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Abstract 

Human dental tissues are fascinating nano-structured hierarchical materials that 

combine organic and mineral phases in an intricate and ingenious way to obtain 

remarkable combinations of mechanical strength, thermal endurance, wear resistance 

and chemical stability. Attempts to imitate and emulate this performance have been 

made since time immemorial, in order to provide replacement (e.g. in dental 

prosthodontics) or to develop artificial materials with similar characteristics (e.g. light 

armour). The key objectives of the present project are to understand the structure-

property relationships that underlie the integrity of natural materials, human dental 

tissues in particular, and the multi-scale architecture of mineralized tissues and its 

evolution under thermal treatment and mechanical loading. The final objective is to 

derive ideas for designing and manufacturing novel artificial materials serving 

biomimetic purposes. 

The objectives are achieved using the combination of a range of characterization 

techniques, with particular attention paid to the synchrotron X-ray scattering (Small- 

and Wide-Angle X-ray Scattering, SAXS and WAXS) and imaging techniques (Micro 

Computed Tomography), as well as microscopy techniques such as Environmental 

Scanning Electron Microscopy (ESEM), Transmission Electron Microscopy (TEM) 

and Atomic Force Microscopy (AFM). Mechanical properties were characterized by 

nanoindentation and photoelasticity; and thermal analysis was carried out via 

thermogravimetric analysis (TGA). Experimental observations were critically 

examined and matched by advanced numerical simulation of the tissue under thermal-

mechanical loading.  

SAXS and WAXS provided the initial basis for elucidating the structure-property 

relationships in human dentine and enamel through in situ experimentation. Four 
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principal types of experiment were used to examine the thermal and mechanical 

behaviour of the hierarchical structure of human dental tissue and contributed to the 

Chapters of this thesis: (i) In situ elastic strain evolution under loading within the 

hydroxyapatite (HAp) in both dentine and enamel. An improved multi-scale Eshelby 

inclusion model was proposed taking into account the two-level hierarchical structure, 

and was validated against the experimental strain evaluation data. The achieved 

agreement indicates that the multi-scale model accurately reflects the structural 

arrangement of human dental tissue and its response to applied forces. (ii) The 

morphology of the dentine-enamel junction (DEJ) was examined by a range of 

techniques, including X-ray imaging and diffraction. The transition of mechanical 

properties across the DEJ was evaluated by the high resolution mapping and in situ 

compression measurement, followed by a brief description of the thermal behaviour 

of DEJ. The results show that DEJ is a narrow band of material with graded structure 

and mechanical properties, rather than a discrete interface. (iii) Further investigation 

regarding the thermo-mechanical structure-property relationships in human dental 

tissues was carried out by nanoindentation mapping of the nano-mechanical properties 

in ex situ thermally treated dental tissues. (iv) In order to understand the details of the 

thermal behaviour, in situ heat treatment was carried out on both human dental tissues 

and synthetic HAp crystallites. For the first time the in situ ultrastructural alteration of 

natural and synthetic HAp crystallites was captured in these experiments. The results 

presented in this thesis contribute to the fundamental understanding of the structure-

property integrity mechanisms of natural materials, human dental tissues in particular. 

These results were reported in several first author publications in peer-reviewed 

journals, conference proceedings, and a book chapter. 
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Chapter 1 

Introduction 

 

1.1. General background 

Biological hard tissues, for example, bones, dental tissues and varieties of shell 

structures, are of considerable interest for biomimetic applications due to the evident 

success of nature’s intricate hierarchical (macro-/micro-/ultra-structural) design: 

guided assembly and organic bonding of nano-crystallites of common mineral 

substances such as calcite and calcium phosphate to produce hard yet tough structures 

that display thermal and chemical stability under the relevant conditions of their use. 

Imitating and emulating natural design is a long term objective of biomimetic studies 

that is likely to require extended research effort. In the short to medium-term time 

scale, the use of artificial materials, e.g. for dental restorations, continues to present a 

major challenge in terms of achieving satisfactory performance and structural 

integrity. 

The investigation of remarkable properties of natural and novel artificial hard 

tissues has the potential to give insight into biomimetic material design and novel 

functional materials development [1-7]. The overall objective of the present project is 

to undertake multi-scale characterization and modelling of the structure as well as the 

mechanical and thermal properties of natural and artificial hard tissue, in particular 

human dental tissue, to provide improved solutions for biomedical and structural 

engineering applications.  
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X-ray diffraction and imaging provides an arsenal of characterization tools for the 

study of the internal structure of materials, from macro- to nano- and the atomic scale. 

More specifically, Small Angle X-ray Scattering (SAXS) and Wide Angle X-ray 

Scattering (WAXS) methods are introduced here as tools for the analysis of human 

dental tissue. Analysis of SAXS patterns provides insight into the mean dimension 

and orientation of particles, while that of WAXS (or X-ray Powder Diffraction, XRD) 

patterns allows the determination of the crystallographic unit cell parameters, 

statistical crystal orientation (texture) and lattice strain when subjected to the external 

or residual loading of the inorganic phase. Complementary structural characterization 

methods are helpful in investigating the hierarchical structure of dental tissues at the 

macro-scale by Micro Computed Tomography (Micro-CT), micro-scale by 

Environmental Scanning Electron Microscopy (ESEM), and at the ultra-structural 

scale by Atomic Force Microscopy (AFM) and Transmission Electron Microscopy 

(TEM). Furthermore, nanoindentation, Photoelasticity and thermogravimetric analysis 

(TGA) techniques are able to reveal the mechanical and thermal behaviour. 

 



3 

 

 

Fig. 1.1 Overview of the work reported in this thesis  

 

A schematic overview of the work undertaken and reported in this thesis is shown 

in Figure 1.1. The visualization and understanding of the internal architecture of 

human dental tissue is essential for the further study of thermo-mechanical behaviour. 

Therefore, firstly, the hierarchical structure of human dental tissues was investigated 

by advanced synchrotron scattering techniques and several other characterization 

methods. The remarkable mechanical performance of human dentine and enamel 

subjected to in situ uniaxial compressive loading was then studied by collecting multi-

scale structural information and deformation data by applying SAXS/WAXS 

techniques simultaneously. The achieved agreement between structurally informed 

multi-scale Eshelby inclusion modelling with the experimental strain evaluation data 

indicates that the structural arrangement, especially the nano-scale structure, has an 

influential effect on the mechanical properties of hierarchical biomaterials. The 



4 

 

microstructure of DEJ and its response to external loading were examined by 

SAXS/WAXS, as well as the X-ray imaging method. The ultrastructural features and 

the correlation with elasticity mapping at high spatial resolution show that DEJ is a 

band with graded mechanical properties rather than a discrete interface. Furthermore, 

the correlation study regarding the thermo-mechanical structure-property relationships 

in human dental tissues was also undertaken by ex situ measurement, and the 

relationship between the changes in ultrastructure and mechanical behaviour with 

increasing temperature indicated that the structural alteration has a strong effect on the 

mechanical properties. In order to investigate in more detail the thermal response of 

hydroxyapatite (HAp) crystallites, especially in view of the importance of this insight 

in the forensic and archaeological context, ultrastructural alterations of both natural 

and synthetic HAp polycrystals exposed to in situ thermal treatment were analysed. 

The information about the internal architecture (the variation of HAp crystalline size 

and the nano-particle orientation) of dental tissues and synthetic HAp polycrystals 

was collected, providing a basis for estimating the exposure temperature of forensic 

and archaeological dental samples. This is also useful for further improvement in the 

clinical practice on laser-assisted caries prevention.  

 

1.2. Aims and scope of the current research 

The key objectives of this thesis are: 

 To develop and demonstrate the capabilities of X-ray characterization 

techniques for elucidating the remarkable natural microstructure and 

architecture of biological hard tissues. In particular, the focus is placed on the 

study of the size, orientation and spatial distribution of HAp crystalline 

particles and the determination of crystallographic unit cell parameters of this 
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phase in human dental tissues.  

 To improve the understanding of the nano-scale structure variation of the 

hierarchical two-level structure of human dental tissues (enamel and dentine) 

and its influence on the materials, mechanical response both experimentally 

and theoretically. 

 To investigate the (dentine-enamel junction) DEJ, by microstructural 

observation and the study of its load and thermal treatment characteristics, in 

order to obtain critical insight into how the microstructure of DEJ correlates 

with its function. 

 To study the thermal-mechanical relationships at the nano-scale in the human 

dental tissues for the purpose of understanding and predicting the effects of 

microstructural alterations that may occur due to disease or treatment on the 

performance of dental tissues and their artificial replacements. 

 To investigate the ultrastructural alteration of human skeletal hard tissues 

subjected to high temperatures in the context of forensic investigations and 

archaeological analysis, as well as the application of laser-assisted caries 

prevention. 

 

1.3. Thesis structure 

The general review on the natural biological mineralized tissue is given at the 

beginning of Chapter 2. Then, the review moves forward to the human dental tissues, 

in particular by introducing their hierarchical structure, initially with several typical 

microscopy images. Furthermore, the relevant literature on the mechanical function 

and thermal behaviour of human dental tissues is reviewed. 
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Chapter 3 summarizes the most relevant and useful characterization methods and 

the theoretical modeling basis that are used in the subsequent chapters. The Chapter 

starts with the summary of the relevant literature on the fundamentals of X-ray 

diffraction techniques. Focusing on the data interpretation, SAXS and WAXS are 

introduced in detail as advanced techniques to characterize the mineralized materials 

at the nano- and sub-nano scales. A multi-scale model is established and illustrated in 

this part, which allows the assessment of internal strain of hydroxyapatite crystallites 

subjected to external loading. At the end, some other complementary characterization 

methods are also shortly described. 

Chapter 4 and Chapter 5 present the results pertaining to in situ elastic strain 

response of HAp crystallites within dentine and enamel respectively when these are 

subjected to external uniaxial compressive loading. Furthermore, the quantitative 

evaluation of the stress distribution within samples of human dental enamel embedded 

in the birefringent mounting epoxy is performed using photoelastic techniques. Finite 

element simulation in conjunction with improved multi-scale Eshelby inclusion 

modelling are proposed as a combination that takes into account the two-level 

hierarchical structure, and is validated with multi-directional experimental lattice 

strain results. The agreement between the simulation and measurement indicates that 

the multi-scale hierarchical model established here accurately reflects the structural 

arrangement and mechanical response of human dentine and enamel. 

Chapter 6 presents the microstructure of the DEJ examined by X-ray imaging and 

scattering techniques. The consistent observation of the size of DEJ is obtained from 

micro- and nano- scale evaluation. Furthermore, high resolution elastic modulus 

mapping across this transition region of DEJ is presented. In situ measurements 

further confirm that the loading transition is correlated with the nano-particle 
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distribution. Finally, some interesting aspects of the thermal response of DEJ are 

briefly introduced.  

The following Chapter 7 describes the structural-mechanical property alteration of 

human dentine, enamel and DEJ coupled with the effect of temperature by ex situ 

measurement using X-ray techniques and nanoindentation. The results enable an 

improved understanding of the mechanical property correlation in hierarchical 

biological materials, and human dental tissues in particular. 

In Chapter 8, the information on the ultrastructural alterations in the natural and 

synthetic HAp crystallites exposed to thermal treatment is collected by in situ X-ray 

scattering measurement. Careful analysis of the results provides a reliable basis for 

deducing the heating history for the dental tissues in the forensic and archaeological 

context and will allow further design and optimization of biomimetic materials. 

Chapter 9 provides the summary and conclusions drawn from the research results 

obtained so far, and presents the discussion of the directions for future work. 



8 

 

Chapter 2 

Literature Review 

 

2.1. Brief overview of natural hard tissues 

Natural hard tissues, primarily mineralized, are biological tissues that incorporate 

minerals into soft matrices. These tissues often form a protective shield (exoskeleton) 

or internal structural support (endoskeleton) [8]. Bone, tooth, and seashell are some 

typical mineralized tissues of significant research interest. Although the present 

overview focuses on the dental tissues, a quick scan of some other biological tissues is 

likely to be relevant for understanding the micro- and nano-scopic origins of the 

macroscopic properties achieved by Nature’s ingenuous design.  

2.1.1. Bone  

As with many biological tissues, bone has a hierarchical structure that has two 

major structural constituents, soft collagen protein matrix and much stiffer apatite 

mineral reinforcement and water is the third constituent. At the nano-scale, the 

interactions between collagen fibrils and the mineral hydroxyapatite (HAp) are known 

to play a significant role in providing strength and toughness to the bone [9]. Dentine 

is similar to bone in several aspects, in terms of composition (similar content of 

organic and inorganic phases) and the nano-scale dimensionality (the size of apatite 

mineral particles and gaps between them). Therefore, studies on bone tissues can be 

helpful for the investigation of dental tissues, especially dentine [10]. 

 

http://en.wikipedia.org/wiki/Tissue_(biology)
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2.1.2. Abalone shell  

Abalone is a gastropod mollusk whose shell is a biocomposite consisting of 

organic macromolecules and inorganic components (CaCO3) [11]. There are two 

distinct mineralized regions in the abalone shell, namely, the outer prismatic layer 

containing calcite, and the inner nacre layer containing aragonite, as illustrated 

schematically in Figure 2.1 a. The calcite prismatic layer contains a small quantity of 

organic components with calcite crystallites at the micro-scale preferentially oriented 

with respect to the interface, conferring high hardness to the exterior of the shell [12, 

13], making its function similar to that of dental enamel. Underneath the prismatic 

layer lies the mother-of-pearl, or nacre layer, which is one of the best known 

examples of bottom-up self-assembled natural nano-composite materials. This nacre 

layer exhibits high strength and toughness, despite the brittle nature of its constituents. 

This is achieved by having tablet-shaped single crystals of aragonite with their 

internal crystal structure oriented so that the c-axis is aligned normally to their faces 

[14, 15]. Understanding the structure of abalone shell is desirable as it can provide 

guidance for creating new materials with strong mechanical strength and toughness 

[16]. 

The interpretation of the micro-beam Laue diffraction patterns from the nacreous 

layer shows that the overall alignment of the c-axis of aragonite tablet is such that the 

[001] direction is almost coincident with the surface normal, as expected. However, 

not only the shell itself is curved, but even within a small region of nacreaous surface 

small misorientation exists compared to pure [001] [17]. This is illustrated in Figure 

2.1 b and c, which may reflect how the adjustment of crystal orientation occurs. The 

z-axis in Figure 2.1 b is aligned with the average [001] orientation within the crystal, 

and each 3D vector represents the actual direction of the c-axis in the nacreous layer 
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for each scanned point. Four distinct arrow colours were ascribed based on the tablets 

(grains) distribution, and used to distinguish between adjacent regions. The length of 

the projection arrow (Figure 2.1 c) indicates the vector deviation from z-axis: if 

alignment is perfect, the projection appears as a point. The longer the vector, the 

greater the misorientation is at the indicated position. The direction of the vector in 

the x-y plane indicates the direction of the rotation of the tablet plane around x-axis 

and/or y-axis. The existing misorientation is likely to have influence on the 

mechanical properties via intricate strengthening mechanisms [18], which is essential 

for improving our understanding of the intricate link between crystallography and 

mechanical properties of these fascinating systems. 

 

 

Fig. 2.1 (a) AFM observation of aragonite layer of abalone shell on x-y plane; (b) 3-D c-

axis orientation mapping of aragonite tablets; (c) projection of mapping on x-y plane 

[17].  
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2.2. Human dental tissue 

Teeth, the human masticatory apparatus play a largely biomechanical role in the 

preparation of food for the final absorption by the alimentary tract. The human 

dentition is replaced once in a lifetime, but during this lifetime, the permanent teeth 

undergo cyclical load frequently (mastication force about 300N [19], one will chew 

500~600 times each meal). During mastication the teeth are subjected to intermittent 

pressure. The amount of the load, both under normal masticating force and maximum 

biting effort, varies in different human. Much of the load on the teeth is being 

transmitted from the occlusal surface through a rather thin outer cylinder of enamel 

which is more resistant to compression than the inner dental tissues to the dentine 

composed of a large number of tubules filled with living connective tissue and cells 

(odontoblast) and dentinal fluid. The dental pulp contains large nerve trunks and 

blood vessels. The vitality of the dentin-pulp complex, both during health and after 

injury, depends on pulp cell activity and the signaling processes that regulate the 

cell’s behaviour [20]. Incisor, canine, premolar and molar are primary types of teeth 

with different structures functions.  This study focuses on the molar teeth, which are 

widely used in the synchrotron X-ray experiments [21], due to the large size of the 

enamel. Such size guarantees the preparation of cubic samples for the in situ loading 

measurement and several samples can be prepared at the same time out of the same 

area to keep the experiment constantly.  
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2.2.1. Hierarchical structure 

Human dental tissues are fascinating nano-structured and hierarchical materials that 

combine organic and mineral phases in an intricate and ingenious way to obtain 

remarkable combinations of mechanical strength, thermal endurance, wear resistance 

and chemical stability. The knowledge of the microstructural features of human dental 

tissues (mainly enamel, dentine and their junction, the DEJ, as shown in Figure 2.2 a) 

is important in order to understand the natural properties of human teeth, and also the 

mechanism of these load-bearing tissues’ contribution to the life-long success of 

human teeth during mastication, as well as the prediction of the factors that affect the 

performance of dental tissues, such as disease, treatment, environmental or thermal 

exposure. Meanwhile, it is also beneficial to the development of biomimetic materials 

and their artificial replacements, e.g. teeth restorations. Among the all-porcelain 

crown materials, yttrium-stabilised polycrystalline zirconia is one of the most 

promising restorative structural materials that offer an alternative to metallic alloys, 

due to its biocompatibility, aesthetic appearance and favourable mechanical properties. 

However, veneering porcelain chipping and breakage remain the major concerns in 

the clinical environment. Although long-term data on survival of these restorations is 

not sufficient, dentists have voiced concerns. Thus, improving the durability and 

fracture resistance of all ceramic dental restorations remains an outstanding challenge. 

 

2.2.1.1. Dentine 

Dentin is a tough and flexible material containing ~50% of mineral hydroxyapatite 

(HAp) with the formula              , ~30% of organic material (mostly Type I 

collagen) and ~20% of water by volume [22]. From Figure 2.2 d, it is observed that at 
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the microscopic level of the hierarchical structure, it has a typical well-oriented 

microstructure with an arrangement of dentinal tubules with the area density within 

(19-45)×1000/mm
2
 (the mean diameter is around 0.8-2.5 µm), where they extend 

throughout the entire dentine thickness, from the dentine-enamel junction, DEJ (also 

sometimes referred to as the amelo-dentinal junction, ADJ) to the pulp [23-25]. At the 

finer nano-scale level, dentine is a composite of plate-like hydroxyapatite (HAp) 

crystallites that have the shape of elongated pancakes (approximately 2-4 nm of 

thickness, 30 nm in width and up to 100 nm in length) randomly embedded in a 

fibrous collagen matrix [26, 27]. The crystal c-axis (corresponding to the (002) peak) 

of the HAp crystallites is thought to be parallel to the long dimension of the platelet 

[28, 29]. 

 

 

Fig. 2.2 Hierarchical structure of human dental tissue from macro-scale by Micro-CT, micro-

scale by ESEM and nano-scale by TEM (author’s unpublished work). (a) the macroscale 
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structure of human dental tissue; (b)-(d) the microscale features of rod, scallop and tubule for 

enamel, DEJ and dentine respectively; (e) the ultrastructural hydroxyapatite (HAp) 

crystallites. 

 

2.2.1.2. Enamel 

In comparison to dentine, enamel is a harder and more brittle outer layer that 

covers the crown portion of the tooth serving as an important stiff, hard and wear-

resistant outer shell of the tooth exposed to mastication contact loading and grinding 

action. It is characterised by the high content of inorganic mineral hydroxyapatite, 

approximately 87% by volume, and relatively low organic content of collagen Type I 

[30]. At the microstructural level the notable features present in the enamel are, the 

long aligned prisms (or rods, see Figure 2.2 b) with a cross-section that looks like a 

keyhole with ~5 µm diameter arranged to fill the space from the interface with dentine 

to the outer enamel surface, with the top oriented towards the crown of the tooth [31]. 

At the nano-scale, each rod is thought to be a composite with needle-like HAp 

crystalline particles (approximately 25-30 nm in diameter, and length is thought to be 

more than 1000 nm [32] that may even span through the entire enamel layer [23]) 

held together by an organic collagenous matrix [33-35]. 

 

2.2.1.3. Dentine-enamel-junction (DEJ) 

The dentine-enamel junction (DEJ) is an important biological interface between 

the highly mineralized hard outer layer (enamel) and the comparatively softer tooth 

core (dentine). DEJ is a life-long success story: unless diseased, this interface never 

fails (e.g. by de-cohesion or cracking), despite the thermo-mechanical loading in the 

oral cavity. 5°C and 55°C are normally used to simulate the thermal changes 
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occurring in the oral environment to represent the cold or hot conditions. This 

remarkable performance provides the motivation for numerous investigations into the 

detail of the micro- and nano-structure of enamel, dentine and DEJ. 

It has been surmised that the complex scalloped microstructure of DEJ (shown in 

Figure 2.2 c) acts as a crack-stopping, stress-distributing mechanism [36]. It has a 

three-level structure, 25-100 μm scallops with their convexities towards dentine and 

concavities towards enamel; 2-5 µm micro-scallops; and a finer nano-level structure 

within each micro-scallop [37-40]. The sizes of DEJ scallops vary depending on the 

tooth type and function. The average scallop size in incisors is 29.4±5.5 µm, and 

42.3±8.5 µm in molars [41]. In the DEJ region, dentine and enamel tissues form an 

interpenetrating transition band, rather than a sharp interface. Collagen fibrils (100 nm 

in diameter) actually penetrate the DEJ, providing a stitching connection between 

dentine and enamel [42, 43]. It is reasonable to conclude [44] that Nature’s design of 

the composite structure and functionally graded interface confers crack propagation 

resistance on the tooth, resulting in excellent toughness. DEJ constitutes a superb 

lesson from nature on how to achieve strong, durable bond in a structure containing 

joints between dissimilar materials.  

 

2.2.1.4. Hydroxyapatite (HAp) in dental tissues 

By way of introduction to the study of the nano-structure influence on the 

macroscopic mechanical and thermal properties, the morphology of the composites 

formed by organic bonding of hydroxyapatite (HAp) crystallites and the structure, 

mechanical properties and thermal behaviour of HAp crystallites are summarized 

below. 
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Hydroxyapatite (HAp) is a naturally occurring mineral form of calcium apatite 

with the formula              . HAp is the key inorganic component in dentine 

and enamel at the nano-scale level (Figure 2.2 e). Its crystallograpic space symmetry 

group is P63/m and the reference lattice parameters found in published literature are 

 =9.441(2) Å and  =6.878(1) Å [45-47]. Since these values were acquired from 

powdered teeth, they represent highly averaged information that cannot be related to 

the spatial variation between positions in a sample. 

The initial mineralization occurs in small nuclei near the DEJ within the 

supramolecular aggregates of amelogenins and enamelins. Soon thereafter, these HAp 

crystallites become confluent with the smaller hydroxyapatite crystallites in the 

neighboring dentine[48]. In the dentine and enamel specifically, the HAp crystallites 

have different shapes and distinct distributions as shown in Figure 2.3. In dentine, the 

shape of the HAp crystallites is platelet-like (Figure 2.3 a), The c-axis of the HAp 

crystallites (corresponding to the (002) plane normal) is thought to be parallel to the 

long dimension of the platelet-like single crystals. In contrast with dentine, in the 

enamel  the HAp crystallites are said to have needle shape or cylindrical fibre shape 

(Figure 2.3 b) with the c-axis parallel to the long axis of the cylinder [49]. 

The HAp crystallites in dentine decorate the fibrils in a “necklace” arrangement, 

forming a net-like structure of fibrils around tubules. As a consequence, HAp 

crystallites in dentine have a rather low degree of alignment.  In the enamel, by 

contrast, although the HAp crystallites are still partially (incompletely) aligned within 

each rod (particularly due to the continuous orientation change within the sampling 

volume), the degree of alignment is rather high compared to dentine.  

The comprehensive investigation of the structural features of HAp crystallites 

needs to be based on properly justified geometric assumptions used to build multi-
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scale models. Specifically, in dentine the HAp crystallites can be assumed to be 

penny-shape inclusions with almost random distribution, whereas in the enamel, 

cylinder-shape inclusions in a highly aligned distribution seem to offer a suitable 

picture. 

 

 

Fig. 2.3 AFM investigation of the morphology of HAp crystallites: (a) HAp crystallites in 

enamel (needle-like shape); (b) HAp crystallites in dentine (platelet-like shape). Generally the 

size of HAp crystallites in the enamel is larger than that of HAp crystallites in dentine. 

 

2.2.2. Mechanical behaviour 

Mechanical properties like elastic modulus, hardness, toughness are important 

physical material properties, associated with elastic or plastic deformation. A 

thorough knowledge and in-depth investigation of these mechanical properties is 

essential of understanding the materials. The review below focuses on the elastic 

modulus, which is mostly investigated in the current study. 
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2.2.2.1. Elastic modulus 

Hooke’s law states that within the linear elastic range, the deformation induced by 

loading is directly proportional to the applied stress. Elastic modulus is defined as the 

ratio of stress to strain below the proportional limit. It is therefore the macroscopic 

manifestation of the interatomic stretching and compression of interatomic bonds 

within the material when tensile or compressive forces are applied within the elastic 

range. It is also an indication of the amount of reversible deformation that can occur 

in a structure when reversed loading is applied.  

Elastic modulus is a basic parameter that describes material stiffness, i.e. the ratio 

of certain measures of stress and strain. Of particular interest often is the ratio 

between the macroscopic remotely applied stress and microscopic strain in one of the 

constituents, e.g. in the reinforcing phase that performs the load-bearing function. 

This ratio can be called the apparent modulus [50] that is often used for experimental 

and modeling evaluation of the mechanical response of composite structures. 

The mechanical tests to determine the elastic modulus and hardness of dentine and 

enamel have advanced in several stages over the last several decades, from macro- 

scale progressively down to the micro- and nano-scale. With the development of the 

low load, continuously recording indentation techniques and increasing access to the 

appropriate experimental facilities, micro-indentation and nano-indentation have been 

widely employed in the investigation of mechanical properties of human dentine and 

enamel. The reported results are shown in Table 2.1 and Table 2.2 respectively.  
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2.2.2.2. Mechanical properties of dentine  

Human dentine, one of the principal tissues of human teeth, provides soft, flexible, 

energy absorbing support for the hard, wear-resistant enamel during mastication. The 

mechanical properties of dentine are critical to the performance of teeth. The selected 

data is shown in Table 2.1. The elastic modulus varies over a wide range due to the 

test techniques and the location within the tooth of the specimen. 

 

Tab. 2.1 Elastic modulus of sound dentine from different measurements  

 Method Position 
Elastic 

modulus (GPa) 
Reference 

 

Macro-scale 

tests 

Compression  13.8 
Stanford et al. 

[51] 

Tension  19.3 Bowen et al. [52] 

 

 

Micro- and 

Nano- scale 

tests 

Micro indentation 

Buccal 

aspect 
19.89±1.92 

Mahoney  et al. 

[53]  

Faciolingual 

cervical  
6.18~16.52 Kishen et al. [54] 

 11.6~17 Angker et al. [55] 

AFM Across DEJ 18.6~20.7 
Marshall  et 

al.[56]  

Nanoindentation 

Buccal 

lingual 
15~25 Hosoya [57] 

Near DEJ 18¬22 Ziskind et al. [58] 
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2.2.2.3. Mechanical properties of enamel 

Enamel is the hardest substance in the human body (harder than bone and 

significantly harder than cartilage) and also exhibits a high value of elastic modulus. 

These superior mechanical properties make it ideally suited for the physiological 

function of mastication (crushing and chewing). Mechanical property data for enamel 

is summarized in Table 2.2. The hierarchical microstructure leads to an anisotropic 

elastic behaviour in enamel, of which the property depends on the rod orientation. 

Studies have shown that enamel is anisotropic geometrically and in terms of its 

mechanical properties (as illustrated in Table 2.2) may be dependent on the type and 

direction of the stress applied, with respect to the prismatic orientation [59-61]. 

 

2.2.2.4. Mechanical properties of the DEJ 

Nanoindentation and AFM techniques are widely used to estimate the mechanical 

properties of DEJ by averaging the measured results of dentine and enamel. As 

illustrated in [37] and [56], the reported values of hardness are 4.79±0.21 GPa or 3.5 

GPa in enamel and 0.79±0.04 GPa or 0.7 GPa in dentine, and for the average elastic 

modulus the values are 98.3±5.9 GPa or 65 GPa in enamel and 24.8±1.4 GPa or 20 

GPa in dentine. There is a consistent trend decreasing hardness and modulus across 

the DEJ from enamel to dentine. Rather than to be represented by a step function, this 

decrease is gradual and continuous across the DEJ.  

The method of the elasticity mapping using arrays of low load indentations has 

also been applied to determine the functional width of the DEJ. Large variation has 

been reported between different techniques, with a width of 100 to 200 μm being 

suggested [37, 67] based on the results of the micro-hardness method, while nano-
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indentation measurements revealed a width of 12 to 20 μm [59, 68]. Micro-beam X-

ray can determine the range of the region by using very highly focused beams of only 

a few micrometres cross-section.    

