). Loosening of the crystallites structure (Fig. 5.7 (c)) along the
crack path is also a trace of the presence of microcracks. One may argue that the observed
microcracks under SEM (Fig. 5.7 (a) and (b)) are artifact crackings due to the SEM
sample preparation procedures (for example, dehydration effect in a vacuum chamber).

However, they were also observed under AFM investigation in ambient conditions.

The wide range of calculated Ky values is hypothesized to be caused by different
morphological surroundings at the crack tip. The cohesive zone could occur in at least
3 surroundings in the interrod/rod region: ‘longitudinal orientation’; ‘transverse orien-

tation’” and ‘mixed orientation’ as illustrated in Fig. 5.9. Note that both ‘longitudinal’
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Figure 5.9.: (a)-(c) The hypotheses of 3 possible morphological surroundings at the crack tip.

or ‘transverse’ orientations could happen for both modes ‘along’ (mainly along interrod
regions) and ‘across’ (mainly across enamel rod regions) crack propagation. The co-
hesive zone is expected to be different in three situations. In the case of ‘longitudinal
orientation” and ‘transverse orientation’, a cohesive zone is formed relatively easily in
comparison to a ‘mixed orientation’, where the crack tip reaches a boundary with an
abrupt change in crystallite orientations. The Kyy measured from both ‘longitudinal
orientation’ and ‘transverse orientation’ is expected to be lower in comparison to ‘mixed
orientation’. For a longer cohesive zone (up to 10 um), the situation in the cohesive zone
would be a combination of the mentioned surroundings above. The limitation of this
study is that the crack tip toughness could not be correlated to the crystallite orienta-
tion and in-situ crack propagation could not be observed. A potential method for such

observation is utilizing in-situ etching procedures to reveal the crystallite orientations.

Fig. 5.10 illustrates toughening mechanisms in enamel of zero level (single crys-
tallite nanofiber), first level (multiple crystallite nanofibers but within one enamel rod
or interrod region) and second level (multiple enamel rods) hierarchical structures. Fig.
5.10 (a) shows an ‘across’ crack together with the observed crack bridging at interrod
regions (first level; multiple crystallite fibers), crack bridging within one enamel rod

(zero level; one enamel crystallite fiber); microcracks that span across two enamel rods
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Figure 5.10.: Sub-10pum toughening in enamel observed for (a) an ‘across’ crack and (b) an
‘along’ crack.

(second level) and microcracks in enamel rod region (first level, multiple enamel crys-
tallite fibers). Fig. 5.10 (b) shows an ‘along’ crack together with the observed crack
bridging that involve one enamel rod (first level), crack bridging in interrod region (first
level, multiple crystallite fibers), as well as loosenings of prism structures that indicated

the presence of microcracks.

5.4. Conclusions

Irwin’s ‘near-field” solution is used to calculate the mode I and III crack tip tough-
ness of enamel, Ky, as 0.5-1.6 MPay/m. The mode III crack tip toughness (0.02-0.15
MPay/m) is comparatively negligible. Besides, the cohesive zone model of a Dugdale-
Muskhelishvili crack is used to calculate the closure stress near the crack tip, oy, as
163-770 MPa, with a cohesive zone size of 1.6-10.1 um long and 24-44 nm wide, which

might be attributed to the microcracks, the bridging of protein and apatite ligaments.
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These parameters of the cohesive zone are used to calculate Kyg.,=0.8-1.5 MPay/m.
Interrod regions reinforce enamel by bridge formation along interrod regions but also
hinder crack propagation by a significant change in crystallite orientation compared to
those in the enamel rod region. Crack bridges and microcracks were identified to oc-
cur across different length scales: the bridge sizes are from 85 nm to ~3 pwm and the

microcracks are from 100-500 nm to ~6 wm respectively in this study.
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6. Conclusions

Enamel’s elastic/inelastic transitions decreases from 17 GPa to 0.4 GPa with in-
creasing hierarchical levels. Similarly, its elastic moduli measures up to 115 GPa for a
single nanometer-sized construction unit (single crystallite fiber) but only 30 GPa for
bulk enamel. These trends are attributed to an increasing volume of weak phases around
each crystallite fiber and rod with additional hierarchical levels as well as an increasing

volume of nanometer and micrometer scaled defects.