 

Tab. 2.2 Elastic modulus of sound enamel from different measurements  

 Method Position 
Elastic modulus 

(GPa) 
Reference 

 

Macro-scale 

tests 

Compression 

Perpendicula

r to rods 84.1±6 

Craig et al. [62] 

Parallel to 

rods 77.39±4.8 

Four-point 

bending 
/ 131±16 Tyldeslsy [63] 

 

 

Micro- and 

Nano- scale 

tests 

Micro indentation 

Perpendicula

r to rods 94±5 

Xu et al. [64] 

Parallel to 

rods 80±4 

Perpendicula

r to rods 
60.90±3.51~ 

89.91±7.67 

Mahoney  et al. 

[53] 

Perpendicula

r to rods 125~120 Braly et al. [65] 

AFM Across DEJ 62.1~65.0 Marshall  et al.[56] 

Nanoindentation 

 

Perpendicula

r to rods 90.6±6.1 Willems et al. [66] 

Parallel to 

rods 
87.5±2.2 

Habelitz et al. [38] 

Perpendicula

r to rods 
72.2±4.5 
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2.2.2.5. Mechanical properties of HAp crystallites 

HAp crystallizes into hexagonal closely packed lattice structure, that is 

transversely isotropic with respect to the c-axis (Figure 2.4 a). Due to this symmetry, 

the stiffness matrix Cij of HAp crystallites can be expressed in terms of five 

independent components (assuming c-axis is along the 3 direction) [69].  
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                        Eq. 2.1 

The same elastic properties can be expressed equivalently in terms of the matrix of 

compliance coefficients Sij. The compliance matrix Sij is the inverse of the Cij matrix, 

i.e. 1

ij ijS C . The elastic moduli values Eij can be readily extracted from Eq. 2.2. 
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                     Eq. 2.2 

Within the hexagonal crystallites, the stiffest direction is associated with the 

crystalline c-axis, as can be seen from the 3-D directional modulus diagram of HAp 

crystal shown in Figure 2.4 b, computed based on Eq. 2.1,.  
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Experimentally, Katz and Ukraincik (1971) [70] performed an extended 

experimental analysis to derive a set of pseudo single crystal stiffness constants for 

HAp crystallites. Remarkably, those values constitute the only experimentally-derived 

stiffness constants available today for HAp crystallites [70]. Recently, Tofail et al. 

(2009) [71] have measured the elastic constants of a textured polycrystalline sample 

of HAp crystallites that has transverse isotropy. There has been recent computational 

effort devoted to the determination of mechanical properties on HAp crystallites that 

is included in Table 2.3. The methodological differences generally lead to marginal 

discrepancies. 

 

Tab. 2.3 HAp crystallites elastic constants (in GPa)  

Methods C11 C12 C13 C33 C44 References 

 

Experiment 
137 42.5 54.9 172 39.6 

Katz, et al. 

[70] 

137.2 53 55 123.2 42.2 
Tofail, et al. 

[71] 

 

 

 

 

 

Theory 

145.2 47.8 73.6 191.4 37.6 

Menendez-

Proupin et al. 

[72]  

140.0 42.4 58.3 174.8 47.5 
Ching, et al. 

[73] 

117.1 26.2 55.6 231.8 56.4 
Snyders, et al. 

[74] 

134.4 48.9 68.5 184.7 51.4 
De Leeuw et 

al. [75] 
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Fig. 2.4 (a) Illustration of the hexagonal lattice cell and (b) 3D representation of the 

directional dependency of the elastic modulus of HAp crystal (GPa) 

 

2.2.2.6. Brief discussion 

Several factors may cause the variation of the measured elastic properties of 

human dental tissues, e.g. changes in the testing environment, e.g. temperature, 

storage conditions, e.g. in deionized water, calcium chloride buffered saline solution, 

etc., caries, etc. Apart from the elastic constants, fracture properties and inelastic 

behaviour are also important aspects that affect the performance of human dental 

tissues. The present thesis focuses on the elastic constants of dentine, enamel, and the 

DEJ. Published work reviewed in this section serves to provide a firm basis for the 

experimental approaches and results presented in Chapters 4-8.  

The majority of research in this area has concentrated on the mechanical properties 

of dentine and enamel at the macro- and micro-scale. However, few studies have 

focused on the nano-scale, where the mechanical alterations can be considered to be a 

function of the shape and orientation of the mineral phase. During elastic loading, 
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stresses are expected to be transferred to the much stiffer HAp crystallites from the 

surrounding collagen matrix [76]. To investigate this, it is required to use techniques 

that allow in situ quantification of the mechanical response of nano-scale HAp phases 

to external loading as illustrated in Chapters 4-6. 

 

2.2.2.7. Mechanical analytical model 

The complex hierarchical structures of dentine and enamel have elicited a number 

of attempts to model them. Here, several widely accepted models are summarized as 

an introduction to the work presented in this thesis. 

Various analytical models of composites have been proposed to describe the 

interaction of different phases and model the elastic properties of hard tissues. As the 

first stage it is logical to consider the traditional composite models, notably such as 

the Voigt (Eq. 2.3) and Reuss (Eq. 2.4) bounds described below (f indicates the 

volume fraction and E represents the elastic modulus for each phase), as well as the 

Jones [77], Bar-on and Wagner (BW) models (staggered microstructural model) [78] 

and the shear-lag model [79]. Without considering the microstructure of the biological 

composite, significant overestimation or underestimation of the elastic modulus 

represent the key shortcoming of these mechanical models. 

( )com org org HAp HAp water waterE Voigt f E f E f E                   (Eq. 2.3) 

( )
org HAp water

com

org HAp water HAp org water water org HAp

E E E
E Reuss

f E E f E E f E E


 
        (Eq. 2.4) 

 

Another widely accepted model is the Eshelby inclusion model [80, 81] that can be 

used to simulate hierarchical structures. It has the strong physical significance in that 
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it captures the detailed interaction between two different phases (represented by the 

inhomogeneous inclusion and the surrounding matrix). This compares favourably 

with the simple models, such as Voigt and Reuss. The interface in the Eshelby model 

is assumed to be fully coherent, in line with the prevailing view in the literature. 

Recently, the Eshelby model has been applied in dental research in conjunction with 

nanoindentation and finite element model data [82-85] to explain and predict the 

elastic response of dentine at the microscopic level. However, the models used in 

these simulations had serious limitations, e.g. no consideration was given to the nano-

scale structure, leading to discrepancies between the predictions and experimental 

results [76]. Therefore, a modelling approach needs to be established and applied to 

the evaluation of the mechanical response of hierarchical structured human dentine 

and enamel tissues by capturing the relationship between the nano-scale structure and 

macroscopic loading. This is the key challenge addressed by the new two-level 

Eshelby model that sought deeper understanding of the relationship between the nano-

scale structure and mechanical behaviour. 

For the correct evaluation of the apparent modulus of HAp crystallites, i.e. the 

coefficient of proportionality between the external macroscopic stress and the lattice 

strain in the HAp nano-crystallites, the composite effect cannot be ignored. The 

particular influence of the woven structure is the so-called self-locking effect [86]. It 

is noted here that it is expected to be effective only under tensile loading and is 

significant particularly in connection with the fracture resistance of enamel. However, 

since elastic deformation under compressive loading is the focus of the present study, 

multi-scale Eshelby model is appropriate in this case.  
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2.2.3. The heat-induced alteration of skeletal hard tissue 

2.2.3.1. Background of the thermal behaviour 

Advanced high-energy techniques are finding increasing use in modern dentistry. 

In the early 1970s, Kantola et al. [87] showed that laser treatment of dental tissues can 

be used to increase the mineral content and crystallinity of dentine by preferential 

removal of the inherent water and protein. With the advent of a variety of new laser 

systems spanning by a range of energy densities and pulse durations, clinical 

treatments such as laser-assisted caries protection were proposed and developed 

(Figure 2.5). During short pulse laser treatment, the energy absorbed by the 

illuminated surface of dentine or enamel leads to a local heating to temperatures 

between several hundred °C to over 1000°C. This effect is confined to depths of less 

than 10 µm (at the fluence of 2 J/cm
2
). Heat conduction into the body of the tooth 

means that the increase in its overall temperature does not exceed 0.5°C, so that no 

painful sensation is produced, and the alteration of dental tissue remains highly 

localised. The treatment has been shown to prevent further progression of caries, 

whilst leaving the remaining tissues intact [88, 89]. Improved caries prevention is 

surmised to be associated with increased mineralisation and sintering of HAp 

crystallites that leads to the sealing of dentinal tubules. However, the confirmation of 

this by direct microscopic characterization of the very thin surface layer affected by 

laser therapies is an extremely challenging experimental task. 

Any change in the local environment of HAp crystallites, e.g. through laser 

illumination or direct heating, is bound to affect the mineral ultrastructure. In the 

context of archaeological and forensic investigations, the macroscopic alterations (e.g. 

surface colour) can be used to deduce an approximate temperature range, while the 

investigation of the micro- and ultrastructural alterations of skeletal hard tissues 
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exposed to high temperatures turned out to be an excellent means of obtaining reliable 

estimates of the temperatures of exposure [90-92]. Burned human remains as a result 

of ritual cremations, natural disasters, accidents or crime are frequently recovered 

from archaeological sites and forensic settings (Figure 2.5) [91, 93, 94]. Careful 

analysis of the remains sheds light on the attendant circumstances, e.g. the presence 

and nature of combustible agent used, etc. Dental tissues, being the most highly 

mineralised part of the human body, can withstand longer thermal exposure and 

survive higher temperatures, thus offering the possibility of extending the range of 

applicability of this technique [95].  

The above considerations provide a strong motivation for a detailed study into the 

effect of thermal exposure on the nano-structure (HAp crystallites and protein 

bonding) of human dental tissue as well as the role played by the organic phase. The 

investigation of the micro- and ultrastructural alterations of burned skeletal hard 

tissues exposed to high temperatures has proven to be crucial for archaeological and 

forensic sciences to obtain reliable estimations of the temperature to which they were 

exposed [94, 96-98]. Although human remains including dental tissues are frequently 

recovered from archaeological sites, interpretation in terms of thermal exposure 

history is hardly possible due to the very limited data available on effect of heat on the 

compositional and structural alterations [90, 99].  
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Fig. 2.5 Background of the heat-induced alteration of dental tissues in dental surgery, forensic 

and archaeology 

 

2.2.3.2. Multi-scale thermal behaviour 

In terms of the study of heat-induced changes that occur in the human dental 

tissues, the only data available concerns the changes occur at the level of entire tooth. 

The ultrastructural differences between dentine and enamel have so far not been taken 

into account [90], let alone the spatial variation of these changes within individual 

teeth. In general, skeletal hard tissues undergo macroscopic and microscopic 

alterations [91, 100], and a variety of factors during cremation determine the extent of 

those alterations, such as duration of exposure, temperature profile and oxygen 

availability [101]. The investigation of the micro- and ultrastructural alterations of 

skeletal hard tissue exposed to high temperatures has proven to be crucial to get a 

reliable estimation of the maximum exposure temperature [90, 91, 102]. 
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Fig. 2.6 A multi-scale schematic view of the heat-induced alterations of dental tissue. At the 

macro-scale, the colour may change depending on the temperatures of exposure. At the 

micro-scale, the micro-crack initiation can be observed before it is visible macroscopically. 

Ultrastructural sintering of nano-crystallites occurs at very high temperatures.  

 

The macroscopic level alterations (e.g. colour changes shown in Figure 2.6) can be 

used to deduce the approximate exposure temperature range. A shift from the natural 

tooth colour to light yellow, brown, grayish blue, white and finally pink is often 

reported in literature [103-107]. Specific research on heat-induced changes of teeth 

colour is rare [108-111], although general observation is that teeth react to thermal 

exposure in a manner that is quite similar to that of bones.  
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Thermal stressing is also likely to result in microscopic cracking of human dental 

tissues. The volume density of cracks can provide a rough indication of the 

temperature of exposure.  

Ultrastructural changes of burned bones and teeth of human and animal were often 

examined using classical histology techniques [106, 110, 112, 113]. The alteration 

may be quantified in terms of the mean changes in HAp crystalline size and 

morphology. Based on the experience of bone analysis, there is a general trend 

towards the formation of HAp crystallites with higher levels of perfection at high 

temperatures, as well as the emergence of different mineral phases. Apart from this, 

increases in the thickness and the alterations of crystalline morphology with heat that 

are observed may be associated with sintering processes (Figure 2.6) leading to the 

emergence of HAp crystallites of particular shape and size following the heating 

regimens. 

 

    2.2.3.3. Multiple techniques for the characterization of 

thermal behaviour 

Multiple techniques have been used to study the microstructural and ultrastructural 

heat-induced alterations of skeletal hard tissues (Figure 2.7). Most widely applied 

techniques are based on the absorption spectra for infrared radiation (Fourier 

transform infrared spectroscopy, FTIR), or lab-based X-ray powder diffraction (XRD) 

[90, 94, 114-116]. However, there have been ongoing debates on the general 

limitations and validity of the results quantified by FTIR [90, 114, 115]. WAXS 

(XRD) has been proved capable of showing the distinct differences of response 

between HAp crystallites in animal and human bones upon heating [90, 115, 117]. 
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However, in most cases the preparation of samples for lab-based XRD usually 

involves the mechanical destruction of a sample (grinding) and subsequent 

examination that produces volume-weighted average results. Local fine-scale changes 

of ultrastructure [118] are not revealed or taken into account, although non-uniform 

response to the thermal treatment may be expected due to the ultrastructural 

differences between dentine and enamel [119]. 

  

 

Fig. 2.7 Multiple techniques for the study of heat-induced alteration of skeletal hard tissues, 

ranging from optical microscopy, Micro-CT, ESEM and Synchrotron X-ray facilities. 

 

Compared with conventional high-magnification microscopic methods, e.g. SEM 

observation of heat-induced changes of ultrastructure of bone and teeth [94], SAXS 

allows a far higher throughput of samples due to shorter data collection time. The 

non-destructive identification of local structural alterations at the nano-scale is the 

remarkable advantage of SAXS and of the combined SAXS/WAXS characterization 

methods. This is particularly crucial when the destruction of samples is not acceptable, 

e.g. in the case of archaeological excavation material or evidence from forensic cases. 

However, the systematic investigation of thermally treated mineralized tissues using 

SAXS technique has remained lacking until very recently. It is worth noting that lab-
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based SAXS has been successfully used to characterize the heat-induced structural 

changes in human bone for forensic and archaeological purposes [118, 120], but, once 

again, the corresponding SAXS data analysis on human dental tissue remains absent. 

The ultrastructural changes of human bone and teeth described in the previously 

published research reports showed that crystallites derived from bone and dental 

tissues react differently to heat, indicating that these tissues have to be investigated 

separately and specifically when precise temperature estimation is desired [94].  
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Chapter 3 

Methodology  

 

3.1. Synchrotron X-ray diffraction techniques 

3.1.1. Particle beams used for materials characterization 

Diffraction techniques can be classified depending on different kinds of radiation 

employed: lab-based X-ray beams, synchrotron X-ray beams, neutron beams, infra-

red beams, visible light, etc. The characteristics of these beams and their experimental 

implementation differ in various aspects. One particular special source of bright 

radiation that has become widely used since the last decades of the 20
th

 century is the 

synchrotron [121]. Discussion below focuses on this type of source, as lab-based X-

ray beams and neutron beams lie beyond the scope of the current study. A brief 

overview is given of the applications of the synchrotron X-ray technique.  

 

Fig. 3.1. Schematic diagram of a synchrotron facility [122]  
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In a synchrotron process, electrons produced by an electron gun are accelerated in 

a vacuum by an electric field to a large energy of a few GeV. The electrons are 

subsequently injected into a storage ring, and their circulation is maintained almost at 

the speed of light. High magnetic fields force electrons to deflect and continue to 

circulate following a polygonal closed path. The concomitant energy loss (undesired 

from the viewpoint of accelerator operation) results in the emission of X-rays of a 

wide spectrum. Additional acceleration is applied to the electrons so that the energy of 

the stored beam is kept constant. The X-rays emitted at bending magnets or insertion 

devices are guided through individual beamline front ends (seen as branch-outs of the 

storage ring in the schematic diagram of the synchrotron facility shown in Figure 3.1).  

Synchrotron X-rays are an ideal tool for the investigation of material properties 

from the macro- to the nano-scale. Compared to the traditional techniques such as 

optical microscopy, SEM, AFM and other methods that are limited to the sample 

surface, or TEM measurements limited to very thin sections, X-ray measurements 

have the ability to analyse the behaviour of material in the bulk. The major common 

methods employed at synchrotron facilities are X-ray imaging (including tomography 

and coherent diffraction imaging), X-ray scattering (including diffraction), X-ray 

spectroscopy, and combined techniques, e.g. X-ray spectro-tomography or diffraction 

strain tomography. [123]. The content below focuses principally on two diffraction 

techniques: small angle X-ray scattering (SAXS) and wide angle X-ray scattering 

(WAXS).  

 

3.1.2. SAXS/WAXS techniques 

As illustrated in Figure 3.2, the incident beam with the wave vector   
⃑⃑⃑⃑  is 

transmitted through the sample and scattered. The scattered beam with the wave 
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vector is  ⃑  that is deflected from   
⃑⃑⃑⃑  by the scattering angle 2. The scattering vector    

is defined as 

    ⃑    
⃑⃑⃑⃑  

                                                   
(Eq.3.1) 

i.e.    is the difference of the wave vector of the scattered beam and the incident beam. 

Thus the length |  | is: 

4
sinq







                                                 
(Eq.3.2) 

where λ is the radiation wavelength, and 2 is the scattering angle [124]. 

In accordance with Bragg’s law (to be introduced in more detail below), q  can be 

expressed as q  =2π/d. Here d denotes the real space dimension (length) that governs 

the X-ray scattering. As a consequence, larger real space dimensions correspond to 

features observed at smaller scattering angles, and vice versa. Experimentally, the 

difference between the two scattering modes is only expressed in terms of the angle at 

which the scattered signal is recorded. In practice, this usually requires a change in the 

distance between the sample and the detector with WAXS demanding larger 

scattering angle and hence shorter sample-detector distances (see Table 3.1). 

 
Fig. 3.2 Schematic illustration of the elastic X-ray scattering setup. 
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Tab. 3.1 SAXS/WAXS techniques 

Techniques 
Scattering  

vector 

Dimension in 

 real space 

Approximate 

characterization  

region 

Small angle X-ray scattering small q large d 1-1000 nm 

Wide angle X- ray scattering large q small d 0.1 A-1 nm 

 

3.1.2.1. Small angle X-ray scattering (SAXS) 

Small-angle scattering (SAS) occurs in the angular range of a few degrees around 

the original beam. It is a coherent scattering phenomenon in which the scattering 

effect is due to the fluctuation of electron density with X-rays (or neutron scattering 

length with neutron) at the length scale of (several nm to several hundred nm) within 

materials [124, 125]. 

In terms of different types of incident radiation, small angle scattering can be 

divided into small angle X-ray scattering (SAXS), small angle neutron scattering 

(SANS), small angle lighting scattering (SALS), etc. Each one has its specific 

characteristics. This thesis focuses on the discussion of SAXS. When a highly parallel 

incident X-ray beam (typically of wavelength of ~1Å) irradiates the sample, small 

angle scattering occurs within the angular range of 0-5
o
 around the incident X-ray 

beam, with the intensity decreasing with the scattering angle [126]. 

Diffuse scattering is dominant in the small angle region, although both diffuse 

scattering and discrete diffraction peaks may appear. The discrete diffraction peaks 

observed in the small angle regime are associated with the presence of distinct 

underlying structural order (periodicity), as e.g. in collagen fibres [127]. Diffuse 

elastic scattering of the primary beam is due to the coherent scattering from electrons, 
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i.e. mutual interferences occur among electromagnetic waves scattered from different 

positions within the gauge volume. The principle can be explained by considering the 

X-ray beam impinging on the samples containing nano-particles, i.e. electron density 

fluctuations on the nanometre scale. The measured scattering intensity ( )I q  is related 

to the squared modulus of the Fourier transform of the electron density distribution 

( )r  as follows:  

2

3( ) ( ) ( )exp( )
V

d K
I q K q r iqr d r

d V



 

                                    (Eq.3.3) 

where V is the sample volume, K is an instrumental constant, and ( )
d

q
d




 

corresponds to the macroscopic differential scattering cross-section of the sample. In 

the case of two phases A and B with constant compositions, the scattered intensity can 

be written as: 

2

2 3( ) ( ) exp( )A B

V

K
I q iqr d r

V
                                      (Eq.3.4) 

Thus the scattering intensity is proportional to the squared difference of the two 

densities, 2( )A B  . Nano-voids correspond to another condition that produces 

scattering in the SAXS regime. Since electron density within voids is zero (    ), 

sharp difference in electron density exists between the voids and the material of 

density   making small angle scattering possible with scattered intensity proportional 

to   
  (let particles have electron density ρ and the surrounding media density  ). In 

more general cases, even in the absence of abrupt density jumps, electron density 

fluctuations also lead to the phenomenon of SAXS [128]. 

In order to visualize how SAXS could be used to interpret the structural 

arrangement in real space, a schematic diagram is shown in Figure 3.3. In SAXS, the 

width of the scattering signal in the reciprocal space is inversely proportional to the 
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dimension of the scattering object in real space, as dictated by the Fourier transform. 

If the scattering object in a 1-D case has width 2a (Figure 3.3 a), the scattering vector 

q       and the transformed scattered image is shown in Figure 3.3 b. This 

relationship can be generalised to 2-D cases. In the case of real human dentine and 

enamel, the electron density distribution of the crystalline structure or the scattering 

object is expressed by the grey scale density in real space microscopy. An example  of 

AFM image is illustrated in Figure 3.3 c. As an example of more detailed 

consideration, HAp crystallites in dentine are more isotropic but in the enamel they 

have a preferred orientation. This is reflected in the corresponding simulated SAXS 

pattern (derived as the square of Fourier transform of the real space microscopic 

image) shown in Figure 3.3 d. It is worth noting the degree of similarity between the 

simulated pattern and the data collected in the SAXS experiment (Figure 3.7). The 

generated patterns contain statistical information about the internal particle 

arrangement within the material studied.  
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Fig. 3.3 Classical diagram of SAXS pattern formation based on Fourier transform of the 

electron density fluctuation distribution. (a) A one-dimensional example of a scattering object 

with width 2a; (b) The Fourier transformed image of (a); (c) The real two-dimensional case of 

nanoscale structure in dentine and enamel; (d) The corresponding Fourier transform of the 

structures shown in (c) 

 

3.1.2.2. Wide angle X-ray scattering (WAXS) 

WAXS is an X-ray diffraction technique allowing rapid non-destructive analysis of 

the crystal lattice structure and strain without extensive sample preparation. It is 

widely employed to determine the material structure. In terms of the scattering 

process and setup, the technique has some commonalities with SAXS. However, 

unlike SAXS, WAXS patterns are collected at larger angles, thus shorter detector-to-

sample distance is required; and for polycrystals the patterns consist of sharp peaks 

(or arcs, if 2-D detectors are used). The analysis of peaks scattered by large angles is 

usually performed with the help of Bragg’s law (see Figure 3.4). The analysis of 
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wavelengths and scattering angles demonstrates that Bragg peaks arise from sub-

nanometre-sized structures [129]. Bragg’s Law is written as: 

                               
02 sinhkln d                                                (Eq. 3.5) 

where λ is the wavelength; 
0

hkld  is the strain-free interplanar spacing between planes 

with Miller indices (hkl), θ is one half of the scattering angle, and n is the order of the 

reflection. The classic diagrammatic illustration of Bragg diffraction analysis is 

shown in Figure 3.4. Bragg’s law establishes the relationship between the spacing of 

atomic planes in the crystal and the scattering angle at which these planes produce 

intense reflections. The characteristics of diffraction peak (position, amplitude, and 

width) are closely related to the crystal structure. Each peak corresponds to a certain 

family of lattice planes within a certain crystallographic phase. Therefore, diffraction 

pattern analysis can be used to identify and quantify crystallographic phases and 

crystal structure parameters.  

 

Fig. 3.4 Classical diagram of Bragg diffraction based on the atom plane model. 0d is the 

strain-free d-spacing, while d is the d-spacing after the deformation. d  is the difference 

between 0d  and d 
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3.1.2.3. Combined SAXS/WAXS analysis 

SAXS has a broad range of application, and can be used to analyse many kinds of 

material samples. The scattering signal contains information [128, 130] relating to the 

long-periodic structure (i.e. at the nanometre length scale, as opposed to Angstrom 

scale for crystal lattice) of electron density fluctuation or discontinuities due to 

particles or voids. Such structural information is sometimes referred to as “large-

scale”, compared with the crystal lattice structure information obtained from WAXS. 

SAXS patterns can be interpreted to extract micro- and nano-structural information 

about the sample, such as the number density of scattering centres, their average size 

and size distribution, thickness of interface layers, the fractal dimension, the surface 

area per unit volume, the mass of scattering bodies, their orientation and aspect ratio, 

etc. [125]. Figure 3.5 provides a comparison of the resolution range of SAXS/WAXS 

with other techniques. 

 

 

Fig. 3.5 Resolution range coverage of SAXS and WAXS in comparison with other 

techniques. 
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The combined SAXS/WAXS methods typically use monochromatic X-rays, i.e. 

are restricted to beams of narrow band width ( /E E ~ 10
-2

 – 10
-4

, E is the energy)  

around a single wavelength [131]. Performing SAXS and WAXS simultaneously 

opens up a new realm of possible diffraction experiments. SAXS provides 

information on the mineral nano-structure, i.e. the size and distribution of crystalline 

particles. WAXS allows the determination of crystallographic features for different 

phases, as well as crystal lattice preferred orientation (texture). WAXS provides 

reciprocal space information about the sub-nm structure of the atomic lattice, 

including orientation, size and shape of the unit cell, defect structure (e.g. dislocations 

and voids), etc. SAXS-derived information covers the range 1-100nm, also via the 

interpretation of reciprocal space data. Finally, with the high brilliance of 

synchrotrons providing useful flux in beam spot sizes on the ~100 nm level and below, 

line scanning and mapping leads to real space characterization down to these 

resolutions. This provides unprecedented multi-scaling coverage needed for all-round 

characterization of hierarchical structures.  

 

3.1.3. SAXS/WAXS techniques for biological hard tissues 

Due to the hierarchical structure of biological hard tissues (e.g. bone and dental 

tissues), analysing this material requires appropriate methods to derive information on 

different length scales at the same time. SAXS/WAXS is a powerful approach for 

multi-scale characterization of dental tissues spanning the range of length scales from 

nanometers (SAXS) down to the sub-nanometer crystal structure obtainable from the 

WAXS pattern. In combination with scanning of sub-micron focused beams this 

provides continuous length scale coverage from macroscopic through microscopic 

and down to ultra-structural (sub-nm) length scales. 
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SAXS/WAXS has been applied only recently to the study of mineralized biological 

composites, such as bones and bovine teeth [76, 132-134]. Deymier-Black et al. [76] 

determined the longitudinal apparent modulus of hydroxyapatite (HAp) in bovine 

dentine using synchrotron based WAXS, while strain distribution across the DEJ in 

bovine teeth was investigated by Almer and Stock [132]. However, very few studies 

devoted to enamel have been published [135], and early studies did not take into 

account the nanoparticle shape, size and orientation distribution [136]. Therefore, a 

deep understanding of the relationship between the nano-scale structure and the 

macroscopic mechanical behaviour of enamel is still lacking. In addition, all these 

studies were carried out on non-human samples, in which different particularities of 

the tubule structure and morphology are expected to result in differences in the 

mechanical properties [137, 138]. 

The spatial distribution of basic crystallographic parameters of HAp phase within 

mineralized tissues is determined by WAXS [47, 139]. Texture (preferred orientation) 

variation mapping can be accomplished by tracking the (002) plane of HAp 

crystallites, since the (002) reflection gives the information on the orientation of the 

hexagonal c-axis, which in turn allows the determination of the fibril orientation as 

they are orientated parallel to each other [28, 29]. Furthermore, WAXS has already 

been used to quantify the internal strains of the mineralised biological composites 

such as bone [133, 134, 140, 141] and teeth [76, 132, 142] on non-human samples.  

In a two-phase system based on mineralized tissue, the difference in the average 

electron density between the mineral HAp crystalline particles and the surrounding 

protein matrix leads to the X-ray scattering in the typical range of scattering vector q 

for the nano-scale information to be derived from SAXS on the mean nanocrystal size, 

predominant crystal orientation, and typical shape of mineral crystallites in bone and 
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teeth [143]. Although the method is indirect (e.g. in comparison with the real space 

imaging, i.e. microscopy), it provides statistical quantitative information about the 

average values (crystal size, shape, orientation and arrangement) of the parameters 

identified as critical for the mechanical strength and stability of mineralized tissue 

[86].  

 

3.1.4. X-ray scattering data interpretation 

3.1.4.1. WAXS 

Quantitative interpretation of WAXS patterns provides insight into the lattice strain, 

preferred orientation and the particle length of HAp crystallites. The data analysis 

procedure involves converting the 2-D diffraction images (Figure 3.6 a) into 1-D 

intensity profiles and pre-processing e.g. using Fit2D software package [144]. Figure 

3.6 b&c illustrate the azimuthal integration given by ( ) ( , )dI q I q     , and radial 

integration given by ( ) ( , )dI I q q   . 
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Fig. 3.6 WAXS data interpretation from (a) 2-D pattern to 1-D profile by (b) azimuthal and (c) 

radial integration (Gaussian fit indicated in red, background shown in green) 

 

a). Lattice strain 

WAXS data can be interpreted in terms of the shift of the diffraction peak obtained 

from a cluster of HAp crystallites, so that the average micro-strain (lattice strain) in 

the crystals can be deduced [145-147]. The lattice strain might be produced by the 

substitution of ions, .e.g. carbonate apatite, fluoride apatite. Changes in the d-spacing 

between the lattice planes in the mineral HAp phase were used to determine the 

elastic lattice strain [148]. The apparent elastic lattice strain   was computed from 

the definition:
 

0

002 002

0

002

d d

d





                                                          
(Eq. 3.6) 
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where according to Figure 3.4, (hkl) is (002) in this case and
 002d is the d-spacing after 

deformation and 0

002d is the reference strain-free value of the initial d-spacing.  

To determine the strain from the mineral HAp phase, 2-D diffraction images were 

pre-processed into 1-D intensity plot using Fit2D [144] by integrating azimuthally. In 

order to determine the specific peaks and the strain components along different 

directions, “caking” is applied to each pattern, with a step of 10° -20° in the angular 

range of interest (0°-360°). “Caking” is a term that refers to the following procedure. 

A sector is selected in the radial-azimuthal coordinates of each pattern. The intensity 

data contained in this sector is then reduced to 1-D radial line profiles by averaging 

(“binning”) the intensity across the angular width of the sector within each pre-

defined range (“bin”) of radial coordinates. The determination of the 1-D peak centre 

position in each “cake slice” (sector) allows finding the normal strain component 

along the centre direction of this “cake slice”. The result is taken to represent the 

strain distribution in the corresponding orientation. Subsequently, the 1-D intensity 

plot of each “cake slice” (covering 10° -20°) can be obtained by appropriately 

weighted integration with respect to the azimuthal angle of the converted 2-D images. 

Afterwards, the 1-D profiles of each individual peak can be fitted with e.g. Gaussian 

curves to determine the peak centre position after the subtraction of the fitted 

background. To calculate the HAp lattice strain, the WAXS pattern of the unloaded 

condition is used as a nominally strain-free reference point. The validity of this 

assumption is discussed in each specific case.  

 

b). Preferred orientation 

In addition, the preferred orientation angle can also be determined by azimuthal-

radial “caking” of the peak of interest, and fitting using appropriate function(s). The 



48 

 

azimuthal centre position of the pronounced peaks in the 
_( ) ~WAXS WAXSI  

 
plot are 

then used to define the preferred orientation direction [139]. 

 

c). Particle length 

The width of the peaks in the 1-D radial diffraction pattern is related to the average 

size of the mineral HAp crystallites. It is important to note that peak broadening is 

caused by the finite sub-micron size of mineral particles, the inherent instrumental 

broadening and also non-uniform microstrain. The non-uniform microstrain 

contributions to the peak broadening could be excluded, according to the calculation  

reported for dental tissues [[149]. Scherrer first observed that small crystallite size 

could give rise to line broadening. The evaluation is carried out based on the Scherrer 

Equation, widely used in the analysis of heat-treated bones and teeth [99, 150]. 

cos

k
L

B






                                                    
 (Eq. 3.7) 

where k is a constant close to unity that varies somewhat depending on the crystallite 

shape, while λ and   have their usual meanings in Bragg’s law. L  is the particle size 

in the direction defined by the scattering vector, and B  is the full-width at half 

maximum (FWHM) of (002) peaks selected for analysis. Due to the alignment of the 

c-axis in HAp crystallites within enamel and dentine, L reveals a parameter that is 

referred to as the length (i.e. the longest dimension) of HAp crystallites. By 

monitoring the variation of FWHM during different heat treatment procedures, the 

variation of the length of HAp crystallites can be derived.  
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3.1.4.2. SAXS 

Quantitative interpretation of SAXS patterns provides insight into the mean 

thickness (a conventional parameter used to describe the particle size) and degree of 

alignment (i.e. the percentage of the aligned particles) of HAp crystallites. 2-D 

diffraction images (Figure 3.7 a) need to be initially converted into 1-D intensity 

profiles (Figure 3.7 b and c) and pre-processed using e.g. Fit2D software package 

[144].  

 

Fig. 3.7 SAXS data interpretation in the form of (a) 2-D pattern converted to 1-D profiles by 

(b) azimuthal and (c) radial integration (Gaussian fit indicated in red, scattering intensity from 

unoriented particles shown in green). The predominant orientation 
0 _ SAXS is the average 

position of the two peaks. The ratio / ( )oriented oriented unorientedA A A gives the degree of alignment. 
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a). Mean thickness 

In order to determine the mean crystal thickness, the scattering intensity ( , )I q   

can be integrated over the entire range of the azimuthal angle   to obtain a function of

ˆ( )I q , where q  represents the length of the scattering vector q on the detector in the 

following calculation. The crystalline mean thickness T is defined as the Porod chord 

length based on Porod’s law valid in a two-phase system, which represents the total 

surface area of the particles per unit volume, i.e. the average thickness: 

4 Q
T

P


                                                       
(Eq. 3.8) 

where P is the Porod constant given by  

4
ˆ( )

P
I q B

q
     (Porod’s law in the large q range),               (Eq. 3.9) 

where P and the constant background B can be determined from the so-called Porod-

plot ( 4ˆ( )I q q  vs. 
4q ), and Q  is the integrated area of the  2ˆ( )I q q  vs. q  plot. 

Porod’s law is valid for a two-phase system with sharp interface and the scattering 

intensity of this system decreases with q
4
. Note that the definition of T is used 

without any assumption of the particle shape. However, for specific cases of needle or 

platelet shape, T can be interpreted as an average measurement of the smallest 

dimension of crystallites. The actual mean crystalline thickness can be further 

calculated based on T and other factors like the volume fraction [151].  

In detail, the length of the strongly scattering phase (
1l ) and the second phase (

2l ) 

in a two-phase system is defined as [124] 
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                            1

1(1 )

T
l

f


      
     and

       
2

1

T
l

f


    
                            

(Eq. 3.10) 

where 1f  is the volume fraction of the scattering phase. Eq. 3.10 indicates that T can 

be interpreted as an average measure of the thickness and is close to the smaller 

dimension of the two phases. 
1l  and 

2l  are not independent but are related to T with 

the volume fraction of the scattering object. Therefore, if 1f is a constant, T can be 

used to characterize the average thickness of the scattering objects (
1l ). Otherwise, 

1l  or 
2l will be used as the guideline values for the mean thickness of crystallites. 

 

b). Orientation and the degree of alignment  

In dentine, the degree of alignment (  ) of HAp crystalline particles is used to 

measure the fraction of aligned particles. It should be noted that in the enamel, due to 

the dense distribution of crystals, it is the electron density change occurring in the 

gaps between crystalline particles that gives rise to the scattering signal [152]. It is 

also understood that the orientation of the gaps between rods roughly coincides with 

the orientation of the crystals within each rod [152]. Thus, the information from gap 

scattering can be used to deduce the orientation and degree of alignment (percentage 

of aligned particles) of HAp crystallites. 

In order to quantify the orientation and degree of alignment, the 2-D SAXS 

patterns can be processed by integrating over the entire relevant range of the 

scattering vector q, resulting in a function ( )SAXSI   of the azimuthal angle
_ SAXS  

(Figure 3.7 c) [153, 154]. The predominant orientation 
0_ SAXS  of the mineral crystals 

is determined by the position of the two peaks in the plot of ( )SAXSI   (e.g. 
0_ SAXS  in 
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Figure 3.7 c). If all the crystallites are oriented in the 
0_ SAXS direction parallel to their 

long dimension in the real space, q would be the smallest in the elliptical pattern of 

the SAXS in the reciprocal space. Thus the direction of the short axis of the elliptical 

pattern indicates the predominant orientation of the crystals.  Further, the degree of 

alignment  with respect to the predominant orientation of HAp crystallites can be 

calculated by the ratio of the two areas under the curve of ( )SAXSI  : 

oriented

oriented unoriented

A

A A
 


                                            

(Eq. 3.11) 

where umorientedA is the area of the constant background level accounting for the 

scattering from unoriented particles, and orientedA  corresponds to the total area below 

the curve of ( ) ~SAXS SAXSI    left after subtracting umorientedA . The value of  ranges 

from 0 to 1, with 0  indicating no predominant orientation within the plane of the 

section, while 1   indicates strongest alignment of the crystals [153, 154].  

 

c). Scattering object analysis 

The scattering contrast in SAXS arises mainly due to the fluctuation of electron 

density. The integral intensity of SAXS signal I  is proportional to the square of the 

difference of electron density between the scattering object(s) and the background, as 

well as the volume fraction of the scattering object(s) [124] 

2

1 2 1 1( ) (1 )I                                               (Eq. 3.12) 

where   is the mean square fluctuation of electron density, 1  and 2  are the 

electron densities of the two scattering phases, and 1  is the volume fraction of the 

scattering object(s) as defined in Eq. 3.10. According to the Babinet principle [124], 
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in terms of scattering a system with a relatively low volume fraction of particles is 

equivalent to a dense system filled with particles but having the same volume fraction 

and arrangement of voids (i.e. the low density phase). In the former system, the 

particles act as scattering objects, whereas in the latter it is the voids. 

 

3.2. Multi-scale Eshelby model 

3.2.1. Eshelby general theory [155] 

A short overview of the Eshelby inclusion theory is given, leading to the derivation 

of the constitutive law for a non-dilute population of inhomogeneities (HAp 

crystallites) embedded in a finite organic matrix.  

 

3.2.1.1. Dilute system 

The general geometric structure for a dilute system is an ellipsoidal inclusion 

embedded in an infinite matrix, as illustrated in Figure 3.8. “Dilute” means that the 

volume fraction of the inclusion is so low that it can be neglected. Without any 

external stress, the internal stress equilibrium requires that 

(1 ) 0M If f                                         (Eq. 3.14) 

where f is the volume fraction of the inclusion, and M and I  are the stresses in the 

matrix and inclusion respectively. For a dilute system, 0f   and it can be regarded 

as a composite under remote load, thus Eq. 3.14 is automatically satisfied.  

The original Eshelby model determined the elastic field of the inclusion when there 

is a strain mismatch between the inclusion and the matrix, i.e. a uniform misfit or 

transformation strain, or the so-called eigenstrain *t  in the inclusion [156]. Eshelby 
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model shows that the total strain in the inclusion i is uniform and related to *t by an 

Eshelby tensor S that depends only on the inclusion shape and isotropic Poisson’s 

ratio of the matrix: 

*i tS                                                 (Eq. 3.15) 

 

Fig. 3.8 Eshelby model of an ellipsoidal inclusion embedded in an infinite matrix. The 

ellipsoid has principal half-axes a1, a2 and a3.  

 

Consequently, Hooke’s law can be used to calculate the inclusion stress I in terms 

of the elastic strain and the stiffness tensor MC  (the same as the surrounding matrix) of 

the inclusion (I is the unity matrix) 

* *( ) ( )i t t

I M MC C S I                                      (Eq. 3.16) 

If an inhomogeneity with a different stiffness tensor IC  is present instead of a 

homogeneous inclusion, the elastic field of the inhomogeneity can be calculated using 

the equivalent inclusion method. This formulation regards the inhomogeneity as 

equivalent to an inclusion with an appropriate (a priori unknown) virtual misfit strain 

t which needs to be determined. The function of the virtual misfit strain is to satisfy 

the equivalence where the elastic field of the inhomogeneity is identical to that of the 

equivalent inclusion (Eq. 3.17). In this way the classical Eshelby theory can be used 

to determine the elastic field of any kind of inhomogeneity. This formulation has 



55 

 

greater generality and includes the case of HAp crystallites embedded in the isotropic 

protein matrix.  

*( ) ( ) ( )i t i t t

I I M MC C C S I                                (Eq. 3.17) 

If the material is subjected to an external stress A  that results in the overall 

composite strain A , then the stress of the inhomogeneity can be modified based on 

Eq. 3.17  

*( ) ( )A i t A i t A

I I MC C                                  (Eq. 3.18) 

where I here is the stress caused by the elastic property mismatch between the 

inhomogeneity and the matrix. 

 

3.2.1.2. Non-dilute system 

The above section has been based on a single inclusion embedded within an 

infinite matrix. The results are therefore applicable only to “dilute” systems. If the 

matrix is not infinite, or multiple oversized inhomogeneities are embedded in the 

matrix, the composite is considered to be a non-dilute system in which the volume 

fraction of the inhomogeneities is not negligible. For this system, the stress 

equilibrium Eq. 3.14 is not satisfied due to the considerable volume fraction f. In fact, 

to maintain the balance of stress, there is a non-zero average matrix stress opposing 

the inclusion stress. One way of incorporating this into the model is to think of it 

occurring by the superposition of an average background stress or image stress 
M



within each individual phase as if it were externally applied. The balance of stress 

described by Eq. 3.14 becomes 

 (1 ) 0IM M
f f                                       (Eq. 3.19) 
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The image stress modifies Eq. 3.16. The inhomogeneities or the equivalent 

inclusions are now stressed by I M
  and have a constrained shape of

i

M
  , where

M
 is the mean image strain, MM M

C  . Consequently, 

the equivalence relation Eq. 3.18 becomes:  

*
( ) ( )

i t i tA A

MI M M
C C                     (Eq. 3.20) 

where   signifies the mean value and 
I

C  is the average stiffness of the multiple 

inhomogeneities.  

 

3.2.2. Multi-scale model of dental tissues  

In human dental tissues, both dentine and enamel have a two-level structure, which 

is explained in Figure 3.9. The first-level model regards the whole dentine sample as 

composed of aligned tubules within matrix that consists of HAp crystallites and 

organic phase, while in the enamel the first-level structure can be seen as aligned key-

hole shaped rods within a composite matrix also consisting of HAp crystallite and 

organic phase. The second-level model considers the matrix of the first-level dentine 

or the rod of the first-level enamel as a composite in detail. Despite the differences at 

the first level, dentine and enamel have a similar structure in the second level that 

consists of partially aligned HAp crystallites embedded in the isotropic organic 

matrix. The second-level structures of the two tissues differ only in terms of overall 

stiffness, volume fraction and the geometry and orientation of HAp crystallites.  

In terms of the hierarchical structure of dentine and enamel, a two-level Eshelby 

inclusion model for a non-dilute system described in section 3.2.1 can be used to 

determine how the ultrastructural HAp crystallites respond to external macroscopic 
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loading in these two-level composites. In this section, we only focus on elastic 

deformation, where the real average misfit strain 
*t

 in Eq. 3.20 is zero. 

 

  

Fig. 3.9 Two-level structure of human dental tissues (dentine and enamel) 

 

3.2.2.1. First-level model of dentine 

The first-level structure of human dentine is considered to be a composite 

consisting of almost perfectly aligned tubules (inhomogeneities) within a finite 

collagen matrix. The HAp crystallites are contained in the collagen matrix and the 

first-level model of dentine is to determine the matrix stress. According to Eq. 3.20, 

the equivalence relation for the first-level human dentine is 

   *

11 1

i t i tA A

Mtubule M M
C C                      (Eq. 3.21) 
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where “M1” refers to the first-level matrix model, 
1M

 is the mean image strain in 

both tubules and matrix at the first level, 
i

 is the averaged total strain in multiple 

tubules, 
A

 is the external strain caused by the applied stress, 
*t

 is the real average 

misfit strain for tubules in the first-level matrix, 
t

 is the average misfit strain for the 

equivalent inclusions to be determined, 
tubule

C is the average stiffness of the tubules, 

and 
1MC is the isotropic stiffness of the collagen matrix and also the equivalent 

inclusion. Since the tubules are just voids ( 0
tubule

C  ) and 
i t

tubule
S   , where 

tubule
S is the average Eshelby tensor for the multiple tubules, Eq. 3.21 gives a simple 

expression for 
t

  

   
1

1

t A

tubule M
I S  



                              (Eq. 3.22) 

In a non-dilute system, in terms of Eq. 3.19 and Eq. 2.20, with the absence of the 

external stress, the mean image stress is related to the misfit strain
t

  in the 

equivalent inclusion by [155] 

 1 11

t

d MM tubule
f C S I                            (Eq. 3.23) 

where 1df  is the volume fraction of tubules with respect to the whole dentine. 

Combined with Eq. 3.22, considering that 11 1MM M
C  , 

1

1
11

Ad

M
d

f

f
 


                                         (Eq. 3.24) 

Therefore, the stress in the matrix is the sum of the applied stress and the image stress 

1 1
1

1

1

A A

M M
df

     


                          (Eq. 3.25) 

Eq. 3.25 indicates that the stress in the first-level collagen matrix is independent on 
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the direction and detailed shape (Eshelby tensor) of the tubules, but depends on the 

tubule volume fraction alone, which is a consequence of the model assumptions 

 

3.2.2.2. First-level model of enamel 

The first-level structure of enamel is also a non-dilute system containing protein 

matrix and multiple cylindrical rods as the inhomogeneities. It is assumed that all 

cylindrical rods are nearly parallel to each other. Different from dentine, HAp 

crystallites are contained in the rods, thus the aim of the first-level model of enamel is 

to determine the stress field within rods at that lengthscale. The equivalence relation is 

the same as Eq. 3.21, but tubule
C is replaced by the average stiffness of the rods

rod
C , 

which is not zero, in contrast with that of the tubules in dentine. Since Eq. 3.23 still 

holds for the mean image stress in this case (with 
tubule

S replaced by
rod

S , the 

average Eshelby tensor for cylindrical rods, and 1df replaced by 1ef , the volume 

fraction of the rods), according to Eq. 3.19 and Eq. 3.23. In the absence of the external 

stress, the mean stress in the rods (or equivalent inclusion) 
I

  can be expressed as 

 1 1(1 )
t

e MI rod
f C S I                              (Eq. 3.26) 

Further, when the external stress is imposed, based on Eq. 3.20 and Eq. 3.23, 
t

 can 

be obtained as a function of the externally applied stress 

      
1

1

1 1 1 1 1

t A

M e M M Mrod rod rod rod
C C S f S I C C C C 


       

 
 

(Eq. 3.27) 

Therefore, in the first-level model of enamel, with Eq. 3.26 and Eq. 3.27, the total 

stress in the rods can be obtained as the sum of 
I

 and
A .  
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         
1

1

1 1 1 1 1 1 1(1 )

A

rod I

A

e M M e M M Mrod rod rod rod rod
I f C S I C C S f S I C C C C

  






 

         
 

 (Eq. 3.28) 

It should be noted that the average stiffness of the rods 
rod

C is initially unknown and 

needs to be determined in the second-level model. 

 

3.2.2.3. Second-level model 

In contrast with the first-level model, the second-level models in dentine and 

enamel are similar, both considered as a composite consisting of partially aligned 

HAp crystallites and an organic matrix. Besides the different values of parameters like 

volume fraction, the average Eshelby tensor and the average stiffness of HAp 

crystallites, the other difference is that the external stress in the second level of 

dentine is the stress of matrix in the first level, while that in the second level of 

enamel it is the stress in the rods. Due to the more complex orientation distribution of 

inhomogeneities (HAp crystallites) in the second-level structure of dentine and 

enamel than that of inhomogeneities (tubules or rods) in the first-level structure, the 

relationship between a single HAp crystallite and the external stress is obtained first. 

A volume average method is then introduced to obtain the relationship between the 

local averaged total strain in multiple HAp crystallites and the overall externally 

applied stress.  

For a single HAp crystallite under elastic deformation, the total strain is expressed 

as
1i T A

M T     (viewed from HAp crystallite local coordinate), where 
1A is 

the external strain caused by the stress determined from the first-level model and T is 

the orientation matrix that depends on the three Euler angles ( , ,   ), describing the 
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difference between the local HAp crystallite coordinate and the global coordinate. 

According to Eq. 3.23, in this case
M is related to 

t by 

 2

t

M HApf S I                                    (Eq. 3.29)  

where 2f is the volume fraction of HAp crystallites with respect to the second-level 

composite and 
HApS is the Eshelby tensor for a single HAp crystallite. Further, 

t in 

Eq. 3.27 for this case becomes 

      
1

1 1

2 2 2 2 2

t T A

M HAp HAp HAp M M HAp MC C S f S I C C C T C 


        
 

 (Eq. 3.30) 

where “M2” means the second-level organic matrix, and
2 1M MC C . 1A is the 

external stress obtained from the first-level model and
HApC  is the stiffness matrix for 

a single HAp crystallite. Finally, the relationship between the strain in a single HAp 

crystallite and the external stress (matrix stress in dentine or rod stress in enamel) can 

be established (transformed into the global coordinate) 

  
1

1 1
1 1 1 1

2 2 2( )single T T T A A

HAp M HAp HAp HAp MT I C C S f S I I T T C K  


 
    

         
 

     (Eq. 3.31) 

In reality, the HAp crystallites in the second-level structure of dentine and enamel 

are partially aligned, but the partial alignment can be represented as a superposition of 

perfect alignment and random distribution. For a group of perfectly aligned HAp 

crystallites of a certain orientation, the relationship between the average strain in the 

group of crystallites and the external stress is the same as Eq. 3.31, where the 

averaged stiffness and the Eshelby tensor are the same as the values for a single 

crystal HApHAp
C C , HApHAp

S S . As for a group of randomly distributed HAp 

crystallites, the strain of the group can be determined by a volume average method, 

which is introduced here.  
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The purpose of using the volume average method is to avoid the complex 

calculation of the average Eshelby tensor and average stiffness of the randomly 

distributed HAp crystallites. In a random distribution, each crystallite follows the 

relationship of Eq. 3.31 with each individual orientation matrix Tk. Randomly 

distributed crystallites can have any possible orientation in the space, thus the volume 

averaging method is to calculate the strain value for each single crystallite and 

average the results of all the crystallites in the second level over all possible 

orientations. 

11
dsingle single A

HAp HAp
V

V K
V

                             (Eq. 3.32) 

The second-level models of dentine and enamel are similar, as is indicated in the 

schematic flow diagram of the two-level Eshelby model in Figure 3.10. The 

expressions derived above can be used to determine the unknown stiffness matrix

rod
C . The detailed determination has been provided by [155] and is not shown here.  

       
1

1
1 1

2 2 2 2 2 2 2M HAp M HAp HAp M HAp M Mrod
C C f C C S f S I C C C C




        
 

 

(Eq. 3.33) 

Finally, with the two levels combined, a comprehensive model linking the average 

HAp crystalline lattice strain and the overall externally applied load can be 

established, which can be used to determine the apparent modulus of HAp crystallites 

in both dentine and enamel. 
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Fig. 3.10 Summary of the two-level Eshelby model in dental tissues  
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3.2.2.4. Eshelby tensor of multi-scale model 

Eshelby introduced a tensor S (see Eq. 3.34) that only depends on the inclusion 

shape (a1, a2 and a3) and Poisson’s ratio of the matrix ( ). The ellipsoid has principal 

half-axes a1, a2 and a3 as illustrated in Figure 3.8. The rest of the nonzero terms can 

be found by cyclic permutation of the above formulas. The Ik and Ikl terms below are 

defined in terms of standard elliptic integrals [156].  
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         (3.34)  

 

In dentine, the shape of the HAp crystalline platelets in dentine is thought to 

correspond to elongated flagstone. In classical Eshelby modelling, a very good 

approximation is to use a penny-shape inclusion to simulate an individual platelet, as 

the integrals can be readily written. The Eshelby penny-shape tensor has two 

parameters, where a1 is the radius while a3 is half of the thickness of the penny-shape 
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inclusion (see Figure 3.8 b) [168]. The crystal c-axis (corresponding to the (002) peak) 

of the HAp crystallites is thought to be parallel to the long dimension of the platelet 

[28, 29]. 

In enamel, both structural levels are considered as non-dilute systems consisting of 

a number of inhomogeneous inclusions (rods at the first level and HAp crystallites at 

the second level). For simplicity, both rods and HAp crystallites are assumed to be of 

cylindrical shape. Therefore, the classical solution for inclusion in the form of a 

cylinder is used to simulate both the needle-shaped rods and the individual HAp 

crystallites. In the Eshelby approach, the cylinder is approximated by a prolate 

spheroid described by the three dimensions, a1, a2 and a3, where a1= a2<< a3, i.e. the 

cross-section of the ellipsoid perpendicular to its longest axis is a circle [156] (see 

Figure 3.8 b). The crystal c-axis (corresponding to the (002) peak) of the needle-

shaped HAp crystallites is normal to this cross section of the cylinder, i.e. is aligned 

with the a3 axis [49]. In the next section a detailed derivation and discussion of the 

model formulation and implementation is introduced. 

 

3.3. Other characterization techniques 

3.3.1. Nanoindentation 

Nanoindentation has recently emerged as a powerful tool for measuring the nano-

scale mechanical properties in biomaterials [157]. Nanoindentation has been applied 

to the mineralized tissues fairly extensively and has been reviewed by Kinney et al. 

[158] and Haques et al. [159]. In teeth, the primary focus has been to map the 

mechanical properties across healthy dental tissue to understand the role of local 

properties and hierarchical structure, and has also been coupled with the chemical 
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mapping [56, 160, 161]. However, to date, no studies have been reported on the 

investigation of the variation of mechanical properties in thermally treated dental 

tissues. Tesch et al. [154] successfully applied SAXS and nanoindentation to 

characterise non-treated dentine and observed correlated variations of mechanical and 

structural properties, but the resolution is low. In the present investigation of heat-

induced alterations of hard dental tissues with high resolution, a SAXS mapping setup 

was combined with nanoindentation mapping. The results obtained here are likely to 

help in a better understanding of the internal architecture alterations and hierarchical 

properties changes due to heat exposure. In addition, the effect of exposure of human 

skeletal hard tissues to high temperatures is an important topic of study in the context 

of forensic investigations and archaeological analysis [90, 94, 96-98].  

Nanoindentation tests are widely used to determine local material properties. 

Continuously recording nano-indentation (CRIT) involves loading and unloading the 

sample by a sharp hard tip, and the indentation load-depth data registered in the 

process [162]. A schematic diagram of the nanoindentation process is shown in Figure 

3.11, where the indentation depth h is the summation of hs (displacement due to 

elastic deformation) and hc (contact depth). S is the contact stiffness at maximum 

penetration and is the initial slope of the unloading curve. Using the compliance 

method, the hardness H and reduced modulus Er can be determined directly from the 

analysis of load-displacement data [157]. The hardness of the sample can be obtained 

by dividing the load by the projected area of indentation 

m

c

F
H

A
                                                         (Eq. 3.35) 
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where cA ( 224.5c cA h for a perfect three-sided pyramid Berkovich tip) is the contact 

area, mF is the force at maximum load. The composite modulus E  (sample and 

diamond) is extracted from 

1 2 cA

E S




                                                     (Eq. 3.36) 

where  is a correction factor depending on the tip geometry ( 1.034  for the 

Berkovich tip). The relation between apparent modulus, the stiffness of diamond and 

the sample properties is given by 

22 111 SD

D SE E E





                                                (Eq. 3.37) 

where E and   are Young’s modulus and Poisson’s ratio, and subscripts D and S are 

for diamond and sample respectively ( DE =1141 GPa, D =0.07). The reduced 

modulus is referred to as: 

211 s

r sE E


                                                (Eq. 3.38) 

which is reported in [163-165]. 

 

Fig. 3.11 (a) A schematic diagram of nanoindentation process; (b) Nanoindentation profile 

showing the quantities used in the analysis. 
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3.3.2. Photoelasticity 

Photoelasticity is a non-destructive, whole-field method widely applied in stress 

distribution analysis. The fringe pattern arises when the sample is viewed between 

crossed polarising plates, with the colour or brightness of the fringe being related to 

the difference between the principal stresses, which is in turn proportional to the 

maximum shear stress, or Tresca stress, in the material [166]. 

The use of a diametrically loaded disk is a standard calibration technique which 

can be used either to obtain the photoelastic properties of the birefringent material, or 

to determine the calibration constants if these properties are known. The fringe 

constant of the material is defined as:  

1

8 P
f

D N
                                                   (Eq. 3.39) 

where D is the diameter of the epoxy disk (12 mm), N1 is the number of fringes for 

the calibration sample and P is the applied load (N). In order to obtain an estimate for 

the average value of f, a series of known loads can be applied to a monolithic epoxy 

disk, and the corresponding fringe numbers are recorded.  

The stress distribution in the disk is characterised in terms of the difference 

between the principal stresses (or Tresca shear stress) using the following expression: 

2 1 2

f
N

h
                                              (Eq. 3.40) 

where h is the thickness of epoxy, and N2 is the number of fringes for the sample of 

interest. Tresca shear stress is expressed as the maximum difference between any two 

principal stresses. The deformation state of the plate-shaped epoxy corresponds 

closely to the plane stress state approximation in two-dimensional photoelasticity.  
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Both white and monochromatic light photoelastic fringes are shown in Figure 3.12. 

The coloured image is striking but is difficult to analyse due to the colour interference. 

Instead, monochromatic light is often used to make it easier to count the fringes.  

 

Fig. 3.12 Illustration of photoelastic fringes of (a) white and (b) monochromatic light filtered 

by green glass. 

 

3.3.3. Microscopy 

Ever since its invention, the microscope has been a valuable tool of scientific 

discovery. It is widely used to create an enlarged view of an object to observe details 

otherwise indistinguishable with the human eye. The direct and critical insight into 

the hierarchical structure of dental tissues needs a range of various microscopy 

methods. In this section, three microscopy techniques are briefly introduced insofar as 

they are used to characterise the dental tissue structure in this thesis. 