At a first glance, an increasing number of hierarchical structures is disadvantageous.
However, investigation of enamel’s sub-10um fracture behavior indicates the contrary.
The presence of weak phases provide pathways to crack bridges and microcracks forma-
tion, both are crack closure mechanisms. The presence of hierarchical structure allows
enamel to form crack bridges and microcracks at different length scale: the bridges are
from ~85 nm to ~3 pum in width (and up to 20 pwm in width in previous studies (Tab.
5.1)) and the microcracks are from 100-500 nm to ~6 um in length. Such ability to form
toughening mechanisms across different length scales from tens of nanometers to tens of

micrometers has never been observed in other man-made materials.

Enamel has a low crack tip toughness, determined in this study as K;0=0.5-1.6
MPay/m. The parameters for the cohesive zone at the crack tip were also calculated. The

mean crack-closure stress at the crack tip was computed as 163-770 MPa with a cohesive
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zone length and width of 1.6-10.1 pm and 24-44 nm respectively. This means that the
cohesive zone encompasses multiple crystallite fibers or even multiple enamel rods. 3
possible morphological surroundings at the crack tip are presented as a hypothesis to
explain the scattering of Ky values and the cohesive zone parameters depending on the

orientation between the crack propagation direction and crystallite fiber arrangements.

The significantly different crystallite fiber orientations in interrod regions compared
to the intrarod regions was identified to encumber crack propagation. Besides, when
longer time is allowed for deformation, the magnitude of inelastic energy dissipation in
the interrod region is statistically significantly higher than in the enamel rod region,
possibly due to protein unfoldings in the organics-rich sheath. An estimation shows that
up to 1.6 protein unfoldings/(nm? proteins -s) could happen under the single loading-

unloading profile with P,,,,=500 uN used in this study.

Summarized, the presence of hierarchical structures in enamel reduce its elastic
moduli and elastic/inelastic transition with increasing hierarchical level but the weak
interrod and inter-crystallite phases which come along with the hierarchical structure

are in fact highly beneficial in making enamel damage-tolerant.
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A. Calibration of the used
compression equipment and the

iIndenters

Appendix A.1 outlines the calibration of the compression equipment to remove the
equipment deformation effect on the result curves in Chapter 3. The calibration curves
to obtain the indenter radii of the 3 indenters used in Chapter 3 (R=8.3 pm, R—=0.86
um and R—=63 nm) and the R~1 um long shaft indenter used in Chapter 4 are presented

in Section A.2.

A.1. Calibration of the compression equipment

The effect of the equipment deformation was measured in order to be subtracted
from the specimen result curves. As explained in Chapter 3.1.2.1, an alumina specimen
with ~4-5 mm? in area was loaded up to 3 kN with a pressure of ~150 MPa. By assuming
that the alumina’s compressibility is negligible at this pressure, the displacement-force
response represents the equipment deformation under compression (Fig. A.1). The first

loading curve is fitted and gives
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Calibration of the used compression equipment and the indenters
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Figure A.1.: Displacement-force curve of the equipment deformation under compression. The
compressibility of alumina is assumed to be negligible at the pressure of ~150
MPa. The first loading curve is fitted as a h = f(P) function (Eq. (A.1)) and is
subtracted from the result curves with enamel specimen. The second loading cycle
shows a hysteresis of <1 pm. The hysteresis below P=200 N is bigger but is not

involved in the E calculation in Fig. 3.5 (a).

h = —3.097 + 0.636 P2 — 5.017PY3 + 6.652P/*. (A.1)

This deformation effect was subtracted from the result curves with enamel specimen

before it is presented it Fig. 3.5 (a).