    

    3.3.3.1. Environmental Scanning Electron Microscopy 

(ESEM) 

Environmental scanning electron microscopy (ESEM) is a type of reflection 

scanning electron microscopy that allows the presence of a gaseous environment in 
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the sample chamber, instead of vacuum in the standard SEM. This confers several 

advantages, one in particular being that it enables the investigation of electrically non-

conductive specimens without coating with gold or carbon [167]. This is of 

importance for this study by means of allowing avoidance of the need for coating that 

may interfere with X-ray diffraction experiments if the same sample is used. 

In the ESEM the primary electron beam is scanned over the sample and the 

electrons of the beam interact with the sample surface, thereby producing several 

signals that are collected with appropriate detectors. One possible detector in the 

ESEM is the secondary electron (SE) detector, which reveals information of the 

surface topography. In addition it is possible to detect backscattered electrons (BSE) 

using a backscattered electron detector (BSD). Backscattered electrons are electrons 

that are scattered back from the primary electron beam in a region close to the surface 

of the sample. To investigate dental samples (illustrated in Figure 2.2 b) with the 

ESEM Evo LS15 (CARL ZEISS, U.K.), the sample blocks were placed in low 

vacuum and BSE mode used at the working distance of 4.5 mm. The electron beam 

energy was set to 18 kV. A BSD was used to collect the BSE signals at the sample 

surface.  

  

 3.3.3.2. Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is capable of imaging at a significantly 

higher resolution. In the experiment a tightly focused beam of electrons is transmitted 

through an ultra-thin specimen, interacting with the specimen as it passes through 

[168]. In order to investigate the HAp crystallites directly at the nano-structural level, 

TEM imaging technique was applied. Powdered dentine and enamel samples were 

prepared by grinding down under liquid nitrogen and then thoroughly dispersed by 
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vibrating in an ultrasound bath for 5 minutes. The reason for using liquid nitrogen is 

to make the powder particles' smaller and thinner without introducing any chemical 

effects, so that very few crystallites or even a single crystal could be captured by TEM. 

Afterwards the samples were placed on the TEM copper grid coated with carbon film. 

Ultrastructure of HAp crystallites in the enamel is shown as an example in Figure 2.2 

c collected using JEOL JEM-2200MCO TEM instrument. 

    

3.3.3.3. Scanning Probe Microscopy (SPM) 

Scanning Probe Microscopy (SPM) is a set of experimental methods used in 

imaging of surface structures at subatomic resolution. One of the flavours of SPM is 

Atomic Force Microscopy (AFM), which is based on mapping of the force field at the 

surface of the sample using a very sharp probe with ~20nm tip radius [169]. In order 

to obtain high resolution topographical images of enamel and dentine surface, a 

commercial SPM (MFP-3-D, Asylum Research, USA) was used. The surface of the 

dental slice samples was prepared by a series of grinding processes with 1200#, 2400# 

and 4000# sand papers, and then polished by 0.3μm and 0.05μm alumina powders 

with fine polishing cloth. Finally, samples were cleaned by sonication in deionized 

water and blow-dried in air. As is shown in Figure 2.3, the ultrastructure of dentine 

and enamel layers shows the topographical images of HAp crystallites. CR-FM 

(contact resonance module) is a general name of the dynamic-approach AFM method, 

perhaps the most promising method for quantitative measurements of elastic stiffness 

for relatively stiff materials [170]. The mode was also used to detect the elastic 

property distribution across the DEJ at high resolution, as shown in Chapter 6. 
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3.3.4. Micro Computed Tomography (Micro-CT) 

The micro computed tomography (micro-CT) is a miniature version of cone-beam 

CT widely used in medical diagnostics. In the last few years micro-CT scanning 

technology based on X-ray transmission imaging has become more commonly and 

widely used in the fields of biology and medicine. Micro-CT provides nondestructive, 

three-dimensional reconstructions of small objects at very high spatial resolution that 

may be below 1 micron. For data collection the specimens are placed between source 

and detector on a rotating disk controlled by a stepper motor inside a lead-shielded 

chamber [171, 172]. 

For the purpose of planning and preparation of X-ray measuring positions used in 

synchrotron experiments, a commercial micro-CT system was used to scan the 

samples. SkyScan 1172 scanner (SkyScan, Kontich, Belgium) was used at 1.9 µm 

isotropic resolution using 40kV voltage, 120uA current and a 0.5mm Aluminium 

filter. The resulting images were used for reconstruction using SkyScan NRECON 

package. Subsequent 3-D planning models were created with Fiji imaging software 

[173].  A 3-D reconstruction of human dental tissue is illustrated in Figure 2.2 a.  
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Chapter 4 

Multi-scale modelling and diffraction based 

characterization of elastic behaviours of human 

dentine  

 

This chapter is based on the following published manuscripts:  

 Tan Sui, Michael Sandholzer, Nikolaos Baimpas, Igor P. Dolbnya, Anthony 

Damien Walmsley, Philip J. Lumley, Gabriel Landini, Alexander M. 

Korsunsky, Multi-scale modelling and diffraction-based characterization of 

elastic behaviour of human dentine, Acta Biomaterialia, Vol.9 (8), pp. 7937-

7947, 2013 

 Tan Sui, Alexander M. Korsunsky, Hierarchical modelling of elastic 

behaviour of human dental tissue based on synchrotron diffraction 

characterization: Chapter 7 in  Advanced Healthcare Materials, A. Tiwari, Ed., 

Advanced Materials Series, WILEY-Scrivener Publishing LLC, USA, 2013. 

 

4.1. Brief introduction 

Human dentine, as described in Chapter 2 as a hierarchical mineralized tissue with 

a two-level composite structure, contains tubules as the prominent structural feature at 

micro-level, and collagen fibres decorated with HAp crystallite platelets at nano-scale.  

Previously, most research in this area has concentrated on the mechanical 

properties of dentine at the macro- and micro-scale, i.e. Young’s modulus, Poisson’s 

ratio, hardness and fracture properties, using a variety of measurement methods [158]. 



74 

 

Few studies have focused on this two-level structure of human dentine, where the 

response to mechanical loading is thought to be affected not only by the tubule 

volume fraction at micro-scale, but also by the shape and orientation distribution of 

mineral crystallites and their nano-scale spatial arrangement and alignment.  

Synchrotron-based X-ray diffraction, SAXS and WAXS have been recently used to 

study the mechanical behaviour in mineralized biological composites such as bone 

[133, 134, 140, 141] and teeth [82, 83, 132]. However, the earlier studies did not take 

into account the nanoparticle distribution [82] and [132], which can be derived from 

SAXS data. In addition, all these studies were carried on non-human samples, in 

which different particularities of the tubule structure and morphology are expected to 

result in differences in the mechanical properties [138]. In addition, various analytical 

models of composite [174-176] fail to capture the nano-scale structure effect on the 

apparent modulus, and this led to the discrepancies of overestimation between the 

modelling predictions and experimental results.  

In order to improve the understanding of the influence of the nano-scale structure 

variation of the two-level composite of human dentine on its mechanical response, in 

this Chapter, in situ elastic strain evolution within HAp crystallites in dentine 

subjected to uniaxial compressive loading along both the longitudinal and transverse 

directions was characterised simultaneously by two synchrotron X-ray scattering 

techniques: WAXS and SAXS. WAXS allows the evaluation of the apparent modulus 

linking the external load to the internal HAp crystallite strain, while the nano-scale 

HAp crystallites distribution and arrangement can be quantified by SAXS. An 

improved multi-scale Eshelby inclusion model was proposed that takes into account 

the two-level hierarchical structure, and was validated via multi-directional 

experimental non-destructive strain evaluation. The agreement between the simulation 
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and measurement indicates that the multi-scale hierarchical model developed here 

accurately reflects the structural arrangement and mechanical response of human 

dentine. This study benefits the comprehensive understanding of the mechanical 

behaviour of hierarchical biomaterials. The knowledge of the mechanical properties 

related to the hierarchical structure is essential for understanding and predicting the 

effects of structural alterations that may occur due to disease or treatment on the 

performance of dental tissues and their artificial replacements. 

 

4.2. Materials and methods 

4.2.1. Sample preparation 

Two freshly extracted sound human third molars (ethical approval obtained from 

the National Research Ethics Committee; NHS-REC reference 09. H0405.33/ 

Consortium R&D No. 1465) were washed and cleaned in distilled water to eliminate 

residues and kept in a -20°C freezer for a maximum of 14 days before the experiment. 

The samples were rehydrated using distilled water and 2mm thick dentine disks were 

cut just below the enamel-cement line using a low speed diamond saw (Isomet 

Buehler Ltd., Lake Bluff, Illinois, USA). The disks were further cut into smaller bars 

and a series of polishing papers were used to produce the final 2×2×2 mm
3
 cubes of 

dentine (Figure 4.1 b). The samples were kept for a maximum of 7 days in distilled 

water in a commercial fridge at 4°C until the experiment was performed. 
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4.2.2. In situ scattering measurements 

4.2.2.1. Mechanical loading setup 

Uniaxial compressive loading was carried out on two dentine samples in the form 

of small 2×2 mm
2
 cubes. The samples were designated HD2, for which the loading 

was applied in the transverse direction, and HD3, for which the loading was applied in 

the longitudinal direction with respect to the tubules respectively. Loading was carried 

out using a remotely operated and monitored compression rig (Deben, Suffolk, UK), 

with a 5 kN calibrated load cell. The rig was equipped with custom-made jaws, 

allowing a high-energy transmission X-ray setup to be used, as illustrated in Figure 

4.1 a. The samples were deformed at a displacement rate of 0.2 mm/min up to 400N 

(corresponding to about 100 MPa for the samples) along x-axis. The boundary 

between the sample and the loading platen was regarded as frictionless. After each 

constant loading increment (HD2 50 N, HD3 100 N), the load was maintained and the 

WAXS and SAXS patterns were collected. For the purpose of planning the measuring 

positions and determination of the precise loading cross-sectional area of the dentine 

cubes, a commercial micro-CT system was used to scan the samples as illustrated in 

Figure 4.1 b. 

 

4.2.2.2. Beamline diffraction setup 

The experiment was carried out on B16 experimental beamline at Diamond Light 

Source, Oxford Harwell Campus, Didcot, UK. A monochromatic X-ray beam was 

used to illuminate the sample as illustrated schematically in Figure 4.1 a. The incident 

beam was monochromated to the photon energy of 17.99 keV, and collimated to the 

spot size of 0.5×0.5 mm
2
 on the sample. The use of this beam size ensures that the 
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irradiated volume is small enough to lie approximately in the centre of the sample and 

experience a deformation state that is only very weakly dependent on the boundary 

conditions, yet large enough compared to the principal structural features of dentine, 

i.e. tubules and intertubular distances, to be representative of the overall material 

response. WAXS and SAXS patterns were alternately collected at three locations 

across the sample. A silicon powder was used for the WAXS data calibration and dry 

chicken collagen was used for the SAXS data calibration [177]. 

WAXS diffraction patterns were recorded using a Photonic Science Image Star 

9000 detector (3056×3056 pixels, 31×31µm
2
 pixel size, Photonic Science Ltd., UK) 

placed at a sample-to-camera distance of 128.72mm (Figure 4.1 a). Further 

downstream of the beam a Pilatus 300K detector (487×619 pixels, 172×172 µm
2
 pixel 

size, Dectris, Baden, Switzerland) was positioned at a distance of 4358.47mm to 

collect the SAXS patterns (Figure 4.1 a). In order to record both the WAXS and 

SAXS patterns at each scanning location, the WAXS detector was translated laterally 

to expose the SAXS detector after each WAXS collection.  
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Fig. 4.1 Schematic diagram of in situ uniaxial loading experimental setup and cubic dentine 

sample preparation; (a) The sample was under uniaxial compressive loading on the 

compression stage. The monochromatic X-ray beam was directed perpendicular to the sample 

surface and the loading direction. WAXS and SAXS diffraction patterns were recorded at 

each loading step at three locations on the sample. The WAXS detector was translated 

laterally out of the beam to expose the SAXS detector after each collection of WAXS. (b) 

Micro-CT based models of the three preparation stages. (1) 2mm thick dentine disk (coloured 

red) cut below the enamel-cement line and (2) further cut and polished to produce (3) the final 

2×2×2 mm
3
 cubes of dentine. The red square indicates the central position of the x-ray beam. 

 

4.2.3. Data interpretation 

4.2.3.1. WAXS data analysis 

To determine the strain from the mineral HAp phase, 2-D diffraction images were 

pre-processed into 1-D intensity plot using Fit2D [144] by “caking” each pattern with 

a step of 20° in the range of 0°-360° of the (002) peak under laboratory coordinate 
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(Figure 4.2 a, only 0°-90° is shown). The normal strain component along the centre 

direction of each cake represents the strain distribution at the corresponding 

orientation. Subsequently, the 1-D intensity plot of each cake (covering 20°) was 

obtained by the integration, with respect to the azimuthal angle, of the converted 2-D 

images. Afterwards, the 1-D profiles of each individual (002) peak were fitted with 

Gaussian curves to determine the centre position after the subtraction of the linearly 

fitted background. To calculate the HAp crystalline lattice strain, the WAXS pattern 

of the unloaded condition was used as a strain-free reference point. The centre 

position of the scattering patterns were used to ensure that a consistent sample 

position was interrogated throughout the data analysis, and the relatively small beam 

compared to the sample dimension guarantee that boundary conditions have 

negligible influence on the interrogated volume. 

 

   4.2.3.2. SAXS data analysis 

For the SAXS data analysis, a reference pattern representing the strain-free sample 

was used to determine the orientation and degree of alignment (  ) of HAp 

crystalline particles, which describes the percentage of aligned particles. Figure 4.2 b 

is an example reference SAXS pattern of HD2. In order to quantify the orientation 

and degree of alignment, the SAXS patterns were integrated along all the possible 

scattering vectors q to account for the main scattering effect (with the range selected 

from the outline of beamstop to the outline of the pattern as marked with red dashes in 

Figure 4.2 b), which results in a function ( )I   with the azimuthal angle  (Figure 4.2 

c). The predominant orientation is determined by the average position of two peaks in 

the plot of ( )I   (e.g. 0  in Figure 4.2 c), while the degree of alignment with respect 
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to the predominant orientation of HAp crystallites is defined as the ratio of peak area 

and the overall area under the curve of ( )I  .  

 

 

Fig. 4.2 (a) A representative dentine WAXS pattern of Debye-Scherrer rings with different 

intensities. The dark region in the centre is the beam stop. The (002) peak is marked with a 

red arrow. Peak shifts at different positions on the (002) ring represent the average strains of 

(002) along different directions. Multiple angles with respect to the x-axis were caked in order 

to examine the strain variation (seven angles are shown as an example 0
o
, 15

o
, 30

o
, 45

o
, 60

o
, 

75
o
, 90

o
). Each cake was with a 20

o
 range. (b) A representative dentine SAXS pattern of HD2 

sample. The q scale in the SAXS pattern in the reciprocal space is inversely proportional to 

the dimension (d) in the real space, as dictated by the Fourier transform. The relation is 

q=2π/d. If all the HAp crystalline platelets are oriented at   direction parallel to their long 

dimension in the real space, q would be the smallest in the elliptical pattern of SAXS. Thus 

the direction of the short axis of the ellipse pattern indicates the predominant orientation of 

the crystals. (c) A plot of ( )I  of HD2 sample without any external load (black points) from 

SAXS. The Gauss fit is also shown in the figure (red line). The predominant orientation 

0 161o  is the average position of the two peaks. The ratio / ( )oriented oriented unorientedA A A gives 

the degree of alignment. 

. 
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4.3. Model formulation 

4.3.1. Geometrical assumptions 

Human dentine has a hierarchical two-level composite structure, where the first 

level is represented by the dentinal tubules and the second level by the HAp 

crystallites within a fibrous collagen matrix. Figure 4.3 a, c and d are images of the 

first-level dentine structure, where Figure 4.3 a is obtained by SEM and Figure 4.3 c-d 

show the random distribution of collagen fibril viewed respectively along longitudinal 

and transverse direction of tubules as proposed by Bozec [178]. Figure 4.3 b shows 

the “woven” structure in dentine based on scanning transmission electron microscopy 

(STEM) observation. Figure 4.3 e-f are images of the second-level dentine structure, 

where a randomly distributed structure of HAp crystallites shown in Figure 4.3 e is to 

be combined with a fully aligned structure to determine the real structure of partial 

alignment (Figure 4.3 f for HD2), given the detailed information of the degree of 

alignment by SAXS interpretation.  

The thickness of the penny-shape HAp crystalline platelets in dentine is taken to be 

equal to the thickness of the dentine crystal platelet (2-4nm). The diameter of the 

penny-shape is the average of the length (100nm) and width (30nm) of HAp 

crystallites to guarantee the identical cross-sectional area. The size of crystal platelet 

and the parameters of penny-shape tensor are listed in Table 4.1. The crystal c-axis 

lies on the diametric directions within the penny and is in x-y plane shown in Figure 

4.3 f. 
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Fig. 4.3 Schematic diagram of the two-level structure of human dentine. (a) SEM observation 

of the first level tubule structure of human dentine; (b) STEM observation of the “woven” 

structure in dentine; (c) A schematic structure of the random distribution of collagen fibrils 

(black lines) besides the tubules, viewed along the longitudinal direction of tubules; (d) Same 

as (c), viewed along the transverse direction of tubules; (e) The structure of random 

distribution of HAp crystallites viewed from the cross section parallel to the tubule direction; 

(f) The real structure of partial alignment, where the pennies are with the alignment angle 161
 

o
 (showing the example of HD2) with respect to the global X-axis are shown in blue. 
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   4.3.2. First-level model: multiple aligned tubule inclusions 

within dentine matrix 

The purpose of the first-level model for human dentine is to establish the 

relationship between the external stress A and the dentine matrix stress 1M , which 

will serve as the external stress in the second level. Without any misfit strain in 

tubules, the Eshelby model for a non-dilute system (Eq. 3.21 [80, 155] indicates that 

the elastic mechanical response of the tubules can be related to that of an equivalent 

inclusion with the same property as the matrix. 

11 1
( ) ( )

i i tA A

Mtubule M M
C C                          (Eq. 4.1) 

Considering that the average stiffness of tubules is null 0
tubule

C  , the average 

stress in the dentine first-level matrix can be expressed merely in terms of the volume 

fraction of tubules (for details see Eq. 3.21- Eq. 3.25, [80, 155]) 

1

1

1

1

A

M
f

 


                                                       

(Eq. 4.2) 

    

  4.3.3. Second-level model: HAp inclusion of collagen matrix 

The dispersion of multiple HAp crystallites within the matrix of collagen forms the 

second hierarchical level model for dentine. The purpose of the second-level model is 

to establish a relationship between the first-level dentine matrix stress and the average 

lattice strain in the HAp crystallites
 

HAp
 , thus to determine the apparent modulus 

[50] between the global external load and local HAp crystallites strain. 
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4.3.3.1. Multiple perfectly aligned HAp crystallites 

If all HAp crystallites are perfectly aligned described by an orientation matrix T, 

the relationship between the average HAp crystallites strain and the external load 

(here the first-level dentine matrix stress) can be expressed as [155] (Eq. 3.31).  

  
1

1 11 1

2 2 2 1( )
HAp T T T

M M Maligned HAp
T I C C S f S I I T T C 


    

 
         

 

    or, expressed more simply 1

HAp

M aligned aligned
K 

                       
(Eq. 4.3) 

where 
HAp

C  and S  are the average stiffness and Eshelby tensor of HAp crystallites 

in the gauge volume [179], 2MC  is the collagen stiffness, and
 2f  is the volume fraction 

of HAp crystallites with respect to the whole second-level structure. For perfectly 

aligned crystals, ,HApHAp
C C S S  . Note that different orientations (different 

orientation matrices) may result in different results of
HAp

aligned
 . 

alignedK is the apparent 

stiffness matrix of perfectly aligned crystallites. The variation of 
alignedK with different 

alignment angles of particles with respect to the loading direction can be calculated by 

changing the orientation matrix in Eq. 4.3. 

 

4.3.3.2. Multiple randomly distributed HAp crystallites 

If HAp crystallites have a random distribution, this group of crystallites will have 

an isotropic stiffness, as well as an isotropic Eshelby tensor, thus the relationship 

between the average local HAp crystallites strain and external load is independent on 

the orientation matrix in Eq. 4.3.  

  
1

1 11 1

2 2 2 1( )
HAp

M M Mrandom HAp
I C C S f S I I I C 


  

 
         
 
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 or, expressed more simply 1

HAp

M random random
K 

                 
(Eq. 4.4) 

where randomK is the apparent stiffness matrix for randomly distributed crystallites. In 

contrast to perfectly aligned crystallites, S and
HAp

C were not those of the single 

crystallite, but were obtained from the volume average of all the randomly distributed 

crystallites (see Eq. 3.32, averaging the results obtained from each single crystallite 

relationship as Eq. 4.3 over all possible orientations).  

 

4.3.3.3. Multiple HAp inclusions with partial alignment 

In reality, HAp crystallites are partially aligned, thus _

HAp

partial alignedK is expected to be 

between randomK and
alignedK .

 

_ (1 )HAp

partial aligned aligned random aligned alignedK f K f K  
                         

(Eq. 4.5) 

where 
alignedf  is the volume fraction of aligned crystallites with respect to all HAp 

crystallites, i.e. the degree of alignment of crystallites which could be revealed by 

SAXS measurements. 

 

4.4. Experimental results and model evaluation 

   4.4.1. Nano-scale HAp crystallites distribution and 

mechanical response of dentine 

The loading areas of the two cubic samples were accurately determined by micro-

CT measurement. The loading areas were 4.466 mm
2
 (HD2) and 4.413 mm

2
 (HD3), 

respectively. Figure 4.2 a shows a WAXS pattern of dentine consisting of a system of 
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Debye-Scherrer rings (peaks). The apparent radial shifts of the (002) peak in the 

WAXS pattern were measured under uniaxial compressive loading applied on both 

longitudinal and transverse directions with respect to the preferential tubule direction. 

Values of the shifts along x-axis were used to obtain the elastic lattice strain variation 

along the loading direction. Figure 4.4 a-b show the experimental results of the 

applied stress vs. HAp crystallites lattice strain of samples HD2 and HD3, indicating a 

linear increasing tendency as expected. The maximum load used in the model of the 

two samples was limited to ~100 MPa in the elastic region. The ratio of the uniaxial 

stress and the average HAp crystallites lattice strain gives the apparent modulus, 

which is listed in Table 4.1. From Figure 4.4, it is observed that the dentine sample 

loaded along the longitudinal axis (HD3) has a slightly higher apparent modulus than 

the one loaded transversally (HD2). The residual (initial) strains were found to be 

quite small, namely, 205   (HD2) and -578.6   (HD3).  

The (002) peak shifts along other directions were also measured by caking each 

pattern with a step of 20° (in the range of 0°-360°, Figure 4.2 a) to determine the 

normal strain component variation. The result is shown in polar coordinate as an 

azimuthal plot in Figure 4.5 a-b for HD2 and HD3 respectively, where 0° or 180° 

represents the loading direction and 90° or 360° represents that perpendicular to the 

loading direction. As symmetrical, the results in the typical range of 0°-90° display a 

positive normal strain from 60°-90° and a negative normal strain from 0°-60°. 

Figure 4.2 b is one of the SAXS patterns of HD2 sample. The preferential 

orientation of HAp crystallites is shown in the figure to be roughly along the short 

axis of the elliptical pattern. Figure 4.2 c is the plot of ( )I  of HD2 sample without 

any external load. The Gauss fit is also shown in the figure (red line). The detailed 

values of the orientation and degree of alignment were obtained by examining the plot 
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of ( )I   obtained from SAXS data, and interpreted in terms of Eq.3.11. The results are 

also listed in Table 4.1. The degree of alignment values for both samples are relatively 

small, indicating that, as expected, the distribution of HAp crystallites in human 

dentine is close to random, but nevertheless not entirely random. 

 

 
Fig. 4.4 Comparison of experimental data (filled markers) and modelling results (solid lines) 

of applied compressive stress vs. elastic lattice strain for HAp crystallites. (a) HD2 

experimental data (error bar: 1 SD); (b) HD3 experimental data (error bar: 1 SD); (c) HD2 

data (filler markers) and modelling results (red line: multi-scale Eshelby model; blue line: 

Voigt bound; dark grey: Reuss bound) with the compressive stress along transverse direction 

with respect to the tubules; (d) HD3 data (black points) and modelling results (red line: 

multiscale Eshelby model; blue line: Voigt bound; dark grey: Reuss bound) with the 

compressive stress along longitudinal direction with respect to the tubules. The compressive 

stresses of HD2 and HD3 were uniformly selected under 100 MPa. 
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   4.4.2. Evaluation and validation of the multi-scale    

Eshelby model 

In the model, the material properties and other parameters were derived from 

literature and were refined by fitting with the experimental data. It is noted that a 

precise determination of the volume fraction of tubules in the first level is not 

available with the commercial micro-CT systems, due to the polychromatic nature of 

the X-ray source and the limited resolution. Thus, the reported volume fraction of 

tubules between 3.6 and 10.2% was used [180]. The average mineral concentration 

(HAp crystallites volume fraction) has been reported to be between 30.5% and 44.4% 

in human third molars, with a decreasing gradient towards the pulp [181]. In general, 

a Young’s modulus of 1GPa and Poisson’s ratio of 0.30 for collagen were given in 

literature, without taking into account the viscoelasticity and viscoplasticity for 

human dentine [82, 83]. Polycrystalline hydroxyapatite has a high Young’s modulus 

(40-117GPa), whereas the Poisson’s ratio is 0.27 [21]. However, these values of the 

Young’s modulus were all from a single perfect crystal. In biological mineralized 

composites like dentine, imperfectly shaped crystals are likely to exist, thus the high 

Young’s modulus may induce an error by overestimation [76]. In accordance with Qin 

and Swain, 40GPa was chosen here as a combination of the intertubular modulus 

(35.8GPa) and peritubular modulus (66.76GPa) in the respective volume fractions 

[82]. For the penny-shaped Eshelby tensor, only the ratio of radius and thickness 

(a1/a3) of the penny is needed [26, 27]. All the parameters refined to obtain a best 

fitting are listed in Table 4.1, also with the reported values from the literature.  
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Fig. 4.5 Comparison of experimental data and modelling results of normal strain component 

variation with orientation distribution (0
 o
 -360

 o
) under polar coordinates. (a) HD2 data (black 

points) and model fitting (red curve), with the compressive stress along transverse direction 

with respect to the tubules; (b) HD3 data (black points) and model fitting (red curve), with the 

compressive stress along longitudinal direction with respect to the tubules.. 

 

4.4.2.1. First-level model 

The dentine matrix stress for the first level is only dependent on the volume 

fraction of tubules (see Eq. 4.2). The same volume fraction of tubules was used for 

both samples, thus they have the same value of matrix stress, 
1 1.09 A

M  . 

 

4.4.2.2. Second-level model 

Based on the SAXS measurement of degree of alignment (Table 4.1), the apparent 

modulus for each sample can be obtained from Eq. 4.5 with the values listed in Table 

4.1. A comparison of the stress/strain curve along the loading direction between the 

experiment and model evaluation is shown in Figure 4.4 c-d, where the Voigt and 

Reuss bound predictions are also given. It is found that the Eshelby model prediction 

lies between the two bound results and is closer to the experimental data, which also 

reflects the overestimation of the apparent modulus in previous investigation using 
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Voigt bound [76]. Furthermore, both the Voigt and Reuss bounds predict a composite 

elastic modulus rather than the relation between the external load and internal HAp 

crystalline strain. Thus they could not directly reflect the experimental results 

optained from Synchrotron X-ray techniques. Meanwhile, the comparison of normal 

strain variation in the azimuthal plot is presented in Figure 4.5 a-b. Good agreement 

was also observed. 

 

Tab. 4.1 Experimental results from SAXS/WAXS and refined parameters in the Eshelby 

model of the two dentine samples 

 

Parameters HD2_value HD3_value Reference values 

Orientation  

(degree) 
161 78  

Degree of 

alignment 
0.289 0.168  

K_exp. (GPa) 22.129 24.156  

1f 10% 10% 3.6 ~10.2% [45] 

2f  40% 38% 
30.5% ,  44.4% 

[46] 

1 2M MC C  Em=1.1GPa, vm=0.3 
Em=0.8GPa, 

vm=0.27 

Ecollagen=1GPa, 

vcollagen=0.30 [27] 

HApC  
EHAp=90GPa, 

vHAp=0.32 

EHAp=90GPa, 

vHAp=0.32 

EHAp=40-117GPa, 

vHAp=0.27 [47] 

1 3/a a  31 31 
(2-4)×30×100 

nm
3
[4,5] 

K_model (GPa) 22.870 24.189  
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4.5. Discussion  

This is the first time that the combined SAXS/WAXS technique is used to capture 

the nano-scale structure and its influence on the macroscopic mechanical behaviour of 

human dentine. Moreover, it is important to emphasise that the study was conducted 

using penetrating radiation (synchrotron X-rays), i.e. a probe for bulk structure and 

strain analysis. Unlike the vast majority of studies that rely on surface characterization 

(SEM, AFM, nanoindentation, Raman, etc.), this ensures that the effects of sample 

preparation (e.g. cutting and storage) are minimal, since they typically affect depths 

not exceeding ~0.05mm out of the total sample thickness of 2mm. It is well-known 

that differences exist between dentine samples in the dry and wet conditions in terms 

of the mechanical properties. The hydrated dentine exhibited slight hexagonal 

anisotropy and almost disappeared when the specimens are dried, which was used in 

the present work [182]. Since the use of dry sample is more convenient for 

experimental set-up with in situ loading, this option was used throughout the present 

study,. 

 

4.5.1. Refined parameters derived from the Eshelby model  

The parameters refined by the multi-scale Eshelby model, listed in Table 4.1, lie 

within the range of the reported values in literature. This indicates that the model can 

be used to predict the nano-scale parameters which are hard obtain by other 

experimental methods. Of the five refined parameters, initially the sensitivity of those 

parameters to the result was tested , only to find the three key parameters, i.e. two 

volume fractions and Young’s modulus of the HAp crystallites. Among these three, 

Young’s modulus exerts the most significant influence on the result. In the 
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optimization process, the two volume fractions were first fixed at approximate values, 

and Young’s modulus was refined within the range reported in the literature. These 

three parameters showed by far the strongest influence on the match that could be 

achieved between the model prediction and measurements. In order to quantify the 

disagreement between model and experiment, a sum-of-squares measure of misfit 

between the experimental data and the modelling prediction was calculated. The 

search for the minimum proceeded as follows. Since HAp Young’s modulus showed 

the strongest influence on the apparent modulus, this parameter was refined first. It is 

worth noting that a degree of noise is always present in the experimental data. As a 

consequence, implementing an automatic numerical algorithm was not thought to be 

appropriate. Instead, a series of trial calculations for different values of HAp Young’s 

modulus were carried out, with decreasing increments, until a good value was found 

to within a small error margin of a few GPa. The value was then fixed, and the two 

volume fractions were refined. It is believed that this approach offers a reasonable 

route to assessing the key parameters, in the context of significant uncertainties 

remaining due to sample-to-sample variation, biological differences, effect of sample 

preparation and storage conditions, etc. The samples of dental tissue in this case were 

taken from the same young patients’ teeth, and thus their structural and mechanical 

properties can be assumed to the similar as  the volume fraction of tubules is expected 

to be high, and was assumed to be 10% for both samples. For the same reason, HAp 

crystallites were assumed to have a low volume fraction (~40%). Other reasons for 

the small volume fraction of HAp crystallites may include that the cubes were cut 

from a position near the pulp chamber where the volume fraction is relatively small 

[181], and the possible superficial demineralization effect of water storage [183]. 

Based on the above assumption about the two volume fractions, the refined Young’s 
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modulus of HAp crystallites was found to be approximately 90 GPa. At this stage, 

other parameters were refined as well, although it was found that they only had a 

minor effect on the apparent modulus result. The influence of the thickness variation 

on the apparent modulus was found to be small. For the crystal thickness 2 nm, 

K_model is respectively 22.87 GPa (HD2) and 24.189 GPa (HD3), while the 

K_model is 23.15 GPa (HD2) and 24.62 GPa (HD3) if the thickness is 4 nm. In order 

to get best fitting both along loading direction and for normal strain variation, 2 nm is 

the best refined parameter. This optimization process demonstrates the feasibility of 

simulating diseased or unhealthy tooth by just changing the three key parameters. 

 

4.5.2. Residual strain 

Indeed, a thin layer of initial residual strain may be induced at sample surface 

during cutting using a low speed diamond saw. However, as clarified above, the effect 

of this step on the overall measurement will not exceed 5% overall. Initial strain may 

also be associated with the natural growth process of the tooth. In any case, as shown 

in the result section 4.1, the initial existing residual strain is quite small. The 

unstrained reference measurement could introduce errors in determining the elastic 

strain evaluation, since the lattice parameters reported from the literature are mostly 

from the powdered samples, of which large volume of averaging the lattice 

parameters will over- or under- estimate the strain value in the structured sample. In 

addition, in this experiment, the X-ray beam illuminates on the same area of the 

sample, which largely reflect the lattice parameters evaluation due to the external 

loading. Furthermore, our experiment only considered the elastic response. This is 

reflected in the linearity of the experimental stress-strain curve, and is an underlying 

assumption for the Eshelby model. The presence of initial strain amounts to an offset 



94 

 

that does not affect such parameters as the apparent modulus. In conclusion, the low 

level residual strain can be ignored in the present analysis, as it does not influence the 

elastic mechanical behaviour of the crystals. X-ray irradiation might cause a decrease 

in the residual strain, which suggests the presence of the interfacial damage of HAp-

collagen. The dose has been calculated as 63.35 Gv, due to the relatively low flux in 

the bending magnets beamline. Therefore, the irradiation effect could be neglected. 

Furthermore, the apparent modulus does not change with the irradiation as discussed 

in [184], the irradiation damage is not discussed in this section. 

 

4.5.3. Normal strain components variation 

 To characterize and validate the model of the strain components in different 

directions, the normal strain variation of the HAp crystallites with respect to different 

azimuthal angles (0°~90°) is shown in Figure 4.5. The ratio of the normal strain 

component at 90° to that at 0° (absolute value) for each sample is almost the 

Poisson’s ratio of the HAp crystallites, which is reasonable. Meanwhile, it should be 

noted that HAp crystallites oriented at around 60° azimuthal angle has no normal 

strain, i.e. no peak shift, which demonstrates that the HAp crystallites at this 

corresponding position are subjected to pure shear stress. From the model, since the 

first-level dentine matrix stresses are the same for the two samples, the difference in 

the modulus as well as the normal strain component variation may result from 

different orientations and degrees of alignment of HAp crystallites (observed and 

measured by SAXS).  

 



95 

 

4.5.4. HAp crystallites distribution effects 

The extended multi-scale Eshelby model established in the present analysis is able 

to capture the relationship between the function of human dentine and its multi-scale 

structure. Moreover, it is also capable of evaluating the effect of the nano-scale 

structure (e.g. HAp crystallites distribution) on the macroscopic mechanical response, 

which was not included in earlier studies [76, 132]. To demonstrate the detailed effect 

of crystal distribution on the apparent modulus, a schematic diagram of a 3-D model 

of perfectly aligned crystals is selected (Figure 4.6 a) with only one angle freedom 

around Z-axis. All aligned HAp crystallites are initially oriented with 90° angle to the 

platelet surface along the global Y-axis, which represents the position of 0o  . The 

variation of 
alignedK along the loading direction was calculated and visualized in Figure 

4.6 b (only the result of HD2 is shown since both samples have similar results). The 

larger the value of 
alignedK is, the smaller the average lattice strain of HAp crystallites 

will be under a certain value of external load, i.e. the stiffer the HAp crystallites will 

be. It is found that the value of 
alignedK along the loading direction is strongly 

dependent on the crystal orientation direction. The orientations of HD2 and HD3 in 

our in situ loading experiments were 161° and 78°, respectively. Hence, from Figure 

4.6 b, 
_ 3 _ 2aligned HD aligned HDK K . However, sample HD3 had a lower degree of 

alignment overall, so that overall the _ _ 3

HAp

partial aligned HDK value lies closer to randomK , 

which is the reason for the similar results of the apparent moduli of the two samples 

(Table 4.1). 
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Fig. 4.6 Preferential alignment effect on the apparent modulus of HAp crystallites in human 

dentine. (a) A simplified example of the alignment of HAp crystallites. The beam direction is 

along the global Z-axis and the alignment here represents the angle between the local x-axis 

and global X-axis (initially aligned angle 0o  , i.e. the local x-axis of a penny is initially 

along global X-axis). (b) By changing the alignment angle (0°-180°), the average strain of the 

crystals along loading direction can be obtained by the multi-scale Eshelby model, which then 

indicates that alignedK varies with respect to the preferential alignment angle.. 

 

4.6. Conclusions 

In this chapter, the relationship between the nano-scale crystal distribution and 

macroscopic mechanical elastic response of human dentine was investigated for the 

first time using a combined in situ synchrotron SAXS/WAXS technique. This 

provided access to the information on both the structural and mechanical aspects of 

the sample that thus allowed us to make further progress compared to previous studies 

that only used WAXS [131] to determine the HAp crystallites strain evolution in 

dentine but the main domain of SAXS pattern from two-phase system was not used to 

reveal the nano particles distribution, only to focus on the collagen diffraction. 

Moreover, an extended multi-scale Eshelby inclusion model was established to 

estimate and evaluate the elastic material properties of dentine as a two-level 

composite in terms of its constituents, showing good agreement with the experimental 

data both on lattice strain along loading direction and normal strain component in a 
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general azimuthal plot, improving the Voigt composite model earlier proposed for 

bovine dentine [76]. The difference in the mechanical behaviour observed in the 

experimental results can be attributed to the second-level model effects, i.e. the degree 

of alignment and orientation angles.  

Through this systematic experiment and modelling work, we are capable of 

observing the nano-scale structure, which is used to validate the model linking the 

nano-particle arrangement and deformation behaviour to the macroscopic loading 

response. In addition, the parameter refinement and validation in the model adopted in 

the present study offers a possibility in the identification of nano-scale parameters. 

The usual limitations of experimental characterization techniques such as 

nanoindentation or microscopy, e.g. confinement to the sample surface, make 

parameter identification difficult. We therefore argue that our approach enables the 

general characterization of the structure-property relationship in hierarchical 

biomaterials. An improved understanding of the multi-scale structural-mechanical 

properties within human dentine is important for developing better prosthetic 

materials and dental fillings. It may also shed light on the mechanical property 

evolution due to multi-scale structural changes within dentine because of disease and 

treatment. 
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Chapter 5 

Hierarchical modelling of in situ elastic 

deformation of human enamel based on 

photoelastic and X-ray scattering analysis of 

stresses and strains 

 

This chapter is based on the following published manuscripts:  

 Tan Sui, Michael Sandholzer, et al, Hierarchical modelling of elastic 

behaviour of human enamel based on synchrotron diffraction characterization, 

Journal of Structural Biology, Vol. 184 (2), pp.136-146, 2013 

 Tan Sui, Alexander M. Korsunsky, Hierarchical modelling of elastic 

behaviour of human dental tissue based on synchrotron diffraction 

characterization: Chapter 7 in  Advanced Healthcare Materials, A. Tiwari, Ed., 

Advanced Materials Series, WILEY-Scrivener Publishing LLC, USA, 2013. 

 Tan Sui, Michael Sandholzer, et al, Hierarchical modelling of in situ elastic 

deformation of human enamel based on photoelastic and diffraction analysis 

of stresses and strains, Acta Biomaterialia, Vol. 10 (1), pp. 343-354, 2014    

 

5.1. Brief introduction 

This Chapter focuses on the two-level hierarchical mineralised human enamel. 

Over half a century, research has been carried out on the mechanical properties of 

enamel, and on its macro- and micro-structure [35, 185]). To date, few studies have 

focused on how the mechanical behaviour of this tissue is affected by both the rod 
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orientation at micro-scale and the preferred orientation of mineral crystallites at the 

nano-scale. Investigations at the nano-scale require the use of advanced techniques 

and systematic models to establish a firm basis for understanding the hierarchical 

structure–property relationships. 

Synchrotron SAXS/WAXS techniques have been applied only recently to the study 

of mineralized biological composites, such as bones and bovine teeth [186]. Very few 

studies devoted to human enamel have been published [135], and early studies did not 

take into account the nanoparticle shape, size and orientation distribution [136]. 

Therefore, a deep understanding of the relationship between the nano-scale structure 

and the macroscopic mechanical behaviour of human enamel is still lacking. 

A number of different models of composite deformation have been previously used 

to describe the elastic response of mineralized biological tissues that arises through 

the interaction between different constituent phases [136]. This approach also allowed 

the unknown properties of the component phases to be determined [187]. However, 

these models mainly focused on the analysis of deformation only in one direction 

(loading direction) and therefore were not able to provide adequate consideration of 

the elastic anisotropy. The multiscale Eshelby modelling approach was shown to 

capture the micromechanical response reasonably well using the two-level 

hierarchical description of the structure of dentine and enamel, with each level 

consisting of an isotropic matrix and a group of anisotropic inclusions. 

In this study, two complementary synchrotron X-ray diffraction techniques, wide 

and small angle X-ray scattering (WAXS/SAXS) were used preliminarily to obtain 

multi-scale quantitative information about the structure and deformation response of 

human enamel under longitudinal compressive loading. Initial test experiments were 

carried out in which compressive load was applied directly to the small (~2×2×2 mm
3
) 
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enamel samples. It appeared that the attempt to apply compressive load of sufficient 

magnitude to cause measurable straining of HAp crystallites led to crushing and 

splitting of the sample in lateral directions, i.e. transversely to the axis of load 

application. Therefore, a novel experimental setup needed to be proposed and 

developed to enable quantitative stress distribution evaluation. The sample was 

embedded in birefringent mounting epoxy that provided moderate additional lateral 

constraint and prevented sample splitting. It is worth noting that this set up brought 

about the need to evaluate the transmission of the applied load through the epoxy 

mount to the sample embedded at its centre. This challenge was addressed by 

employing photoelastic stress evaluation techniques in parallel with diffraction strain 

analysis. Since the epoxy mount had the shape of a short cylinder (thick disc), it was 

possible to examine the influence of different relative orientations of the rod 

directions with respect to in situ uniaxial compressive loading. Data analysis allowed 

the apparent modulus to be determined linking the external load and the internal 

lattice strain in hydroxyapatite (HAp) crystallites. Two sets of experimental data were 

collected, with the compressive load applied along and transversely to the rod 

direction. The data were analysed using an advanced multi-scale Eshelby inclusion 

model that takes into account the two-level hierarchical structure of human enamel, 

and captures the differing rod directions and orientation distributions of HAp 

crystallites. The achieved satisfactory agreement between the model and the 

experimental data, in terms of the values of multi-directional strain components under 

the action of differently orientated loads, suggests that the multi-scale approach 

reasonably captures the structure-property relationship between the hierarchical 

architecture of human enamel and its response to the applied forces. This novel and 
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systematic approach can be used to improve the interpretation of the mechanical 

properties of enamel, as well as of the textured hierarchical biomaterials in general.  

 

5.2. Materials and methods 

5.2.1. Sample preparation 

Freshly extracted human third molar with no apparent damage, caries or other 

dental treatments were used for this study (ethical approval obtained from the 

National Research Ethics Committee; NHS-REC reference 09.H0405.33/ Consortium 

R&D No. 1465). Two millimetres thick enamel disks were cut from the same tooth 

using a low speed diamond saw (Isomet Buehler Ltd., Lake Bluff, Illinois, USA) and 

were further prepared into smaller bars. A series of polishing papers were used to 

refine the final 2×2×2 mm
3
 cube of enamel. Regarding the rod direction of the enamel 

sample, the cut in the prepared sample was close to the region perpendicular to the 

occlusion surface. Therefore, the predominant rod direction was the longitudinal 

direction in the sample. To determine the measuring positions and loading cross-

section for the SAXS/WAXS experiments, a micro-CT scan was carried out as 

illustrated in Figure 5.1 a.  

In the improved experimental configuration, rather than loading the enamel cubes 

directly, they were first embedded in a photoelastic epoxy disk that was then 

compressed diametrally. In previous attempts to carry out the measurements it was 

found that without the protection of the epoxy disk, early in the loading samples 

developed microcracks that reduced the accuracy of measurement and later on led to 

sample splitting. Due to its birefringent properties, epoxy offers the possibility of 

deducing information about the internal stress distribution using photoelastic 
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techniques. The enamel cubes were placed in the centre of a 12 mm diameter 

cylindrical mould and embedded in epoxy resin (Buehler Epokwick, ITW Test & 

Measurement GmbH, Dusseldorf, Germany). The disks’ surfaces were subsequently 

polished to expose the enamel surfaces. 

In total, one cubic enamel sample was prepared for the direct loading test (Figure 

5.1 b) and another three cubic enamel samples were prepared (designated #6, #7 and 

#3) with different rod directions with respect to the loading direction (x-axis in Figure 

5.1 c). The predominant direction of rods in sample #6 was parallel to the loading 

direction with rods lying in the x-y plane, in sample #7 it was perpendicular to the 

loading direction with rods lying in the x-y plane, and in sample #3 it was 

perpendicular to the loading direction with rods lying in the y-z plane. 

 

5.2.2. In situ X-ray diffraction measurements 

5.2.2.1. Mechanical loading setup 

A schematic diagram of the experimental set-up is shown in Figure 5.1 b and c, 

where Figure 5.1 b is for the preliminary experiment and Figure 5.2 c is for the 

improved experiment. For the preliminary experiment, the sample of human enamel 

was slowly deformed in compression along the x-axis in the laboratory coordinates 

(Figure 5.1 b) at the displacement rate of 0.2 mm/min until failure, using a remotely 

operated and monitored compression rig (Deben, Suffolk, UK), with a 5 kN calibrated 

load cell. The rig was equipped with custom-made jaws, allowing a high-energy 

transmission X-ray setup to be used.  

As for the improved experiment, the epoxy disk which contains the cubic sample 

of human enamel was also slowly deformed along x-axis in laboratory coordinates 
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(Figure 5.1 c). Compressive loading was applied along the x-axis at the load levels 

from 0N to 400N using the same remotely operated and monitored compression rig 

with the same load cell with the preliminary experiment. The load was incrementally 

increased (in 25 N steps and a loading rate of 3.8 Ns
-1

) and held constant while the 

WAXS and photoelastic patterns were collected. 

 

5.2.2.2. Beamline diffraction setup 

Both the experiments were performed on the B16 test beamline at Diamond Light 

Source (DLS, Oxford, UK). A monochromatic X-ray beam of 20 keV photon energy 

(wavelength: =0.062 nm) was collimated by slits to a spot size of 0.5×0.5 mm
2
.  

In the preliminary experimental set-up, two separate WAXS and SAXS detectors 

were alternately set up to collect the patterns at consecutive loading increments 

downstream of the beam. WAXS diffraction patterns were recorded using a Photonic 

Science Image Star 9000 detector (Photonic Science Ltd., UK) placed at a sample-to-

camera distance of 128.72 mm. Further downstream, a Pilatus 300K detector (Dectris, 

Baden, Switzerland) was positioned at a distance of 4358.47 mm to collect the SAXS 

patterns. In order to record both the WAXS and SAXS patterns at each scanning 

location, the WAXS detector was translated laterally to expose the SAXS detector 

after each WAXS exposure. A lightly compacted disk of NIST standard silicon 

powder was used for precise WAXS calibration of the sample to detector distance 

using diffraction pattern analysis [188]. A dry chicken collagen sample inserted close 

to the sample position were used as calibration for SAXS data analysis and to 

determine the sample-to-detector distance with the required precision [177]. 

In the improved experimental set-up, radiographic images of the samples were 

initially used to align the samples and determine the position of interest. The incident 
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beam on the sample was perpendicular to the loading direction. Space restrictions of 

the beamline meant that the sample had to be translated laterally from the WAXS 

configuration into the photoelastic set-up at each consecutive loading increment. 

WAXS diffraction patterns were recorded using a Photonic Science Image Star 9000 

detector (Photonic Science Ltd., UK) which was placed 177.33 mm downstream of 

the sample.  

 

5.2.2.3. Photoelasticity setup 

A Sharples S-12 demonstration polariscope was used to collect the in situ 

photoelastic images in the improved experiment. The setup consisted of light source, 

polarizers, quarter-wave plates and digital SLR camera as shown in Figure 5.1 c. The 

quarter-wave plates remained crossed and polarizers were aligned crossed to establish 

the dark field. A green-light filter ( =550 nm) was also placed between the light 

source and the camera lens in order to obtain monochromatic fringes to simplify the 

analysis. A solid epoxy disk (without the sample in the centre) produced from the 

same batch of epoxy resin was used as a common calibration specimen. 
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Fig. 5.1 Schematic diagram of in situ uniaxial loading experimental setup and cubic enamel 

sample; (a) The 2×2×2 mm
3
 cubes of enamel sample and the sample embedded in the epoxy; 

(b) The sample was under uniaxial compressive loading on the compression stage. The 

monochromatic X-ray beam was directed perpendicular to the sample surface and the loading 

direction. WAXS and SAXS diffraction patterns were recorded at each loading step at three 

locations on the sample. The WAXS detector was translated laterally out of the beam to 

expose the SAXS detector after each collection of WAXS. (c) The improved experimental 

setup composed of synchrotron beam set-up and photoelastic set-up. An X-ray Eye detector 

was used to ensure that the point of interaction between the beam and sample was in the 

central position of the enamel specimen. At each detection point, following centring, the X-

ray Eye detector was translated laterally out of the beam to expose the WAXS detector. 

WAXS diffraction patterns were recorded at each loading step in three locations on the 

sample. After each WAXS pattern collection, the compression stage was laterally translated 

to the photoelastic set-up to collect the photoelastic patterns. 
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5.2.3. Data interpretation 

5.2.3.1. SAXS/WAXS data analysis of pure enamel sample 

A typical WAXS pattern of HAp crystallites in the pure enamel sample is shown in 

Figure 5.2 a (only the (002) peak is selected for interpretation). At each compressive 

load step, the beam was scanned between the loading platens, and only the results 

from the middle were selected for WAXS interpretation to guarantee that the same 

location was studied during compressive deformation. The (002) peak of interest from 

each pattern was “caked” within the range of 20
o
 around the loading direction (Figure 

5.2 a). Furthermore, each pattern was “caked” with the same width of 20° in the 

direction of -15°, 0°, 15°, 30° and 45° with respect to the (002) peak (see Figure 5.2 a). 

Due to the much larger azimuthal range of the WAXS rings in dentine (see Chapter 4) 

than that in enamel, more directional normal strains can be chosen from the rings in 

dentine. In order to cover the whole available azimuthal range, different selection 

procedures with respect to dentine and enamel were used. The normal strain 

component along the centre direction of each “cake slice” represents the strain 

component in the corresponding orientation. Subsequently the 1-D radial plot of each 

individual (002) peak within each sector was fitted with a Gaussian function to obtain 

the peak centre position. The sample under strain-free condition (without any load) 

was characterised by WAXS and used as the reference state for strain measurement. 

As the load increased, the shift of the peak centre position with respect to the strain-

free reference point allowed the calculation of the elastic lattice strain of the HAp 

crystallites. In addition, the structural orientation angle was determined from the 

strain-free sample by azimuthal-radial “caking” of the (002) peak over the range of 
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available peak (-30
o 

~ 60
o
), and fitting the azimuthal centre position of the 

pronounced peaks of 
_( ) ~WAXS WAXSI    plot (Figure 5.2 c) [139]. 

For SAXS data analysis, the pattern from the strain-free enamel sample was taken 

as a reference. To quantify the degree of alignment in enamel, the 2-D SAXS patterns 

were processed by integrating over the entire relevant range of scattering vector q, 

resulting in a function ( )SAXSI  of the azimuthal angle
_ SAXS  (Figure 5.2 d) [153, 154]. 

The predominant orientation 
0_ SAXS  of the mineral crystals is determined by the 

position of the two peaks in the plot of ( )SAXSI   (e.g. 
0_ SAXS  in Figure 5.2 d), which 

corresponds to the short axis of SAXS pattern. Further, the degree of alignment  with 

respect to the predominant orientation of HAp crystallites can be calculated by Eq. 

3.11.  
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Fig. 5.2 (a) A representative enamel WAXS pattern of Debye-Scherrer rings with different 

intensities. The dark region in the centre is the beamstop. The (002) peak is marked with a 

small red arrow. Peak shifts at different positions on the (002) ring represent the average 

strains of (002) along different directions. Multiple angles with respect to the x-axis were 

“caked” (i.e. binned azimuthally within a 20
o
 range) in order to examine the strain variation 

(five angles are shown as examples -15
o
, 0

o
, 15

o
, 30

o
, 45

o
). The direction with the double-

arrow line indicates the preferred orientation interpreted from WAXS. (b) A representative 

enamel SAXS pattern. The direction of the short axis of the ellipse pattern indicates the 

predominant orientation of the HAp crystallites. The integration over q was performed from 

the beamstop radius to the outer radius of the pattern as marked with red dash. (c) A plot of 

_( ) ~WAXS WAXSI    without any external load (black dots, Gaussian fit indicated in red). The 

predominant orientation 
0 _WAXS =14

o is given by the position of the pronounced peak centre. 

(d) A plot of _( ) ~SAXS SAXSI    without any external load (black dots, Gaussian fit shown in 

red). The predominant orientation 
0 _ SAXS =174

o
 is the average position of the two peaks. The 

ratio / ( )oriented oriented unorientedA A A gives the degree of alignment. 
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5.2.3.2. WAXS data analysis of embedded enamel sample 

For the improved experiment, only the WAXS technique was used because the 

preliminary experiment has shown that the nano-particle distribution determined by 

SAXS and WAXS is similar. In addition, such information obtained by WAXS is 

more reliable since it is more sensitive to the texture distribution of crystallites. 

Typical WAXS patterns of HAp crystallites of the three embedded enamel samples 

are shown in Figure 5.3 a-c and only the peaks of interest were selected for 

interpretation (#6 (002) peak, #7 (002) peak and #3 (210) peak). For samples #6 and 

#7, the (002) lattice plane reflection ring from HAp crystallites contains the 

information on the orientation of the c-axis of the crystals as well as the fibril 

orientation. This is due to the fact that the enamel structure has a characteristic strong 

and distinct parallel orientation of needle-shape crystals [76]. For sample #3 the c-

axes of the crystals lie perpendicular to the measurement plane, so that the (002) peak 

is absent or weak. Therefore, another peak (210) needed to be selected. At each 

compressive loading step, the X-ray Eye detector (Photonic Science X-ray MiniFDI) 

was used to verify the central position. The Deben compression rig applied the load 

by displacing the two platens towards each other in a balanced way (i.e. at the same 

speed in an opposite direction), so as to preserve the centre position approximately 

stationary. This ensured that a consistent sample position in the centre of the sample 

was interrogated throughout the WAXS data collection. The elastic lattice strain of 

HAp crystallites was calculated as stated in section 3.1.4.1. 

Initially the peak of interest on each pattern was “caked” around a particular 

azimuthal angle over the within a range of 20
o
. The azimuthal angle is defined as the 

angle with respect to the x-axis in the x-y plane (perpendicular to the incident beam). 

For each specimen, a different azimuthal range was selected due to the preferred 
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orientation of crystallites in the sample (for sample #6 between 0
o
-45

o
, for sample #7 

between 45
o
-90

o
, and for sample #3 the available range was between 0

o
-90

o
). This is 

indicated by the red crosses in Figure 5.3 a-c. The lattice spacing value deduced for 

the centre direction of each caked sector gives rise to the normal strain value for the 

corresponding orientation (see Figure 5.3 a-c). To determine the lattice spacing, the 

experimental diffraction pattern was converted to the integrated 1-D plots of intensity 

vs. scattering angle. These plots for the three samples with peaks of interest are shown 

in Figure 5.3 d-f.  The peaks of interest were fitted with a Gaussian function in order 

to obtain the peak centre. With increasing load, the peak centre position moved with 

respect to the strain-free reference value. Finally, the calculation of the HAp 

crystallites elastic lattice strain was performed using Eq. 3.6.    

The orientation of the HAp crystallites was also carried out using a similar “caking” 

approach. In this case, the 1-D intensity was plotted as a function of azimuthal angle 

_( ) ~WAXS WAXSI    (Figure 5.3 m-n). Gaussian fitting of the azimuthal centre position 

of these peaks of plots can then be used to define an associated orientation [139].  
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Fig. 5.3 Geometrical assumptions of three distinct orientation enamel sample. (a)-(c) 

Representative WAXS patterns of Debye-Scherrer rings with differing intensities 

corresponding to each of the three samples (#6, #7 and #3 respectively). The dark region in 

the centre of the pattern is the beamstop. The direction with the red dashed double-arrow lines 

in (b) and (c) indicate the preferred orientation of HAp crystallites. Multiple angles with 

respect to the x-axis were caked (within a 20
o
 range) in order to examine the normal strain 
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variation (red crosses). (d)-(f) The experimental diffraction pattern of integrated intensity vs. 

scattering angle 2 of the three samples (#6, #7 and #3 respectively), and the peaks of 

interested are marked in red (g)-(i) Schematic illustration of the first-level geometric model of 

aligned rods with embedded HAp crystallites in the three samples with respect to the 

laboratory coordinate system, the loading direction is into the page. (j-l) Schematic 

illustration of the second-level geometric model of HAp crystallites with different crystalline 

distributions viewed in the x-y plane (#6: with the preferred orientation at 8
o
, #7: with the 

preferred orientation at 91
o
 and #3: random); (m)-(n) The intensity variation with the 

Gaussian fit (red curve) corresponding to the orientation distribution of samples #6 and #7.  

 

5.2.3.3. Photoelasticity data analysis 

For the calibration of the epoxy property to be used in finite element analysis, the 

solid epoxy disk without samples was preliminarily deformed. A series of loads (10 N, 

100 N, 200 N, 300 N and 400 N) were applied to an empty epoxy disk and the 

corresponding fringe numbers were recorded as shown in the first row of Figure 5.5. 