A.2. Calibration of the indenter radii

The indenter radii of the 3 indenters used in Chapter 3 (R—=8.3 um, R=0.86 wm
and R=63 nm) and the long shaft indenter used in Chapter 4 (R~1 pm, suitable to be
used for nanoindentation in liquid) were calibrated on a fused quartz sample (Hysitron,
USA) (E,=69.6 GPa) with loading curves of P, ranging from 0.1 to 11 mN. More

than 45 curves were used to calibrate each indenter. To obtain the radius, the initial
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A.2 Calibration of the indenter radii

parts of these loading curves were fitted with Eq. (2.2), which were appropriate to
hy{<20 nm for the 8.3 um indenter, 15<h;<60 nm for the 0.86 um indenter, hy<10 nm
for the 63 nm indenter and 6<h;<60 nm for the R~1 pum long shaft indenter. These
ranges were chosen because they displayed linear behavior and the limit of elastic range
for the materials under investigation occurs in this region. For deeper indentations, the
spheroconical shape of the tip leads to the deviation from linearity, especially for Eq.

(2.2).

The indenter radii were calibrated as R=8.3+£0.9 wm, R=0.864+0.03 pum and
R=634+11 nm respectively for the 3 indenters used in Chapter 3 and is R=0.88+0.2

um for the long shaft indenter used in Chapter 4.

A question might arise whether the deviation from linearity shown in Fig. A.2 is
caused by the change of indenter radii or due to the inelastic deformation of the fused
quartz. This verification is performed as the following. For the 8.3 wm indenter, with
P=900 uN, k=20 nm, the contact pressure was P/ma?*=1.7 GPa, which is much lower
than the indentation limit of elastic range of fused silica, observed as ~9 GPa by using
a R=1 pm, R=2.5 pum and R=7 pm spherical indenter [172]. Similarly, the contact
pressure under the 0.86 um at P=1400 uN, h{=62 nm was ~8.5 GPa, and for the 0.88
um indenter at P=1400 uN, h;=60 nm was ~8.5 GPa too, which are also slightly smaller
than the observed ~9 GPa [172|. Therefore, the deviations of the measured data from
the linear fit in Fig A.2 (a), (b) and (d) are interpreted as a change of the tip shape
rather than inelastic deformation of fused silica. The contact pressure for the R=63 nm
indenter at P=32 uN, hy=11 nm is =15 GPa, higher than the typically observed limit
of elastic range. The contact pressure under the same indenter at P=2 uN, hi=1 nm is
calculated as 10 GPa. The fused quartz sample was already deformed plastically under
the indenter at such a small penetration depth. That is why the load-displacement curve

shown as an inset in Fig. A.2 (c) has a hysteresis, and that the elastic response of Eq.
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used compression equipment and the indenters
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Figure A.2.: Indenter radii calibration on fused quartz. The range of h; versus P%/3 curves
used for radii calibration for (a) R=8.3 um indenter (hy<20 nm), (b) R=0.86 pm
indenter (15<hy<60 nm), (¢) R=63 nm indenter (h{<10 nm), and (d) R~1 pum
long shaft indenter (6<h{<60 nm), show linear behaviors. The indenters in (a)-(c)
were used for the experiments in Chapter 3 whrereas the indenter in (d) was used
for the study in Chapter 4. (Inset: The load-displacement curves that include the
range of h; used for radii calibration.)

(2.2) could no longer be assumed. Since the h; versus P?3 curve in Fig. A.2 (c) displays

reasonably linear behavior in the calibrated region, the calibrated 63+£11 nm is believed

not to be affected by the inelastic deformation of fused quartz.

The data of h;<1 nm usually are associated with big fluctuations (noise) and are

discarded from the analysis.
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B. Load-displacement curves of
enamel and synthetic HAP in

Chapter 3

The load-displacement curves (raw data of nanoindentation experiments) used in

Chapter 3 are presented.