As illustrated in section 3.3.2, an average value for photoelastic properties was 

determined as f=21.22 (N/mmfringe). The patterns on the second row of epoxy with 

enamel samples in Figure 5.5 were then collected at the same series of loads. The 

numbers and distribution of fringes were recorded and then the difference between the 

principal stresses calculated by Eq. 3.34 was obtained and then compared with finite 

element modelling to determine the epoxy property. Since the loading was applied 

along the x-axis, with the epoxy disk lying in the x-y plane, the principal stresses were

1 0  , 2 0   and 3 0  . 
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5.3. Modelling 

5.3.1. Geometrical assumptions 

An outline of the geometrical assumption used in the enamel hierarchical model is 

given here. At the first structural level, the geometric model of human enamel 

involves aligned rods with a keyhole-shaped cross-section. The second-level structure 

consists of bundles of HAp needle-shaped crystallites found within each rod. These 

bundles are roughly aligned with the longitudinal direction of the rods with some 

minor misorientation. Figure 5.4 a illustrates the structure of enamel, modified from 

Habelitz [38] and the distribution of the HAp crystallites within the rod in 3D. For the 

simple way to demonstrate the misorientation distribution by considering the partial 

alignment of the crystallites, Figure 5.4 b-d provide schematic illustration of the 

geometric model derived from the enamel structure, where the first level regards the 

whole enamel sample as composed of aligned rods within a protein matrix phase 

(Figure 5.4 b), and the second level considers the rod as a composite in detail, 

consisting of partially aligned HAp crystallites and a protein matrix. This partially 

aligned distribution of HAp crystallites is based on the observation using scanning 

transmission electron microscopy (STEM), where a high percentage of HAp 

crystallites have a perfect alignment while the other crystals are more randomly 

distributed [49].  
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Fig. 5.4 Schematic diagram of two-level structure of human enamel. (a) A schematic 3D 

structure of enamel, showing keyhole-like rods aligned in parallel (modified from Habelitz 

(2001). The rods contain organized and bundled HAp crystallites; (b) Rods viewed along their 

longitudinal direction; (c) Rods viewed along their transverse direction; (d) The structure of 

partial aligned needle-like HAp crystallites viewed from the cross-section parallel to the rods 

direction. The alignment angle   with respect to the global x-axis is also shown. 

 

In order to achieve the orientation distribution of the rods in the enamel samples, 

improved illustration is shown in Figure 5.3 g-i. The degree of misorientation can be 

determined from careful WAXS data interpretation. This analysis assumes that the 

peak intensity at a given azimuthal angle is proportional to the number of HAp 

crystallites of this orientation [49].  Furthermore, the predicted distributions of needle-

shaped HAp crystallites (in the measured cross-section, perpendicular to the beam 

direction) are shown in Figure 5.3 j-l in which the misorientation distribution is based 

on the intensity plots in Figure 5.3 m-n. The principal orientation of sample #3 is 
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aligned so that orientation component is observed perpendicular to the beam, and 

therefore no equivalent plot is produced. Both levels are non-dilute systems consisting 

of a number of inhomogeneous inclusions. For simplicity, both rod and HAp 

crystallites are assumed to be of needle shape.   

 

5.3.2. Two-level Eshelby model of enamel 

    5.3.2.1. First-level model: multiple aligned rod inclusions  

within enamel 

The purpose of the first-level model for human enamel, which describes multiple 

aligned rod inclusions within enamel, is to establish the elastic relationship between 

the externally applied stress A  and the stress in the rod-like inclusions

inclusion rod  , which has been shown in Eq. 3.28 (the orientation effect of rods by 

the orientation matrix T is included here, giving the orientation of an individual rod 

with respect to the laboratory coordinate system)  

   1 1

1 1 1 1 1 1 1(1 ) ( ) ( ) ( ) ( )rod T A

M rod M rod rod rod M M rod MT f C S I C C S f S I C C C T C 
          

     
or written more simply,

 

rod AH 
                   

(Eq. 5.1) 
                       

 

In the above expression, 1f  is the volume fraction of rods in the enamel, rodS  is the 

Eshelby tensor for a cylinder that approximates the rod shape and 1MC , rodC  are the 

stiffness tensors of the protein matrix and rod respectively. In the present model, the 

laboratory coordinate is fixed, and it is assumed that the rods are all aligned along the 

loading direction, thus T is constant. The rod stiffness remains to be determined from 

the second-level model. 
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    5.3.2.2. Second-level model: partially aligned HAp 

inclusions within each individual rod 

The purpose of the second-level model of enamel, which describes partially 

aligned HAp inclusions within one rod, is to establish the relationship between the rod 

inclusion stress and the average strain in the HAp crystallites within rod
HAp

  

( 1=
HAprod K  ). The measured lattice strain corresponds to the mean strain value for 

all the crystallites within the considered gauge volume [179]. Due to the partial 

alignment of HAp crystallites within the rod, the real apparent stiffness K1 is to be 

given by the values bounded by the two extreme cases, namely that of fully random 

distribution and that of perfect alignment. 

 

a). Multiple perfectly aligned HAp crystallites 

Supposing all the crystals are perfectly aligned and the alignment direction is 

described by the orientation matrix T, the relationship between the average HAp 

crystallites strain and the rod inclusion stress obtained from the first-level model has 

been established by Eq. 3.31:  

  
1

11
1 1

2 2 2( )
HAp T T T rod

m Maligned HAp HAp HAp
T I C C S f S I I T T C 




   
 

        
 

                                   or expressed more simply
  

HAprod

aligned aligned
K                (Eq. 5.2) 

where 
HAp

C  and 
HAp

S  are the average stiffness and Eshelby tensor. Since all the 

crystallites are perfectly aligned, = HApHAp
C C , =HAp HApS S . Note that a single HAp 

crystallite in the second level can be regarded as a single inhomogeneity with needle-

like shape, thus the Eshelby tensor for a single HAp crystallite should be the same as 
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the rod inclusion ( HAp rodS S ) and the stiffness of a single HAp crystallite has been 

reported to be transversely isotropic [189]. In Eq. 5.2, different orientation angles 

(different matrices T) would lead to different values of 
HAp

aligned
 .  

 

b). Multiple randomly distributed HAp crystallites 

Supposing all the crystals are randomly distributed, the relationship between the 

average strain in HAp crystallites and rod stress is independent of the orientation 

matrix in Eq. 5.2. Thus the relationship becomes 

  
1

11
1 1

2 2 2( )
HAp rod

M Mrandom HAp HAp HAp
I C C S f S I I I C 




 
 

        
 

 

or expressed more simply 
HAprod

random random
K 

                              
(Eq. 5.3) 

Different from perfectly aligned crystallites, the average value of 
HAp

S  can no 

longer be the value of a single crystallite, but should be obtained by the volume 

average value of all the crystallites. However, as an alternative, the averaging effect 

can be captured by using the single crystallite relationship as Eq. 5.2 and averaging 

over all the values with different Euler angles (see Eq. 3.32, averaging the results 

obtained from each single crystal relationship as Eq. 5.2 over all possible orientations).  

 

    c). Multiple HAp inclusions with partially aligned distribution 

In order to model the observed preferred orientation of HAp inclusions (Figure 5.3 

d), we represent it as a superposition of a random distribution with a volume fraction 

alignedf of perfectly aligned particles. In this case the overall apparent stiffness for the 
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partially aligned HAp crystallites _

HAp

partial alignedK  is given by the rule of mixture between 

randomK and 
alignedK : 

   _ (1 )HAp

partial aligned aligned random aligned alignedK f K f K  
                  

(Eq. 5.4) 

where (1 alignedf ) now represents the volume fraction of the  randomly distributed 

crystallites, and 
alignedf  corresponds to the degree of alignment of crystallites revealed 

by SAXS measurement. Thus, the relationship between the rod inclusion stress and 

the average internal HAp crystallites lattice strain becomes 

_

HAprod HAp

partial alignedK 
                                  

(Eq. 5.5) 

 

    d). Simplified model of partially aligned HAp inclusions 

     In order to evaluate the multi-directional normal strain components, a simplified 

second-level model of enamel is presented here. Considering Eq. 5.2, in this case, 

each azimuthal angle shown in Figure 5.3 a-c was considered to correspond to a group 

of perfectly aligned HAp crystallites with a certain volume fraction 2kf and 

orientation Tk, where 2kf can be determined from the WAXS intensity plot (Figure 5.3 

m-n). In another word, the bundled HAp crystallites consist of a distribution of 

multiple groups with different orientations and different volume fractions. Meanwhile, 

in each group, all the crystallites are perfectly aligned, thus 
HAp

C  and 
HAp

S  can be 

represented by the single crystallite value = HApHAp
C C , = HApHAp

S S . Note that 

HAp rodS S . 
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5.3.2.3. Determination of the rod stiffness  

In Eq. 5.1, the stiffness of the rod rodC  still remains to be determined. Since the 

rod is regarded as a composite consisting of protein matrix and mineral HAp 

crystallites, rodC  can also be determined using the Eshelby inclusion model, taking 

into account the volume fraction ( 2f ), average Eshelby tensor (
HAp

S ) and average 

stiffness (
HAp

C ) of HAp crystallites in the second level. To simplify the 

determination, it is assumed that all HAp crystallites in the rods are aligned with an 

angle with respect to the longitudinal direction of rod (thus = HApHAp
C C , 

= HApHAp
S S ). Such orientation is the preferred orientation revealed by SAXS/WAXS 

and is reflected in the model by a unique orientation matrix 
HApT . The expression of 

the stiffness of rod is given here without detailed derivation 

       
1

1
1 1

2 2 2 2 2 2 2rod M HAp M HAp HAp M HAp M MC C f C C S f S I C C C C




        
 

 

(Eq. 5.6) 

where 
T T

HAp HAp HAp HApS T S T   is the transformed Eshelby tensor and 1 T

HAp HAp HAp HApC T C T   

is the transformed stiffness of aligned transversely isotropic HAp crystallites. Further, 

the overall relationship between the average HAp crystallites strain and the externally 

applied stress can be established by combining Eq.5.1 and Eq.5.5.  

1 1

_

HAp HApA rod HAp

partial alignedH H K K      
                  

(Eq. 5.7) 
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5.3.3. Finite element analysis 

The finite element package ABAQUS
○R

 v.6.9 was used in connection with the 

photoelastic technique to simulate the stress distribution and the associated 

photoelastic patterns around the enamel samples. Direct comparison of photoelastic 

patterns between model and experiment provides a way of simultaneously verifying 

the correctness of the macroscopic properties (of epoxy and enamel) and of the 

mechanical model of the stress distribution within the epoxy disk around the enamel 

samples. In order to visualise the photoelastic fringe patterns, the “Tresca equivalent 

stress” Tresca  was selected as the output parameter. Initially a simulation of the solid 

photoelastic epoxy disk (the calibration specimen) was carried out using a plate model 

with 12 mm diameter and 2 mm thickness. The elastic constants of the epoxy were 

identified by comparing Tresca  contour plot with the fringe patterns observed at 

different loads.  

In order to model the enamel sample (2×2×2 mm
3
), a cubic inclusion was 

introduced and embedded in the centre of the epoxy disk with the isotropic elastic 

constants obtained from the calibration. The experimentally applied loads were 

introduced on the edge of the epoxy model and the stress distribution around the 

sample (in the x-y plane in global coordinates) was recorded. The tractions present at 

the boundary of the enamel inclusion obtained from this model were then used as the 

externally applied stress values in the Eshelby model. 
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5.4. Experimental results and model evaluation 

5.4.1. Finite element modelling of photoelastic patterns 

The photoelastic fringe patterns of solid epoxy disks and epoxy with enamel 

embedded at the disk centre are shown in Figure 5.5 a. The results for Tresca stress 

distribution simulated in ABAQUS are shown in Figure 5.5 b. The stress variation 

along the edge of the samples simulated in ABAQUS was not a constant, but was 

concentrated especially at the two corners. Direct comparison and matching of the 

model to the photoelastic patterns for solid epoxy disks lead to the isotropic elastic 

constants of epoxy disk, estimated to be 
epoxyE  =1.2±0.015 GPa, 

epoxy  =0.35 [190]. 

These parameters were used for the samples with embedded enamel to calculate the 

predicted normal stress distribution around the enamel inclusion that are illustrated in 

Figure 5.6 a corresponding to the maximum external load of 400N. At this applied 

load the average stress values on all the nodes of each sample edge were calculated in 

order to eliminate the effect of the singular points or oscillation at the corner, with the 

result of -54.1 MPa in the x-axis and 0.27 MPa in the y-axis. Therefore the sample 

loading condition was found to be close to uniaxial. As expected, the average stress 

value applied to the sample was also found to be linearly proportional to the value of 

the externally applied load, as shown in Figure 5.6 b. Such average stress evolution 

was used as the external force in the next section for the embedded enamel sample. 
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Fig. 5.5 (a) Photoelastic images and (b) ABAQUS simulation images of Tresca stress 

distribution of the epoxy disks without (first row) and with embedded enamel (second row) 

under series of loading conditions.   
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Fig. 5.6 (a) Normal stress distribution around the cubic enamel samples in x- and y- axis (x-y 

plane is the measurement plane) at the maximum external loading of 400N. The averaged 

value of the stress distribution was extracted as -54.1 MPa along x-axis (loading direction) 

and 0.27 MPa in y-axis (transverse direction). (b) The external load vs. the averaged stress 

value applied to the sample in the y-axis.   

 

  5.4.2. Nano-scale HAp crystallite distribution and the 

mechanical response of enamel 

5.4.2.1. Pure enamel sample 

For the pure enamel sample, the loading areas were accurately determined by 

micro-CT measurement, which was 3.55 mm
2
. Figure 5.2 a shows a WAXS pattern of 

an enamel consisting of a system of Debye-Scherrer rings (peaks). Since enamel is 

textured, only limited range of diffraction rings can be captured. The radial shifts of 

the (002) peak in the WAXS pattern were measured under uniaxial compressive 

loading applied in longitudinal direction with respect to the rod direction. The 

preferential orientation of HAp crystallites obtained by WAXS pattern is shown to be 

roughly perpendicular to the arc of (002) peak and the detailed value is determined 

from the stress-free plot of ( ) ~WAXSI    (Figure 5.2 c) with the Gaussian fit (red line). 
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The SAXS pattern as shown in Figure 5.2 b contains the information of orientation 

and degree of alignment of the gaps between the HAp crystallites. As mentioned 

above, the information about HAp crystallites orientation distribution can be deduced 

by gap scattering. The preferential orientation shown in Figure 5.2 b is roughly along 

the short axis of the elliptical pattern and the detailed value is also determined from 

the stress-free plot of ( ) ~SAXSI    (Figure 5.2 d) with the Gaussian fit (red line). The 

detailed values of the orientation and degree of alignment obtained by WAXS and 

SAXS patterns are listed in Table 5.1, from which these parameters were used in the 

Eshelby model evaluation. 

 

 

Fig. 5.7 Comparison of experimental data and modelling results of pure enamel sample. (a) 

For the applied compressive stress vs. elastic lattice strain for HAp crystallites. (b) For the 

variation of normal strain (NS) with orientation (azimuthal angle). 

 

The shifts of (002) peak from WAXS along x-direction were used to obtain the 

elastic lattice strain values. Figure 5.7 a shows the experimental results of the applied 

stress vs. HAp crystallites lattice strain of sample along the loading direction, 

indicating a linear increase as expected. Two results are given respectively using the 

preferred orientation angles obtained by SAXS and WAXS but keeping other 

parameters the same. The ratio of the uniaxial stress and the average lattice strain of 
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HAp crystallites gives the apparent modulus [50], which is listed in Table 5.1. 

Meanwhile, the residual (initial) strain was found to be quite small and can therefore 

be neglected. The shifts of (002) peak along other directions were also measured, e.g. 

by caking each pattern with the width of 20° along the directions of -15°, 0°, 15°, 30° 

and 45° to determine the azimuthal variation of the normal strain component. The 

result is shown as an azimuthal plot in Figure 5.7 b, where 0° represents the loading 

direction. Note that the normal strain component undergoes a transition from negative 

to positive at around 25°.  

 

5.4.2.2. Embedded enamel sample 

For the embedded enamel samples #6, #7 and #3, Figure 5.3 a-c respectively 

represent the typical WAXS patterns that consist of series of Debye-Scherrer rings 

(peaks). The textured nature of enamel means that only limited azimuthal ranges 

within the rings could be captured in samples #6 and #7. In contrast to that, in sample 

#3 the crystallites were approximately randomly distributed in the x-y plane, so that 

complete rings were observed. Figure 5.3 m-n respectively show the azimuthal 

intensity variation within the available azimuthal ranges in the measurement plane (x-

y plane) in samples #6 and #7. This provides information about the crystallites 

orientation distribution. The preferred orientation direction of the basal plane in HAp 

crystallites in samples #6 and #7 is approximately perpendicular to the central bisector 

of the arc of the interested peak (see Figure 5.3 b-c). The precise values were 

determined from the Gaussian fit in Figure 5.3 m-n (red line). Since the deformation 

considered was elastic, the crystal orientation was examined to be unchanged, i.e. the 

peak centres found from the plots shown in Figure 5.3 m-n remain the same at all 

applied loads.  
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In order to obtain the variation of the average normal elastic lattice strain 

component of HAp crystallites with applied load, the peak shifts at different 

azimuthal angles were obtained from the WAXS data through caking each pattern into 

20° sectors. The available range for each sample was different, as shown by the red 

marks in Figure 5.3 a-c: in sample #6 between 0°-45° and in sample #7 between 45°-

90°, while in sample #3 the range was 0°-90°. For each sample, the elastic lattice 

strain, as a function of applied stress calculated in section 5.4.1, is plotted as the 

argument against the applied stress for different azimuthal angles in Figure 5.8 (in 

which 0° represents the loading direction). The experimental results indicate that, as 

expected, there is an approximately linear relationship along each direction and that 

each azimuthal angle corresponds to a different slope. This ratio between the applied 

uniaxial external stress and the average HAp crystallites lattice strain gives the 

apparent modulus along different directions [50]. At this stage it is also relevant to 

mention that the initial residual strain in the samples was found to be negligible.  
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Fig. 5.8 The experimental results of applied compressive stress vs. elastic lattice strain of 

HAp crystallites for the three samples at different azimuthal angles (every 15
o
 degree) with 

respect to the loading direction. (a) sample #6; Due to the symmetry, only the available angles 

from the (002) ring from 0
o
 to 45

o
 are selected. (b) sample #7; Due to the symmetry, only the 

available angles from the (002) ring from 45
o 

to 90
o
 are selected. (c) sample #3; Due to the 

symmetry, only the available angles from the (210) ring from 0
 o
 to 90

 o
 are selected.  

 

5.4.3. Evaluation of the multi-scale Eshelby model 

5.4.3.1. Pure enamel sample 

In the model for pure enamel sample, the material properties and other parameters 

used were taken from literature [82, 83, 136, 189],  and refined by fitting with the 

experimental data of HAp crystallites lattice strain. The initial volume fraction of 

HAp crystallites was taken from the previous analysis of the self-similar hierarchical 

two-level model of enamel, i.e. approximately 95% at both the micro-scale and nano-
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scale levels [136]. In detail, at the first level, 95% represents the volume fraction of 

rods within the protein matrix, while at the second level, 95% represents the volume 

fraction of mineral within each rod. This means that the overall volume fraction of 

mineral in the enamel is ~90%. In general, Young’s modulus of 1GPa for protein is 

found in literature, without taking into account the viscoelasticity or viscoplasticity 

[82, 83]. The needle-like HAp crystallites in the enamel were also assumed to have a 

transversely isotropic stiffness with five independent elastic constants [189]. To 

represent the shape of the rod and of the HAp crystallites for each level, the cylinder 

Eshelby tensor (prolate spheroid) was used. The elliptical semi-axes a1 and a2 within 

the transverse cross-section were assumed to be the same, (a1/a2=1), but different 

from a3. The apparent modulus K was calculated based on the different preferred 

orientation angles of the HAp crystallites obtained by both SAXS and WAXS. All the 

parameters refined to obtain the best fit are listed in Table 5.1, as well as the reference 

values from literature. A comparison of the stress/strain curve along the loading 

direction between the model prediction and the experiment is plotted in Figure 5.7 a, 

where the Voigt and Reuss bounds are also provided. As expected, it is found that the 

modified Eshelby model prediction lies between the two bounds and gives a 

satisfactory agreement with the experimental data. Meanwhile, the comparison of 

normal strain variation with the azimuthal angle is presented in Figure 5.7 b. It gives 

the model prediction results using different preferred orientation angles of HAp 

crystallites obtained by both SAXS and WAXS.  
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Tab. 5.1 Experimental results from SAXS/WAXS, and the refined structural parameters of the 

enamel used in the multi-scale Eshelby model (values reported in literature are also presented) 

 

Parameter Enamel Reference values 

Orientation (from SAXS)  174° N/A 

Orientation (from WAXS) 14° N/A 

Degree of alignment 0.6 N/A 

K_exp. 124.3 GPa N/A 

1 2f f  95% 95% [136] 

1MC  Em=1GPa, vm=0.3 
Eprotein=1GPa, vprotein=0.3  

[82]  

2MC  Em=1GPa, vm=0.3 
Eprotein =1GPa, vprotein=0.3  

[82] 

HApC  

Exx=148.42GPa, Gxy= 

Gxz=39.6GPa 

vxy= vxz =0.34, vyz=0.21 

Eyy= Ezz=114.26GPa  

Exx=140GPa, Gxy= 

Gxz=39.6GPa 

vxy= vxz =0.3, vyz=0.2 

Eyy= Ezz=114.26GPa  

[189] 

_1 _ 2cylinder cylinderS S  1 2/ 1a a   
[35] 

K_model (from SAXS)  122.9 GPa N/A 

K_model (from WAXS) 120.4 GPa N/A 

 

 

5.4.3.2. Embedded enamel sample 

Following the same way of doing parameter refinement as stated in section 5.4.3.1, 

the final refined parameters and reference values for the embedded enamel sample are 

summarized in Table 5.2. In Figure 5.9, the comparison between the model prediction 

and experimental data of the normal strain variation in the three samples under the 
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maximum external load of 400N (derived from the ABAQUS model) is shown as a 

plot against the azimuthal angle.  

 

 

Fig. 5.9 Comparison of experimental data (black markers) and modelling results (solid black 

lines) for the variation of normal strain component with orientation distribution (azimuthal 

angle) at the maximum externally applied load of 400N. (a) sample #6, from 0-45
o
; (b) 

sample #7, from 45-90
o
; (c) sample #3, from 0-90

o
.  
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Tab. 5.2 Preferred orientation and refined structural parameters of the enamel embedded in 

the epoxy used in the two-level Eshelby model (values reported in literature are also 

presented) 

 

Parameter #6 #7 #3 Reference values 

Preferred 

orientation 8° 91° -  

1 2f f  93% 90% 95% 95% [35] 

1 2M MC C  Em=1GPa, vm=0.3 Ecollagen=1GPa, vcollagen=0.3 [191] 

HApC  

Exx = 132.1±9GPa,  

Gxy = Gxz = 39.6GPa  

vxy =vxz = 0.33±0.07, 

 vyz = 0.31±0.08 

Eyy =Ezz = 114.3±6.5GPa 

Exx = 138.42GPa,  

Gxy =Gxz = 39.6GPa 

vxy =vxz = 0.30, vyz =0.2 

Eyy =Ezz =114.26GPa   [82] 

_1 _ 2cylinder cylinderS S

 
1 2/ 1a a   [31] 

 

 

5.5. Discussion 

The hierarchical nano-structure of human enamel may vary significantly between 

patients due to personal history, diet, ethnic origin, etc. However, due to the ethical 

legislation in the UK, it was not possible to obtain or publish any further information 

on the medical history of the patients.  

This study was conducted using the penetrating power of synchrotron X-rays to 

provide a bulk probe for structure and strain analysis. Unlike the vast majority of 

studies that rely on the surface characterization (SEM, AFM, nanoindentation, Raman, 

etc., and also the reflection mode of X-ray diffraction), this WAXS study requires less 

preparation effort in terms of cutting and storage and surface conditioning. The use of 

much thicker samples and gauge volumes (~2 mm) than those for other methods 
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(~0.05 mm) ensured that the bulk response investigated was not affected by minor 

surface changes. The combination of the data obtained using penetrating radiation 

(synchrotron X-ray) with model refinement offers the possibility of identifying the 

nano-scale parameters of the bulk enamel. The parameter refinement and validation 

strategy employed in the model adopted in the present study is particularly helpful in 

the identification of nano-scale parameters that may be hard to determine in other 

experiments. The relationship between the nano-scale structure and the macroscopic 

mechanical behaviour established in our study improves the understanding of the 

nano-particle distribution effects that was lacking in the earlier studies [132, 135, 139]. 

 

5.5.1. Refined parameters of the two-level Eshelby model 

The inputs from reference data on material parameters (HAp crystallites stiffness, 

etc.) were only used as the starting guess for the optimization of the elastic constants 

in order to obtain the best fit to our experimental data. The improved setup in the 

experiment involving photoelastic epoxy mounting, the three samples studied were 

cut from the same tooth. On the one hand, this limits the applicability and generality 

of the results to a particular tooth of a particular patient, reflecting corresponding 

biological and behavioural specificity. Therefore, it is important to draw any 

conclusions or generalisations with appropriate degree of caution. On the other hand, 

it is important to note that within the sample set considered here, their properties such 

as the degree of mineralisation, size of particles etc. were similar and consistent, with 

the exception of the single aspect, namely, the orientation distribution of the nano- 

HAp crystallites that is known to vary with location within the tooth. The single 

crystal elastic constants of HAp crystallites were assumed to be the same. The final 

parameters used in the multi-scale Eshelby model, outlined in Table 5.1 and Table 5.2, 
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were refined iteratively, staring from the values reported in the literature. In order to 

estimate the error in our evaluation of parameters, we carried out a careful study of 

error propagation in our model fitting procedure following the error analysis methods 

in [192]. The 95% confidence interval in the fitting results was propagated back into 

elastic modulus uncertainty. Note that since the results of our test were not sensitive 

to the shear modulus, the uncertainty of the shear modulus was not assessed.  

Of the refinable parameters, the key ones are the volume fraction of constituents at 

each level and the elastic constants of a single HAp crystallite. Among these 

parameters, the elastic constants, and the modulus in particular, exert the most 

profound influence on the result. In the model matching (optimization) process, 

within each specimen, the volume fraction of the rods in enamel and the HAp 

crystallites in rod were assumed to be the same. After the refinement of the elastic 

constants (within the range reported in the literature) the volume fraction was further 

refined. At this stage, further adjustments of other parameters were also attempted and 

it was found that this only had a minor effect. Note that for the improved experiment, 

the model fitting was carried out so as to find the parameters that gave the best 

agreement for all the three samples.  

Furthermore, environmental and developmental factors may influence the 

mechanical behaviour of enamel [193]. Following tooth eruption, the interaction of 

the enamel surface with ions in saliva leads to enamel maturation. This post-eruptive 

maturation may affect the mechanical behaviour of enamel surface. For example, the 

incorporation of fluoride into enamel and the formation of fluoroapatite may exert an 

influence on the superficial layer of dental enamel. However, the transmission X-ray 

setup we employed ensured that the bulk rather than the surface was characterised for 
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the samples obtained from freshly extracted teeth with no apparent damage, caries or 

evidence of dental treatments. 

 

5.5.2. Residual strain 

During the preparation process, a low speed diamond saw and polishing papers 

were used to minimise the effect of induced residual strain. The other origin of 

residual strain may be the natural growth of teeth. For the embedded enamel samples, 

at low load values, there is a transition region in the transversely loading samples (#7 

and #3), which might result from the residual tensile strain in the transverse direction. 

However, as also shown in Figure 5.8 b-c, the residual strain in the samples was found 

to be small in magnitude and was relieved subsequently at higher load values. In 

addition, the pre-existing residual strain is also small as illustrated in Figure 5.7 a. The 

choice of the unstrained reference lattice parameter affects the results and may 

introduce errors in determining the elastic strain. It is important to note, however, that 

the principal aim of the present study was to consider the changes in elastic strains 

that occur with loading, that remain unaffected by the choice of unstrained reference. 

It is also worth noting that the lattice parameters reported in the literature are mostly 

obtained from the powdered samples. Large volume averaging of lattice parameters 

may over- or under- estimate the value found at a particular location in the structured 

sample. Note that in the experiments the X-ray beam illuminates the same area of the 

sample. In summary, the measured lattice parameter changes reflect correctly the 

lattice parameters evolution under varying external loading. Since the elastic response 

has been experimentally observed to be dominating after the transition (reflected in 

the linearity of the experimental stress-strain curve), the presence of this initial 

residual strain only amounts to an initial offset. This means that there has been no 
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impact from residual strain on the prediction of the elastic properties and that this 

offset can be neglected in the present analysis.  

 

5.5.3. Gap scattering (SAXS) 

For the pure enamel sample, the good agreement between the apparent modulus K 

results calculated using different HAp preferential orientations determined by SAXS 

and WAXS provides strong evidence and validates the argument that the SAXS 

pattern arising from gap scattering [152] can be used to deduce the HAp crystallite 

orientation distribution, i.e. the gaps are almost parallel to HAp crystallites inside the 

rod. Therefore, we report confirmation that SAXS data provides beneficial 

complimentary information for determining the crystal orientation distribution in 

enamel and other mineralised tissues. However, since WAXS is more sensitive to 

crystals while SAXS is only sensitive to the nano-particle distribution of crystals or 

non-crystals, WAXS is more reliable in determining crystal orientation. 

 

5.5.4. The effects of preferred orientation of HAp 

crystallites 

The effect of the nano-scale structure (the HAp crystallite distribution) on the 

macroscopic mechanical response was further investigated by changing the 

preferential crystal orientations (changing the orientation matrix in Eq. 5.3). A 3D 

model of perfectly aligned crystals inside a rod is established (Figure 5.10 a) with the 

angle   describing the rotation of the alignment direction around the global Z-axis. 

When all HAp crystallites are aligned along the global X-axis,   equals to 0°. By 

changing the relative alignment direction, the variation of 
alignedK  with respect to the 
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loading direction can be calculated (Figure 5.10 b). From Figure 5.10 b, the 

corresponding results using the real orientation angles found in the experiment (174° 

from SAXS and 14° from WAXS) are found to be 
_aligned SAXSK =138.1 GPa and

_Waligned AXSK =131.8 GPa, i.e. closely similar values. Meanwhile, due to the high degree 

of alignment of HAp crystallites in the enamel, the value of the overall apparent 

modulus _

HAp

partial alignedK  lies closer to 
alignedK rather than randomK . The enamel displays 

strong microscopic elastic anisotropy. It is interesting to note that the orientation with 

the largest stiffness is found, as expected, around 0° with respect to the loading 

direction. However, the most compliant orientation observed is not at 90° 

(perpendicular to the loading direction), but rather around 50° or 130°. This is due to 

the transversely isotropic stiffness of HAp crystallites.  

 

 

 

 

 

  

Fig. 5.10 Preferential alignment effect on the apparent modulus of HAp crystallites in human 

enamel. (a) A simplified visualization of the alignment of HAp crystallites. The beam 

direction is along the global Z-axis and the alignment here represents the angle between the 

local x-axis and global X-axis (initially aligned angle 0o  , i.e. the local x-axis of a needle 

is initially along the global X-axis). (b) By changing the alignment angle (0°-180°), the 

average strain of the crystals along the loading direction can be obtained by the multi-scale 



137 

 

Eshelby model, which then indicates that alignedK  varies with respect to the preferential 

alignment angle. 

 

5.5.5. Finite element simulation 

The high level of correlation seen between the finite element analysis result 

(illustrated in Figure 5.5 b) and the photoelastic patterns (shown in Figure 5.5 a) 

suggests that the stress values extracted from the finite element model are a good 

representation of the tractions applied to the enamel sample embedded in the epoxy. 

In Figure 5.5 b the stress concentration region has been shaded grey. As this region is 

far enough away from the enamel inclusion, it can be neglected. Only the patterns and 

stress distribution close to the enamel need to be considered. The plot of the normal 

stress distribution in Figure 5.5 b is likely to originate from the frictional contact 

condition set between the enamel sample and epoxy in ABAQUS. However, the use 

of the averaged value of the stress distribution is able to minimize the effect of this 

oscillation. In short, the finite element results suggest an accurate estimation of the 

input stress for the two-level Eshelby model.  

 

5.5.6. Normal strain component variation 

The main difference between the three different samples was the orientation of the 

rods with respect to the external loading direction. For sample #6 in Figure 5.9 b, in 

which the load was applied along the longitudinal direction of the rod, the crystal 

lattice strain at a given stress was larger at 0
o
 (i.e. along the loading direction) than at 

any other angles (which is a direct result of the Poisson effect). However, for the other 

two samples (#3 and #7), in which the rod orientation was perpendicular to the 

loading direction and the lattice strain was found to be larger at 90
o
 than at other 
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angles. These plots also demonstrate that loading along the transverse direction of the 

rod induces higher levels of stress or strain in the HAp crystallites. In addition, the 

deviation from linearity was found in the three samples (45
o
 for samples #6 and #7, 

and all the orientation angles for sample #3). Such relatively large experimental errors 

may result from the relatively weak intensity at the edge of the rings for samples #6 

and #7, while for sample #3, the whole ring demonstrates a relatively weak intensity. 

The plots of applied stress against lattice strain also have a common trend, in that 

the linear relationship starts only after a certain applied stress has been reached, 

especially in samples #3 and #7 (shown in Figure 5.9 a and c). Since the initial 

evolution of normal strains along different directions is identical, it indicates that the 

sample is subjected to hydrostatic stress condition. In any case, this effect appears to 

have only minor influence on the further response.  

 

5.5.7. The elastic anisotropy of the HAp crystallites 

The different mechanical responses of HAp crystallites with respect to the 

loading direction shown in Figure 5.8 and 5.9 originate not only from the different rod 

directions, but also in the strong anisotropic stiffness of HAp crystallites. The three-

dimensional directional modulus of a single HAp crystallite was calculated by 

transforming the transversely isotropic stiffness matrix of a single crystal with 

different rotation matrices. The result is shown in Figure 5.11. The non-spherical 

shape corresponds to the elastic anisotropy of the HAp crystallite. In Figure 5.11 a, 

the x-axis represents the longitudinal direction of the needle-shape HAp crystallite. 

Figure 5.11 b demonstrates the projections of the resulting modulus on the x-y plane 

and y-z plane. The projection on the x-y plane is similar to the cases of samples #6 and 

#7, and the circular projection on the y-z plane is similar to the case of sample #3 in 
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which an isotropic modulus is observed. The orientation with the largest stiffness is 

found to be along the x-axis, as expected (longitudinal direction of the HAp 

crystallite). However, the most compliant orientation observed in Figure 5.11 b is not 

at 90°, but rather around 60° due to the transverse isotropic stiffness of HAp 

crystallites.   

 

 

Fig. 5.11 3-D transversely isotropic elastic modulus of HAp crystallite. (a) 3-D representation 

of directional dependency of HAp crystallite elastic modulus (unit: GPa); (b) the projections 

of directionally dependent modulus on the x-y plane (blue dashed line) and y-z plane (solid 

black line). 

 

5.6. Conclusions 

In this study, the lattice strain variation related to the nano-scale HAp crystallites 

distribution of human enamel was measured during in situ elastic compression by the 

combination of synchrotron SAXS/WAXS and photoelasticity techniques. The 

coherent results obtained for both WAXS and SAXS indicate that the SAXS pattern 

arising from the inter-mineral gaps can be used to reflect the HAp crystallites 

orientation. In addition, as an improvement of the earlier proposed composite model 

[77, 78], a multi-scale Eshelby inclusion model was established to estimate the elastic 
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properties of enamel, considering it as a two-level composite. Such second-level 

effect cannot be ignored since the mechanical behaviour shows strong dependence on 

the nano-scale crystallite orientation distribution. This model was validated in both 

cases (pure enamel sample and embedded enamel samples) with good agreement 

observed between the measured and calculated normal lattice strain component 

variation in different azimuthal directions. 

This is the first study with combined SAXS/WAXS on the nano-scale structure and 

its influence on the macroscopic and microscopic mechanical behaviour of human 

enamel. It provides access to the information on both the structural and mechanical 

aspects of the sample and allows us to make further progress compared with the 

previous studies which only used WAXS [134, 135] to determine the HAp crystallites 

strain evolution but the main domain of SAXS pattern from two phase system was not 

used to reveal the nano particles distribution, only to focus on the collagen diffraction . 

This systematic experimental and modelling approach is able to capture the complete 

picture of the multi-scale structure, material elastic properties and its evolution under 

loading. The parameter refinement and validation approach adopted in the present 

study offers an important alternative route to the identification of nano-scale 

parameters to other techniques. Other established experimental characterization 

techniques, such as nanoindentation and microscopy, are confined to the sample 

surface, making overall bulk parameter identification difficult. Combining the present 

results on enamel with previously published data on human dentine in Chapter 4, an 

improved understanding of the multi-scale structural-mechanical properties within 

human dental tissues can be given. Besides the implications for the characterization of 

the structure-property relationship of other hierarchical biomaterials, this knowledge 

is essential for developing better prosthetic materials and dental fillings, and could 
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also shed light on the mechanical property evolution associated with the multi-scale 

structural changes within human teeth due to disease and treatment. Finally, this 

approach also enables the characterization of the structure-property relationship of 

other hard hierarchical biomaterials. 
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Chapter 6 

Structural-property characterization of the 

dentine-enamel junction (DEJ) 

 

6.1. Brief introduction 

For many decades now, the continued demand for improved dental treatment and 

prosthetics has driven the advancement of understanding of the micro-architecture of 

human teeth. The dentine-enamel junction (DEJ) is an important internal interface 

between the highly mineralized hard outer layer (enamel) and the softer tooth core 

(dentine). Unless diseased, this interface never fails by fracture or collapse, despite 

the extreme thermo-mechanical loading it experiences in the oral cavity. This stands 

in stark contrast to the interfaces between artificial dental restorative materials 

(fillings) and dentine [194]. The DEJ thus constitutes a superb lesson from nature on 

how to achieve strong, durable bonding between significantly dissimilar materials: the 

hard, brittle outer layer of enamel and the softer, but tougher dentine. It is the desire to 

learn from nature’s architecture of mineral-organic composite, hierarchically 

structured, property gradient materials that provided the motivation for the studies 

described in the present Chapter. 

In this study a range of experimental techniques was employed for the purpose of 

structure-property analysis of this naturally engineered interface. The microstructure 

of the DEJ was firstly investigated by Micro-Computed Tomography (Micro-CT). 

Two modern high-resolution X-ray synchrotron scattering analysis techniques 

(SAXS/WAXS) were then applied in the undisturbed state to visualize the spatial 
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distribution of HAp crystallites across the DEJ. In situ WAXS successfully captures 

the structure-property relationship between the architecture of DEJ and its response to 

the applied force. The insight obtained into the thermal response of DEJ is briefly 

discussed in the end. The systematic experimental work reported here can be used to 

improve the understanding of the DEJ function in terms of its complex microstructure. 

The knowledge of the architecture and properties of the natural DEJ will benefit the 

biomimetic engineering of superior dental restorations and prosthetics, and the 

development of novel materials to emulate the DEJ. 

 

6.2. Structure characterization 

6.2.1. Micro-CT reconstruction  

The microstructure of the DEJ was firstly investigated by Micro-Computed 

Tomography (Micro-CT) and Environmental Scanning Electron Microscopy (ESEM) 

(see Figure 6.1 a). The micro-CT system (SkyScan 1172 scanner, Kontich, Belgium) 

was used to obtain 3-D information about the tooth sample (including dentine, enamel 

and the DEJ). The high resolution scan was carried out at 0.6 µm resolution using 

40kV voltage, 120uA current and a 0.5mm aluminium filter. The resulting 3-D slices 

were reconstructed with SkyScan NRECON package and were shown in Figure 6.1 b. 

the DEJ appears to form a complex shaped interface at the micrometer scale as 

observed in the 3-D reconstruction and also the 2-D topography contrast image 

(Figure 6.1 c). The contrast between dentine and enamel from Figure 6.1 c indicates 

that the interface is not sharp [195]. The 3-D scalloped structure is visualized  in 

Figure 6.1 d that provides further confirmation of this micro- structural feature of the 

DEJ by showing with a series of 25–100 µm diameter scallops [196]. The observation 
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from micro-CT is important in establishing the basic structural understanding of the 

scallop-like structure of the DEJ, which contributes to its remarkable mechanical 

behaviour. Scalloping is assumed to improve the bonding strength between enamel 

and dentine by increasing the interfacial area and it may lead to less stress 

concentration [39]. This motivates the examining of the mechanical property across 

the DEJ, which will be discussed later.  

 

 

Fig. 6.1 Microstructural characterization of the dentine-enamel-junction (DEJ) (a) ESEM 

observation of scalloped structure; (b) 3-D reconstruction of DEJ sample; (c) 2-D projection 

of binary image of the DEJ; (d) scallop-like cross-section of the DEJ. 

 

6.2.2. Synchrotron X-ray scattering methods  

6.2.2.1. Micro-beam WAXS mapping 

The micro-beam X-ray diffraction experiments were performed on B16 beamline 

at Diamond Light Source (DLS, Oxford, UK) using monochromatic X-rays at18 KeV. 
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X-ray Eye detector (Photonic Science X-ray MiniFDI) was initially used by opening 

the slits to take the pictures of samples by radiography technique. It was used on the 

selection of the region of interest of samples with sharp interface across the DEJ with 

sample thickness ~ 300 µm in Figure 6.2 a in order to guarantee that the thin DEJ 

plane of the selected area was almost parallel to the X-ray beam (to within ~1-2°). 

Then the slits were closed and WAXS detector was exposed to collect WAXS pattern. 

The KB mirrors were used to focus the incident X-ray beam down to 2.7×3.8 µm
2
, 

and thus, with such small beam size, the high resolution X-ray diffraction could be 

achieved to capture the structural variation across the DEJ and the results is shown in 

Figure 6.2 b.  

 The quantitative analysis of 2  (scattering angle) of (002) peaks variation across 

the DEJ reveals the lattice parameter (c-axis) changes. The steep gradient over the 

DEJ thickness was collected based on the lattice parameters variation and was clearly 

visible in a range of 20 µm, which agrees with the observation in the Micro-CT 

scanning in Figure 6.1 c. Furthermore, a bump was observed as shown in Figure 6.2 b. 

The amount and depth of the scallops were found to vary between species, types of 

teeth and even between locations within a single tooth. In this case, the combination 

provides a consistent description of the DEJ spanning the range of length scales from 

the micro-scale down to sub-nano scale.    

2-D mapping of structural transition of the DEJ (shown in Figure 6.2 c) was then 

detected by medium resolution X-ray diffraction mapping with beam size focused 

down to 0.3×0.3 mm
2
 from the region of interest in the dental slice (marked in a 

rectangular in Figure 6.2 a). Figure 6.2 d presents the phase mapping by interpreting 

(002) peaks in dentine and enamel separately. There is a debate of whether the lattice 

parameter change of HAp crystallites during the growth of human dental tissue is 
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attributed to chemical or mechanical processes (e.g. residual stress). Most of the effort 

has been put on the chemical change [139]. However, the residual stress may also be 

associated with the natural growth process of each tooth, but no such quantification is 

currently available. Further examination by FIB-assistant DIC methods is needed in 

the future work.  

 

 

Fig. 6.2 Micro-beam X-ray diffraction mapping of dental slice; (a) radiographic image of 

dental slice; (b) high resolution line scan across the DEJ; the transition feature of the DEJ is 

clearly shown; (c) radiographic image of the region of interest (ROI); (d) phase mapping of 

dentine and enamel by interpreting (002) peak  

 

6.2.2.2. Micro-beam SAXS mapping  

Micro-focus SAXS experiments were carried out on I22 beamline at Diamond 

Light Source (DLS, Oxford, UK) using monochromatic 18KeV X-rays. The SAXS 
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patterns were collected on the 2-D detector (Pilatus 2M, Dectris Ltd., Baden, 

Switzerland) positioned downstream of the sample with distance about 1040 mm. 

Compound lens were used to focus the incident X-ray beam down to the spot size of 

14.5×19 µm
2
. The dental slice illustrated in Figure 6.3 a was repeatedly shifted in the 

sample plane perpendicular to the X-ray incident beam to collect a map of SAXS 

patterns.  

The data analysis was applied following the procedure as described in section 3.1.4. 

The mean thickness and degree of alignment with orientation marked by black lines 

of HAp crystallites in the region of interest (see Figure 6.3 a) including dentine, 

enamel and the DEJ are shown in Figure 6.3 b-c as colour coded 2-D plot. This 

provides an opportunity to map the structural variation in the plane of the dental slice. 

The gradient spatial distribution of the mean thickness is shown in Figure 6.3 b. 

Decreased value of the mean thickness was observed from enamel to the DEJ and 

further through the deep dentine. The 2-D spatial distribution of the degree of 

alignment and preferred orientation of the HAp crystalline nano-particles were 

visualized by SAXS as shown in Figure 6.3 c. The enamel and dentine are readily 

distinguishable by their clearly different degrees of alignment. In detail, enamel has 

higher degree of alignment in the range of red colour (0.4-0.5), whereas dentine 

mostly locates at (0.1-0.3) from the colour bar. A region of increased alignment is 

found to lie just below the high gradient transition band close to the DEJ. The 

preferred orientation of HAp crystallites is shown by the black bars superimposed on 

the colour map. In enamel, the particles are almost orthogonal to the DEJ plane. The 

same feature can be observed for the particles in dentine, but the particles gradually 

become parallel to the DEJ plane through the region near the DEJ. The variation of 

the structural properties of the DEJ suggests that a change in the internal nano- and 
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micro-structure built into the structure optimizes the mechanical performance of 

dentine in the vicinity of the interface with the much harder, highly mineralized 

enamel [21]. 

 

Fig. 6.3 Micro-focus SAXS mapping of dental slice. (a) human dental slice of region of 

interest (ROI); (b) mean thickness and (c) degree of alignment mapping obtained by SAXS 

data analysis 

 

6.3. Mechanical behaviour of the DEJ 

   6.3.1. Nanoindentation mapping of the DEJ  

Nanoindentation mapping on the dental slice was carried out by a nanohardness 

tester (NHT) with a Berkovich diamond probe from CSM (Neuchatel, Switzerland). A 

load function composed of 30s loading, followed by 30s holding and 30s unloading 

was used under the force control feedback mode to a peak force of 2 mN. Mapping 

was performed on the region of interest (see Figure 6.4 a) with scanning space about 

60 µm apart both in the x- and y-axis. 

Figure 6.4 b and c demonstrate the results of the spatial distribution of reduced 

modulus and hardness respectively in the colour- coded 2-D maps of the region of 
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interest. In general, contrast values were reflected in the colour ranges between 

dentine and enamel. In dentine, most regions have the reduced modulus below 40 GPa 

and hardness below 1 GPa, whereas in enamel, most regions have the reduced 

modulus in a range of 80-120 GPa and hardness in a range of 3-5 GPa. The DEJ is in 

the transition region with values gradually increased from dentine to enamel. 

However, it is found that the averaged reduced modulus of dentine was 20±6 GPa and 

that of enamel was 70±17 GPa. In addition, the averaged hardness in dentine was 

0.7±0.1 GPa, and 3.0±1.3 GPa in enamel. The hardness and reduced modulus of the 

control sample were consistent with the earlier nanoindentation studies on dental 

tissues [154, 160]. 

 

Fig. 6.4 Nanoindentation mapping of dental slice. (a) region of interest (ROI) in the human 

dental slice; (b) reduced modulus and (c) hardness obtained by nanoindentation data analysis 

 

   6.3.2. High resolution elastic modulus mapping of the DEJ 

by CR-FM 

The structure variation of the DEJ has been determined in last sections by X-ray 

imaging and scattering techniques. In order to study the local variation of the elastic 

properties in the region of the DEJ gradient (20 µm), contact resonance force 

microscopy (CR-FM) was used for the high resolution elasticity mapping of the 
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scanned surface. Followed by the basic sample preparation procedure as described in 

section 3.3.3., the DEJ samples were polished and stored under ambient conditions for 

further examination. Three scanning areas were selected as 30×15 µm
2
, 10×5 µm

2 
and 

3×1.5 µm
2
. To quantify the elastic modulus of the DEJ, a reference sample with the 

average value of elastic modulus of dentine and enamel (around 40 GPa) was selected 

(in this work, it is Mg) and needed to be examined as well. The sample surface 

vibration response to the excitation of the AFM tip is picked up by the AFM probe 

and recorded. The tip-sample contact resonance frequency reveals the sample stiffness 

information. The use of a reference sample avoids the need for precise calibration of 

the tip contact shape and radius that is required for the calculation of elastic modulus. 

 

 

Fig. 6.5 Elasticity mapping of the DEJ in the area of 30×15 µm
2
, 10×5 µm

2
, and 3×1.5 µm

2
. 

(a), (c) and (e) are higher resolution elastic modulus mapping of the DEJ by band excitation 

CR-FM; (b), (d) and (f) are line profile (red line in (a), (c) and (e)) of the elastic modulus of 

the DEJ. 
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Figure 6.5 coincides with the previous observation, where enamel (yellow coloured 

region) generally has higher elastic modulus than dentine (depicted in blue and green 

region), which is softer compared to enamel. This is also consistent with the results 

illustrated in Table 2.1 and Table 2.2 as well as that obtained by nanoindentation 

(Figure 6.4). Furthermore, it is found that, with the reduction of the scanning area, the 

mechanical property transition region becomes blurrier and smaller, despite the slight 

difference still visible between dentine and enamel. Such observation supports that the 

DEJ is a region with varied properties from enamel to dentine. In addition, most 

importantly, the DEJ should be seen as a graded band rather than a discrete interfacial 

line since gradual change in mechanical properties is the most important feature of the 

DEJ. Such graded transition from enamel to dentine may sustain higher loads than a 

direct bond between two distinct adhesive layers. 

The observed values of the elastic moduli may have errors from the true values for 

the region of interest. The potential error source includes the surface roughness of the 

sample as well as the selection of the reference sample. However, the examination 

region is small and it is expected that the elastic modulus variation across the small 

region would not be significant. Much higher resolution on the measurement of 

surface layer by CR-FM mapping provides valuable insights into the stiffness 

variation and arrangement of this remarkable interface. 

 

   6.3.3. In situ X-ray diffraction measurements of elastic 

deformation of the DEJ 

This experiment was aimed at obtaining functional micro-probe maps of the DEJ at 

high resolution and providing critical insight into the microstructure and load-bearing 
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characteristic of the DEJ under uniaxial loading with in situ WAXS measurement. The 

previous studies as presented in Chapter 4 and Chapter 5 have been carried out using 

synchrotron X-ray beamlines on the dentine and enamel separately by applying in situ 

uniaxial loading measurement. The Eshelby model proposed was used to evaluate the 

experimental data for the elastic lattice strain evolution within HAp crystallites. 

Meanwhile, the changes of d-spacing across the DEJ by high resolution X-ray 

diffraction has shown the gradient d-spacing spanning (see Figure 6.2 b) between the 

two contrast materials (enamel and dentine), which is essential for understanding the 

remarkable load-bearing function of the DEJ. Therefore, in situ WAXS mapping can 

be further developed, focusing on the response to loading of the regions adjacent to 

the DEJ. The understanding of how the DEJ accommodates this large modulus 

difference and distributes strain when stress rises is important in biology and in 

materials science of coatings.  

Sample is selected and prepared so that the DEJ plane is almost parallel to the X-

ray beam. The aim of this experiment is to have medium resolution scanning to obtain 

the strain gradient across the DEJ. Sub-micron beam with different setup would be 

needed to characterize the micro-scalloped structure on the DEJ with high resolution. 

However, although this approach would be able to reveal the fine structure of DEJ, 

the possibility of revealing the structural variation over a larger region would be lost.  

The experiment was carried out on the B16 beamline at Diamond Light Source 

(DLS, Oxford, UK) using monochromatic 20KeV X-rays. X-ray Eye detector 

(Photonic Science X-ray MiniFDI) was firstly used to characterize the DEJ 

morphologies precisely, and to locate the DEJ region. Next, in situ loading was 

applied to specimen using a small compression loading rig especially designed for this 

purpose. Micro-beam was focused down to 2.1×1.4 µm
2 
with KB mirrors. Then a line 
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scan across dentine and enamel through the DEJ was carried out and the strain 

evolution of HAp crystallites could be obtained by the quantitative analysis of WAXS 

patterns collected by Photonic Science Image Star 9000 detector in the downstream of 

the X-ray source. Transmitted intensities were used to identify the DEJ position at 

each load and to detect any specimen movement during loading as shown in Figure 

6.6. Then, the diffraction pattern analysis followed the previous studies as described 

in section 3.2 as well as in Chapter 4 and Chapter 5. (002) peak was selected for the 

peak fitting and the resulting peak centre movement was used to quantify the strain 

evolution of HAp crystallites during in situ compressive loading.  

 

Fig. 6.6 Identification of the DEJ position. Plot of transmission vs. position for the DEJ 

scanning. 

 

Figure 6.7 shows the region of interest (black line) which identifies the DEJ 

position by looking at the transmitted energy, of which dentine has higher 

transmission. The normalised apparent modulus within the same region from enamel 

to dentine across the DEJ was plotted in Figure 6.7 (red line). The apparent modulus 

was determined by the ratio of the uniaxial compressive stress and the average lattices 



154 

 

strain of HAp crystallites. It is interesting to observe that Kenamel> Kdentine>KDEJ. A 

strain gradient was also observed across the DEJ, which is consistent with the 

observation in bovine tooth specimens [132]. This reveals the complexity of the 

mechanical coupling but it is not contradictory to the mapping results of graded 

property obtained by indentation or other methods, from which the composite 

(composed of mineral inclusion with organic matrix) modulus was measured. The in 

situ WAXS measurement directly links the mineral response to the external loading 

thus the distribution of apparent modulus shown in Figure 6.7 could be reasonable.  

This result supports the hypothesis that the DEJ has an effect of structural 

adaptation for transferring and minimizing stress. The DEJ also has been observed to 

display a remarkable ability to transfer loads between enamel and dentine such that 

cracks or fracture planes that are formed within enamel rarely propagate across the 

DEJ into the underlying dentine [197].  

 

 

Fig. 6.7 Apparent modulus variation (red line) across the transmission identified region of 

interest (black line). 
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6.4. Thermal behaviour of the DEJ 

Though considerable efforts have been directed at the study of structural and 

mechanical properties of the DEJ, improved understanding of the DEJ interface 

structure response to thermal treatment is still lacking. The effect of exposure of 

human skeletal tissues to elevated temperature is an important study topic in the 

context of forensic investigations, accident analysis, archaeology and paleontology 

[94]. However, an in-depth study of the heat-induced alterations of dental tissue 

remains lacking. Moreover, advanced high-energy techniques used in dentistry (e.g., 

dental lasers and light polymerizing units) may induce high temperature within teeth 

[198]. This provides additional need for detailed study of the effect of thermal 

exposure on the ultrastructural response of dental tissues. In particular, the DEJ is an 

important internal interface between the highly mineralized hard outer layer (enamel) 

and the softer tooth core (dentine), showing a gradient [56]. Due to heat, a sudden 

detachment of the enamel can be seen around 500
o
C (see Figure 6.8 a). However, the 

detailed mechanisms are still unclear [90]. By examining the morphology of the DEJ 

exposed to different temperatures as shown in Figure 6.8 b-f, it was found that the 

crack initiated at 400
o
C, and further propagated from 500

o
C to 700

o
C. The 

detachment occurred between dentine and enamel at 800
o
C. The crack may be due to 

different thermal expansion coefficients, mechanical properties alteration during the 

thermal treatment or the structural changes around the DEJ (e.g. organic components 

in the dental tissue burnt off, resulting in no fibril connection any more between 

dentine and enamel). The different behaviours in terms of temperature observed in 

Figure 6.8 for the entire dental slice and uniform shaped sample are attributed to the 

thermal distribution being more uniform in the regular sample when it is compared to 

the complex geometrical sample.    



156 

 

 

 

Fig. 6.8 (a) Sudden detachment in enamel near the DEJ at around 500
o
C; (b)-(f) Crack 

initiation and propagation around the DEJ observed at different temperatures.  

 

6.5. Conclusions 

The microstructure of the DEJ was firstly investigated by X-ray imaging method 

(Micro-CT) and synchrotron X-ray scattering (SAXS/WAXS) techniques. The 

complex and scalloped structure at micro-scale was fully observed by 3-D 

reconstruction techniques. Furthermore, the high resolution probing of the lattice 

parameter variation at sub-nano scale reveals the structural variation at the same range 

(~20 µm) as has done by imaging. The 2-D spatial distribution of HAp crystalline 

nano-particles in terms of lattice parameters, mean thickness, degree of alignment and 

preferred orientation were also visualized.  

In order to further examine the mechanical function region within the region of the 

DEJ, high resolution elastic modulus mapping was applied by band excitation CR-FM 

mapping. The results indicate that the DEJ is a band with a graded mechanical 

property rather than a discrete interface. Furthermore, X-ray diffraction measurements 
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of the DEJ subjected to the in situ uniaxial loading was then carried out and 

successfully captured the structure-property relationship between the architecture of 

the DEJ and its response to the applied force. The knowledge of the architecture and 

properties of the natural DEJ will help in biomimetic engineering of superior dental 

restorations and prosthetics, and the development of novel materials to emulate DEJ. 

Interesting detachment of enamel phenomenon was captured in dental tissues 

during thermal treatment, and crack initiation and prorogation around DEJ further 

approved the significant structural alteration occurred during heating. In order to 

understand its thermal behaviour, further investigation of the ultrastructural alteration 

of dental tissues at nano- and sub-nano scale upon thermal treatment as well as the 

corresponding mechanical properties alteration is essential, which will be described in 

Chapter 7 and Chapter 8.   
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Chapter 7 

Nano-scale structure-mechanical property 

relations as a function of temperature of 

thermal exposure 

 

This chapter is based on the following published manuscript:  

 Tan Sui, Michael Sandholzer, et al, Structure-mechanical function relations at 

nano-scale in heat-affected human dental tissue, Journal of the Mechanical 

Behavior of Biomedical Materials, Vol. 32, pp.113-124, 2014 

 

7.1. Brief introduction 

Over many decades, the demand for dental treatment and prosthetics has driven 

improvements in the understanding of the micro-architecture of human teeth. The 

knowledge of the mechanical properties of dental materials related to their 

hierarchical structure is essential for understanding and predicting the effect of 

microstructural alterations on the performance of dental tissues. The effect of 

exposure of human skeletal tissues to elevated temperature is an important study topic 

in the context of forensic investigations, accident analysis, archaeology and 

paleontology [90, 91]. Moreover, advanced high-energy techniques used in dentistry 

(e.g., dental laser-assisted caries protection treatment) may induce high temperature 

within teeth that leads to increase mineralization locally [88]. So far, an in-depth 

study of the heat-induced alterations of dental tissue remains lacking and few studies 
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have focused on the nano-scale structure-mechanical function relationship of human 

teeth altered by chemical or thermal treatment. The response of dental tissues to 

thermal treatment is thought to be strongly affected by the mineral crystallite size, 

their spatial arrangement and preferred orientation.  