B.1. Load-displacement curves of enamel

The enamel’s P-h; curves from which the data are extracted to plot P, versus a/R

curves in Fig. 3.5 are shown in Fig. B.1

B.2. Load-displacement curves of synthetic HAP

The synthetic HAP’s P-h; curves from which the data are extracted to plot P,

versus a/R curves in Fig. 3.6 are shown in Fig. B.2
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Load-displacement curves of enamel and synthetic HAP in Chapter 3
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Figure B.1.: Enamel’s load-displacement curves of (a) uni-axial compression tests, (b) R=3 mm
indenter [118], (¢) R=8.3 pm indenter and (d) R=63 nm indenter from which the
data are extracted to plot the P, versus a/R curves in Fig. 3.5. For indenta-
tion tests, the insets show the enlarged versions of the elastic portion up to the

elastic/inelastic transition.
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B.2 Load-displacement curves of synthetic HAP
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Figure B.2.: Synthetic HAP’s load-displacement curves of (a) R=0.86 pm indenter and (b)
R—=63 nm indenter from which the data are extracted to plot the P, versus a/R
curves in Fig. 3.6. The insets show the enlarged versions of the elastic portion up
to the elastic/inelastic transition.
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C. Measured uj versus X

The data of mode I half crack opening (u;) versus crack length behind the crack

tip (X) of each crack (to calculate K in Chapter 5.1.2) are listed in Tab. C.1.

Table C.1.: ur versus X of all cracks, used to calculate Kyq , in Chapter 5.1.2.

Crack ‘along’-1 Crack ‘along’-2 Crack ‘across’-1 Crack ‘across’-2
X [um]  wy [nm)] X [um| wuy [nm] X [um]  wus [nm] X [um]  wuy [nm]
0.07 22.5 0.07 19.0 0.07 22.0 0.07 18.0
0.10 24.5 0.14 22.0 0.14 21.5 0.13 19.5
0.14 24.0 0.4 23.5 0.4 23.0 0.27 20.5
0.2 24.0 0.7 24.0 0.8 27.0 0.33 23.0
0.7 25.0 0.9 28.0 2.0 32.5 0.4 27.5
1.1 24.0 1.3 34.0 3.1 35.5 1.0 31.5
1.4 26.5 1.4 36.5 3.9 35.5 1.6 31.5
2.8 32.5 1.7 40.5 5.0 35.5 2.1 35.0
3.0 35.5 2.5 37.5 8.8 43.5 3.5 34.5
3.5 34.5 2.9 42.0 10.0 48.0 4.2 40.5
4.3 38.0 3.4 42.0 4.9 39.0
5.7 52.0 5.6 40.0
6.5 49.5 6.3 42.0
7.2 51.0 8.5 41.0

10.3 44.5
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Measured u; versus X

Table C.1(continued): uy versus X of all cracks, used to calculate Kpg 1 in Chapter 5.1.2.

Crack ‘across’-3 Crack ‘across’-4
X [um| wy [nm)] X [um|  wus [nm]
0.07 17.0 0.07 14.0
0.1 16.5 0.10 14.5
0.14 18.5 0.14 16.5
0.4 20.5 0.3 16.0
0.9 20.5 0.5 20.5
1.1 25.0 0.7 23.0
1.3 27.5 1.1 24.0
1.7 35.5 1.3 23.5
2.5 45.5 1.7 27.5
3.4 46.0 1.8 32.0
3.9 52.5 1.9 52.5
4.4 59.0 24 47.0
4.8 59.0 2.9 49.0
5.2 46.0 3.5 52.5
5.5 47.5 3.9 54.0
5.9 59.0 4.2 59.0
6.6 52.5 4.5 56.5

7.0 60.0

The data of mode IIT half crack opening (u;;7) versus crack length behind the crack
tip (X) of each crack (to calculate Ko in Chapter 5.1.2) are not listed here since the

calculated Kprro values are small and negligible.
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