Multiple techniques (e.g. Fourier transform infrared spectroscopy, FTIR and lab-

based X-ray powder diffraction, XRD) have been used to study the heat-induced 

ultrastructural alterations of skeletal hard tissues. However, most of those methods 

involve grinding the samples. In order to understand and quantify more precisely the 

mechanism of such ultrastructural alterations, the application of advanced non-

destructive techniques offers an appropriate route. Synchrotron based X-ray 

diffraction, small- and wide angle X-ray scattering (SAXS and WAXS, respectively), 

are advanced non-destructive techniques that enable characterising the mineralized 

tissue ultrastructure [76, 139]. 

The aim of this study was to obtain a medium resolution mapping using 

synchrotron-based small and wide angle X-ray scattering (SAXS/WAXS) techniques 

to investigate the micro-structural alterations (mean crystalline thickness, crystal 

perfection and degree of alignment) of heat-affected dentine and enamel, as well as in 

the region near the DEJ of human teeth samples.. Additionally, nanoindentation 

mapping was applied to detect the spatial and temperature-dependent nano-

mechanical properties variation. The analysis of the correlation between the 

ultrastructure and mechanical properties coupled with the effect of temperature 

demonstrate the effect of mean thickness and orientation on the local variation of 

mechanical properties. 
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7.2. Materials and methods 

7.2.1. Sample preparation 

Four freshly extracted intact human molars (ethical approval obtained from the 

National Research Ethics Committee; NHS-REC reference 09.H0405.33/ Consortium 

R&D No. 1446) were disinfected in 15mM sodium azide solution and washed under 

running water for 5-6 hours before being mechanically cleaned to eliminate residues. 

Teeth were chosen from the study to be free of damage (e.g. broken roots), 

endodontic treatment, dental restorations or caries. Details such as age, sex and 

patients ethnic background remained anonymous as part of patient confidentiality 

regulations. In total, twelve teeth sections (3×1×0.5 mm
3
) were prepared and kept in a 

hydrated state in Phosphate Buffer Solution (PBS) at 4°C before the experiment [21]. 

Of these, ten sections were allocated into five temperature groups for 30 min constant 

exposure at 400°C-800°C (in steps of 100°C), and two additional unheated sections 

were used as controls. An ashing furnace (Carbolite AAF 11/3, Sheffield, United 

Kingdom) was used to generate the thermal treatment. Each tooth sample was then 

subjected to a thermal history that heated the sample to the final (maximum) 

temperature (constant exposure) and were then removed from the furnace after the 

desired duration of exposure was reached, and subsequently cooled down in the 

crucibles to room temperature and stored in padded containers.  

For the purpose of planning the measuring positions and Region of Interests (ROIs) 

of the SAXS/WAXS mapping, micro-CT scans of the samples were performed as 

shown in Figure 7.2 a-c. In addition, it should be noted that the micro-CT scan was 

also used on the selection of samples in order to largely guarantee that the DEJ plane 

of the selected samples was parallel within experimental error to the X-ray beam. 
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The nanoindentation measurements were performed on the same teeth sections 

after embedding in epoxy resin (Buehler Epo-Kwick, Buehler Ltd., Lake Bluff, IL) to 

preserve their integrity and were analysed in the dry condition. The maximum peak 

temperatures of the epoxy during curing the manufacturer was 145°C with a short 

period of time (less than a minute during the hardening), of which the influence on the 

sample was thought to be limited. Furthermore, the sections were carefully ground 

with a series of grinding papers (P800-P4000) to expose the surface and finally 

polished with 3 µm diamond polishing compound. This way, it was made sure that 

properties of the tissue were measured, but not properties of the epoxy resin. 

In summary, six samples (RT, 400°C, 500°C, 600°C, 700°C and 800°C) were used 

for the SAXS/WAXS mapping measurements and three out of those six samples 

including RT, 500°C and 700°C were further selected for the nano-indentation 

mapping, since these temperatures were representatives of major compositional 

changes and weight loss [199]. 

 

7.2.2. Micro-focus small angle X-ray scattering experiment 

Micro-focus SAXS experiments were performed on the I22 beamline at Diamond 

Light Source (DLS, Oxford, UK) using monochromatic 18 keV X-rays. The distance 

between detector and sample was 1040 mm, guaranteeing that clear and complete 

SAXS patterns and a partial WAXS pattern could be captured on the 2-D detector 

(Pilatus 2M, Dectris Ltd., Baden, Switzerland) positioned downstream of the sample. 

The incident X-ray beam was focused down to the spot size of 14.5×19 µm
2 

to 

achieve the required spatial resolution. Each sample was mounted upright in air and 

scattering patterns were collected in transmission mode while the sample was 

repeatedly shifted in the plane perpendicular to the X-ray incident beam (travelling in 
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the z-axis) to collect the map of SAXS patterns. The mapping area of region of 

interest (ROI) for the control sample and samples from 400°C-800°C was 0.6×0.6 

mm
2
. The spacing between each two measurement points of the mapping scans was 

40 µm both along longitudinal (y-axis) and transverse (x-axis) directions, resulting in 

a total of 225 scattering patterns per sample (see Figure 7.1 a).  

The experiment allows us to consider the DEJ as a functionally and structurally 

gradient layer - a common approximation that is used with considerable success in the 

study of inhomogeneous materials, interfaces, surface treated systems, etc. Since the 

main interest is in-plane variation, all possible efforts have been made to ensure that 

the X-ray beam travelling through the sample is almost parallel to the DEJ and the 

beam size (14.5×19 µm
2
) is able to provide a result averaged over the gauge volume 

that crosses the DEJ. Samples of the thickness ~500 µm represent the practical limit 

in terms of survival of thermal exposure. As for the SAXS measurements conducted 

in transmission mode in these experiments, sample thinner than that is likely to result 

in low intensity of the SAXS signal. 
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Fig. 7.1 Schematic diagram of the micro-focus SAXS experimental setup. (a) micro-focus 

SAXS setup; (b) WAXS patterns can also be partly obtained on the SAXS-Pilatus detector  

 

7.2.3. Data interpretation 

The typical SAXS/WAXS pattern collected in a single detector is shown in Figure 

7.1 b. The quantitative interpretation of partial WAXS patterns has been described in 

section 3.1. Of those shown in Figure 7.1, the (002) peak of interest from each pattern 

was selected for the interpretation. Subsequently the 1-D radial plot of each individual 

(002) peak within each sector was collected and compared with respect to the 

temperature variation. Then the crystal perfection alteration was tracked.    
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To quantify the mean crystalline thickness, orientation and degree of alignment, 

the complete 2-D SAXS patterns in the central region in the detector in Figure 7.1 b 

were processed by separately integrating over the entire relevant range azimuthally 

and radially. The resulting 1-D plots were used to calculate the structure and 

distribution of HAp crystallites as described in detail in section 3.2. 

 

7.2.4. Nanoindentation experiment 

Nanoindentation tests are widely used to determine material properties such as 

hardness and reduced modulus. Each nano-indent operation involves a loading and 

unloading process, while the indentation load-depth data is recorded for each 

operation [162]. A nanohardness tester (NHT) with a Berkovich diamond probe from 

CSM (CSM, Neuchatel, Switzerland) was utilised to perform nanoindentation on the 

thermally treated samples. The calibration was done by fused silica and the procedure 

suggested by Oliver and Pharr [163] was used to correct the load-frame compliance of 

the apparatus and the imperfect shape of the indenter tip. The tests were performed at 

room temperature under force control feedback mode to a peak force of 2 mN. A load 

function composed of 30s loading, followed by 30s holding and 30s unloading was 

used [200, 201]. The hold period at maximum load (30s) is used to constrain creep 

upon unloading, and thereby allow for a more reliable extraction of mechanical 

properties from the unloading curve [202]. The contact depth was between 100 and 

400 nm, much lower than the tooth sample thickness (0.5 mm), so that the properties 

obtained can be confidently assigned to the bulk. Maps of indents were performed 

along the same ROI used for the scattering experiment. The indents were spaced 

approximately 60 µm apart both in the x- and y-axis and performed using automation. 
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A schematic diagram of the nanoindentation process is shown in Figure 3.11, 

where the hardness H of the sample was obtained by dividing the load by the 

projected area of indentation. Using the compliance method as described in section 

3.3.1, the reduced modulus Er was determined directly from the analysis of load-

displacement data [157]. 

 

7.2.5. Statistical Analysis 

The calculated mean crystalline thickness values were statistically analysed with 

two-tailed paired sample t-tests using SPSS version 19 (IBM SPSS Inc., Chicago, 

USA). Probability levels of p<0.05 (95% confidence interval) were considered 

statistically significant. 

 

7.3. Results 

Progressive, temperature-dependent shifts in colour from a yellowish/white 

(control) to dark brown (400°C), brown (500-600°C), dark grey (700°C), light 

greyish-blue (800°C) and chalky-white (900°C) in dentine were observed. In all 

burned samples the micro-CT models showed small cracks in the slices, while in 

groups treated at ≥700°C additional multiple larger longitudinal and numerous 

transversal cracks were also visible in dentine. The enamel was well preserved in all 

samples ≤800°C in this study. Colour coded 2-D mapping provides a general 

qualitative understanding of the spatial distribution of the ultrastructural and 

mechanical properties and their variations with temperature. It also offers a validation 

on extracting the line measurements or 1-D plot with the detailed quantitative 

information of the changes and correlation of the results. For reasons of consistency, 
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the central line values were chosen in all samples and no dependency of the 

measurement results on the line position was found. In this section, both the 2-D 

mapping results and the line plot were presented. 

 

7.3.1. Ultrastructural observations 

7.3.1.1. Mean crystalline thickness 

The spatial mean thickness variations of HAp crystallites in the control sample (RT, 

room temperature), samples heat treated at 500°C and 700°C were visualized in 

Figure 7.2 d-f as colour coded 2-D plots. Similar features from the three samples were 

observed, of which the mean crystalline thickness decreased from enamel to the DEJ, 

and further down through deeper dentine. From Figure 7.2 d-f, it was found that the 

mean thickness of HAp crystallites increases with temperature, which was reflected 

through the 2-D colour changes (enamel from blue in Figure 7.2 d to red in Figure 7.2 

f, while dentine from dark blue to red). In addition, the spatial difference of the 

crystalline thickness between enamel and dentine was found to gradually decrease 

with temperature since in Figure 7.2 f, enamel and dentine almost share the same 

colour. 

In order to trace the average crystalline thickness alteration with increasing 

temperature, the thickness values along the central line of dentine and enamel in the 

mapping area were extracted from the 2-D mapping results, which are shown in 

Figure 7.4. The variation of the averaged mean crystalline thickness of the central line 

of dentine and enamel with increasing temperature are illustrated in Figure 7.5 a-b, 

from which the crystallites in dentine were nearly tripled from 1.94±0.06 nm at room 

temperature (RT) to 5.16±0.06 nm at 800°C, while that of crystallites in enamel 
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increased from 3.81±0.28 nm at RT to 4.90±0.04 nm at 800°C (for additional values 

see Table 7.1). 

 

7.3.1.2. Orientation and degree of alignment 

The 2-D maps of the degree of alignment variation of the same three samples (RT, 

500°C and 700°C) within the region of interest are shown respectively in Figure 7.2 

g-i. The enamel and dentine show distinctive results visualized by the colour coding. 

Similar gradient features as the mean thickness results were observed. Generally, 

enamel has higher degree of alignment than dentine. However, it was found that the 

degree of alignment of both enamel and dentine decreased with temperature as the 

colour changed mostly from red to yellow in enamel and yellow to blue in dentine.  

The angular orientation of the mineral particles in the 2-D teeth slices is depicted 

by the small black lines superimposed on the degree of alignment mapping (shown in 

Figure 7.2 g-i). In enamel, all the particles are almost orthogonal to the DEJ plane. 

Same features can be observed for the particles in dentine but only for the region far 

beneath the transition area of the DEJ. It appears that mineral particles gradually 

become parallel to the DEJ plane through the region near the DEJ.  

The same central line of dentine and enamel as presented in the mean thickness 

visualization were selected from 2-D mapping results. Only the line variation of the 

result in dentine is of the most interest and is shown in Figure 7.4 b. It was found that 

in the specific area in dentine just beneath the DEJ, the degree of alignment was 

relatively higher than the area far away from the DEJ, shown as a bump in Figure 7.4 

b. However, the overall degree of alignment of crystallites in dentine decreased (also 

see Figure 7.4 c and d) and the bump gradually disappeared with temperature. This 
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indicates a tendency towards more random distribution of crystallites as the 

temperature increased (see Table 7.1). 

 

Fig. 7.2 Region of interest (0.6×0.6 mm
2
) of dental slice mapped with SAXS and 

nanoindentation techniques. Each column represents the results within the same area under a 
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certain temperature as labelled. (a-c) ROI of RT (room temperature), 500
o
C and 700

o
C 

samples revealed by Micro-CT; 2-D colour coded of SAXS results: (d-f) mean thickness (nm) 

and (g-i) degree of alignment of HAp crystallites, with the crystal orientation marked by the 

black lines. The mean thickness of the crystallites in both dentine and enamel increases as the 

temperature increases (from light blue to red for enamel and from dark blue to red for 

dentine). However, the spatial difference between dentine and enamel decreases with 

temperature. The degree of alignment drops as the temperature increases (from red to yellow 

for enamel and from yellow to blue for dentine); 2-D colour coded of nanoindentation results: 

(j-l) reduced modulus (GPa) and (m-o) hardness (GPa); The reduced modulus and hardness of 

enamel is observed to decrease significantly with the increasing temperature (from yellow-red 

mixture to light blue) 

 

7.3.2. Mechanical properties characterization 

7.3.2.1. Reduced modulus 

Figure 7.2 j-k demonstrate the results of the spatial distribution of reduced modulus 

within the 2-D interested area of the three samples (RT, 500°C and 700°C). The DEJ 

is clearly visible whereas the distribution inside the enamel and dentine is limited. It 

was found that only enamel has a pronounced colour change (from yellow-red in 

Figure 7.2 j to light blue in Figure 7.2 l), indicating a significant decrease of reduced 

modulus in enamel with temperature. 

The variations of the averaged reduced modulus of the central line of dentine and 

enamel with respect to all the tested temperatures are illustrated in Figure 7.4 a and c. 

From the figure, it was found that the averaged reduced modulus of dentine decreased 

from 20±6 GPa at RT to 15±2 GPa at 500°C and then increased to 29±10 GPa at 

800°C, while in enamel it decreased from 70±17 GPa at RT to 56±17 GPa at 500°C, 

and then further down to 47±18 GPa at 800°C (see Table 7.1). 
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Fig. 7.3 Ultrastructural variations along the central line from the 2-D mapping result of ROI 

as a function of temperature and distance from the DEJ. (a) results of the mean thickness of 

HAp crystallites. The first three measurement points (with minus distances from the DEJ) 

represent the results in enamel; (b) results of the degree of alignment of HAp crystallites. 

Only the results of crystals in dentine are shown due to the complex variations from the DEJ 

to the deep dentine. 

 

7.3.2.2. Hardness 

The overall spatial distribution of hardness of the three samples (RT, 500°C and 

700°C) in the ROI can be observed in Figure 7.2 m-o. The DEJ is still recognisable, 

but the spatial changes are not as clearly shown as in the structural mapping of 

thickness and degree of alignment. Similar tendencies to the reduced modulus were 

found in that the hardness of enamel dropped significantly with temperature, which is 

reflected from the pronounced colour change. 
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Fig. 7.4 Correlation analysis between structural-mechanical parameters coupled with 

increasing temperature (“E” means enamel while “D” means dentine). All the results are the 

averaged values of different regions along the selected central line in ROI. (a) mean thickness 

vs. reduced modulus; (b) mean thickness vs. hardness; (c) degree of alignment vs. reduced 

modulus; (d) degree of alignment vs. hardness. Error bars ± 1SD. 

 

The detailed alteration of the hardness with increasing temperature can be further 

visualized from the selected central line of dentine and enamel (Figure 7.4 b and d). It 

was found that the averaged hardness variation has the similar tendency of variation 

as that of the averaged reduced modulus both in dentine and enamel. The averaged 

hardness in dentine decreased from 0.7±0.1 GPa at RT down to 0.4±0.1 GPa at 500°C 

and then increased to 0.8±0.3 GPa at 800°C, while in enamel the averaged hardness 

decreased from 3.0±1.3 GPa at RT to 2.9±1.5 GPa at 500°C and then to 2.0±0.1 GPa 

at 800°C (see Table 7.1). 



172 

 

 

Tab. 7.1 Overview of SAXS and nanoindentation measurement results collected from central 

line from 2-D mapping results. Statistical significance was evaluated using two-tailed paired 

sample t-tests with a 95% confidence interval for the mean thickness results (*p<0.05, 

**p<0.005, ***p<0.0005). 

 

Temperat

ure 

(°C) 

 

Mean 

crystalline 

thickness 

(nm) 

Degree of 

alignmen

t 

 

Crystalline 

shape 

Hardness 

(GPa) 

Reduced 

modulus 

(GPa) 

RT  Enamel 3.81(SD: 0.28) 
0.50(SD: 

0.02) 

1.40(SD: 

0.04) 
3.0(SD: 1.3) 70(SD:17) 

400          4.07(0.02) 0.53(0.01) 2.03(0.05)   

500  4.73(0.16)* 0.48(0.02) 2.20(0.01) 2.9(1.5) 56(17) 

600  4.79(0.06) 0.31(0.05) 3.53(0.08   

700  4.93(0.09) 0.28(0.03) 3.50(0.06) 2.6(0.7) 51(11) 

800  4.90(0.04) 0.28(0.01) 3.29(0.04) 2.0(0.1) 47(18) 

RT  Dentine 1.94(0.06) 0.23(0.03) 2.77(0.07) 0.7(0.1) 20(6) 

400  3.09(0.09)*** 0.29(0.06) 2.84(0.03)   

500  4.05(0.02)*** 0.26(0.03) 3.28(0.01) 0.4(0.1) 15(2) 

600  5.16(0.12)*** 0.17(0.03) 3.16(0.02)   

700  4.96(0.03)*** 0.15(0.02) 3.14(0.07) 0.6(0.3) 18(6) 

800  5.16(0.06) 0.17(0.01) 3.09(0.05) 0.8(0.3) 29(10) 

 

 

7.3.3. Crystal perfection 

The WAXS patterns collected from HAp crystallites in both the enamel and 

dentine provide information about the crystalline perfection in different regions. Due 

to the limited size of the 2-D detector, i.e., limited observed WAXS rings, it is hard to 

do the quantitive analysis on all the peaks. Only the (002) peak could be partially 
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captured and analysed to present the intensity variation. As a result, the orientation 

and potential HAp crystallite size information from WAXS could not be fully 

extracted. Figure 7.5 shows the diffraction intensity variation of the (002) peak for a 

selected region of scattering angles (11.2°-11.5°) with the temperature change. A 

sharpening of the peak at higher temperatures was observed, compared to the broad 

one of the control sample at lower temperature due to the influence from amorphous 

HAp crystallites. This represents an increased diffraction contribution from HAp 

crystallites within this scattering angle range as the temperature increased, which 

indicates that the crystal perfection increased remarkably during the heating. Note that 

the peak sharpening in dentine is more obvious than that in enamel.  

 

 

Fig. 7.5 Intensity variation of the (002) reflection in the WAXS patterns of different regions at 

different temperatures: (a) enamel; (b) dentine. The observed peak sharpening and higher 

intensity at higher temperatures compared with the control sample indicates an increased 

diffraction contribution from HAp crystallites. 

 

7.4. Discussion 

Walker et al. (2008) [101] have proposed that a combination of multiple conditions 

in the cremation environment (e.g. duration, temperature and oxygen availability) 
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determines the extent of the macro- and microscopic alterations observed in 

mineralized remains. Furthermore, Piga et al. (2009) [90] noted the limitation of lab-

based research and that heating of skeletal tissue in cultural cremations is likely to be 

non-uniform. To ensure the comparability of our results, the selected temperature 

range (400°C-800°C) and duration were matched to previous studies to include 

possible archaeological and forensic scenarios [90, 110]. Additional factors in those 

studies, such as the presence of soft tissues, fast increase or fluctuation of temperature 

or the presence of contaminants, have generally not been taken into account in lab-

based research but they might also have some effects on skeletal hard tissues. As the 

sample was subjected to the thermal treatment at high temperature and had to 

embedded into epoxy resin for nanoindentation, it was reasonable to assume that the 

influence of water could be ignored, i.e. the samples were analyzed dry. The main 

focus of this study was to evaluate the ultrastructural and mechanical heat-induced 

changes, which are of importance for forensic dentistry.  In contrast to observations 

made on the entire teeth [90], where the enamel lifted off at the dentine-enamel 

junction (DEJ) at ~700°C, the enamel was preserved in all our samples treated at 

≤800°C, enabling the combined analysis of enamel and dentine. Although the exact 

mechanisms of the enamel shattering in teeth are unclear, the preservation in our 

samples can be ascribed to the small slice dimensions which might minimize heat-

induced stress around the DEJ. 
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7.4.1. Ultrastructural observations  

7.4.1.1. Mean crystalline thickness 

Overall the mean crystalline thickness distribution in dentine was more uniform 

compared with that in enamel. The mean crystalline thickness was observed to 

obviously decrease in enamel and slightly increase in dentine towards the DEJ at low 

temperatures, which may be ascribed to the gradient properties of human dental slice 

[198] as illustrated in Figure 7.3 a. However, also clearly seen in Figure 7.3 a is that, 

as temperature increases, this gradient becomes smaller. Besides the visible gradient 

features, the major drop visible near the transition area around the DEJ indicates the 

spatial structural variation in the human dental slice.  

The mean crystalline thickness of the control sample (3.81±0.28 nm in dentine and 

1.94±0.06 nm in enamel) is consistent with the earlier transmission electron 

microscopy (TEM) studies and XRD data [21, 203]. The increase of mean crystalline 

thickness happened after 400
o
C implies the onset of sintering of the HAp crystallites, 

which leads to crystallite growth. This process becomes dramatic after 600
o
C, as can 

be confirmed by tracking the WAXS peak variation as illustrated in the Figure 7.5 

[199]. In addition, the small increase in crystallite size for enamel with increasing 

temperature is likely to be related to the denser arrangement of HAp crystallites 

compared with dentine. 

 

7.4.1.2. Orientation and degree of alignment 

The local structural variation of the degree of alignment in dentine with distance 

from the DEJ (Figure 7.3 b) represents the micro-structural adaptation at different 

position of the human tooth. The higher degree of alignment of HAp crystallites near 
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the DEJ is expected to stiffen the dentine. Thus the higher mineral particle co-

alignments beneath the chewing surface cusps may be important for the transfer or the 

redistribution of mastication loads from the much harder, highly mineralised enamel 

deep into bulk dentine [173].  

The degree of alignment in dentine (0.23±0.03) from the control sample (room 

temperature, Figure 7.4 c-d) indicates an almost random orientation of HAp 

crystallites, while in enamel is more strongly textured (0.50±0.02). This is consistent 

with earlier SAXS results for dental tissue [173, 204], where the internal architecture 

in dentine was observed to be net-like fibrils wound around tubules with decorated 

HAp crystallites. If it is observed along tubule direction, the fibrils will display an 

almost random distribution [178]. Therefore, when the beam illuminates 

perpendicular to the dental slice, i.e. perpendicular to the cross section of tubule, the 

HAp crystallites will have a much lower degree of alignment than that of well-packed 

HAp crystallites in enamel, where the crystallites partially align along the prisms (or 

rods) [31]. It was noted that in both dentine and enamel, there was a reduction in the 

degree of alignment as the temperature increased. The reduction of the overall degree 

of alignment as well as the bump gradient of the central line observed in Figure 7.3 b 

with increasing temperature may be explained by the burning-off or gradual 

disappearance of the organic phase, most of which is collagen. Since the organic 

phase serves as the support of the structure, such disappearance may lead to the 

rearrangement of crystallites associated with rotation or anisotropic sintering. In 

addition, the rearrangement of crystallites may increase the crystal perfection, 

especially in dentine (Figure 7.5), due to its larger amount of organic phase than in 

enamel. 
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7.4.1.3. Crystal perfection 

The (002) peak variation measured from WAXS resulted from the diffraction by 

HAp crystallites. Increasing temperature leads to the disappearance of the organic 

components in between the mineral phase and a higher degree of perfection of the 

HAp crystallite can be observed, accompanied by further crystallization of the 

amorphous part [94]. Finally, at high temperatures sintering of HAp crystallites leads 

to grain growth and improved crystal quality, resulting in significant growth and 

sharpening of the diffraction peaks [118]. 

 

7.4.2. Mechanical properties characterization 

Both hardness and reduced modulus mapping showed the obvious contrast of 

properties between dentine and enamel. The boundary between dentine and enamel is 

clearly shown in Figure 7.2 j-o and regions with large reduced modulus and hardness 

match very well as expected. However, it was found that the transition feature of 

mechanical properties in dentine was not as clear as the ultrastructural visualization, 

which was partly due to the low resolution of nanoindentation compared with 

SAXS/WAXS and the mechanical-response dispersion of both enamel and dentine. In 

addition, the existing cracks or surface defects in all the samples may affect the 

indentation results, and increase the relatively large error bounds in Figure 7.4. 

The different behaviours of dentine and enamel might result from their different 

mineral contents. The initial reduction of the mechanical properties in dentine might 

be due to the gradual disappearance of collagen and the subsequent increase at higher 

temperatures might be explained by the occurrence of sintering and significantly 

increased crystal perfection, which was partly reflected in the sharp peak variation in 
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dentine in Figure 7.5.  

 

7.4.3. Ultrastructure and mechanical properties correlation 

The relationship between the variations of the ultrastructure and mechanical 

properties with respect to different temperatures are reflected in Figure 7.4 a-d. As 

illustrated in Figure 7.4 a-b, in the enamel the reduced modulus (solid black symbols) 

and hardness (solid blue symbols) decrease as the mean thickness (solid red symbols) 

goes up. In contrast, the opposite trend is observed in dentine as illustrated in the 

empty symbols. One such possibility may be the formation of oxidation layer at the 

elevated temperatures which could affect the hardness values, particularly for 

dentine.Thus, the mean thickness is found to be a good predictor of the reduced 

modulus and hardness. 

No obvious correlation between the degree of alignment and the mechanical 

properties can be observed in Figure 7.4 c-d except that the region with higher 

modulus as shown in Figure 7.2 almost matches the region with higher degree of 

alignment of the HAp crystallites, which indicates that the local structural variation 

may result in the local change of modulus in the same area. Furthermore, the 

orientation distribution of HAp crystallites may indicate a correlation between the 

orientation effect or texture effect and the mechanical property variation, as discussed 

in our previous work [205].  

Similar variation tendency of reduced modulus and hardness [206] is observed in 

Figure 7.4. , The crack is visible in micro-CT observation (see Figure 7.6 a-c), 

Thermal strain or misfit strain facilitates the initiation and propagation of crack. In 

addition, the burnt-off collagen also results in the missing link in between dentine and 

enamel. This could be used to explain the mechanisms that a sudden detachment of 
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the enamel that was captured by the high-speed camera observation after 500
o
C (see 

Figure 6.8 a). 

 

Fig. 7.6 Crack development revealed by micro-CT cross-sectional images. The control sample 

(a) shows no cracks around the DEJ; whilst an increase in number of cracks and lifting of the 

enamel can be seen at 500
o
C (b) and 700

o
C (c);  

 

7.5. Conclusions 

The ultrastructural alteration of skeletal hard tissues exposed to the thermal 

treatment process developed in the present study by synchrotron X-ray techniques 

provides a better and more reliable basis for deducing the heating history, compared 

with the conventional methods based on monitoring the macro- and microstructural 

colour [90-92] in the forensic and archaeological investigation. In the clinical 

application like caries prevention, the present study offers an opportunity to 

characterize the microstructural features affected by laser therapies. 

The previous analysis of the entire powdered tooth obscures the sharpness of 

ultrastructural variations in dentine and enamel [90, 119]. The present study clearly 

illustrates how the observed evolution of the ultrastructure reflects the differences 
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between dentine and enamel, suggesting that enamel and dentine must be investigated 

separately in order to evaluate the exposure temperature precisely in the forensic cases 

as well as to optimize laser-assistant treatment in clinical application. 

The structural-mechanical properties correlation to the temperature provides an 

additional guidance to track the heating history in the forensic study. In addition, for 

caries prevention, it provides the evidence that the alteration of mechanical properties 

should also be taken into account during the sintering process. 

The effects of heat treatment on human dental tissues were successfully elucidated 

by a systematic study of the combined SAXS/WAXS mapping and nanoindentation 

mapping techniques. Quantitative analysis of SAXS patterns of human teeth samples 

revealed a temperature-dependent variation of the mean crystalline thickness and the 

degree of alignment of nano-scale mineral phase (HAp crystallites) both in dentine 

and enamel. Furthermore, nanoindentation mapping captured the decrease of the 

hardness and modulus as the temperature increased. The relationship between the 

ultrastructural changes and mechanical behaviour changes with increasing 

temperature indicates that the structure has a strong effect on the mechanical 

properties.  

The SAXS/WAXS results revealed that the mean crystalline thickness distribution 

in dentine was more uniform compared with that in enamel. Although in general the 

mean crystalline thickness increased both in dentine and enamel as the temperature 

increased, the local structural variations gradually reduced. Meanwhile, the hardness 

and reduced modulus in enamel decreased as the temperature increased, while for 

dentine, the tendency reversed at high temperature. This structural-mechanical 

property alteration is likely to be due to changes of HAp crystallites, thus dentine and 

enamel exhibit different responses at different temperatures.  



181 

 

In conclusion, the combination of synchrotron-based SAXS/WAXS and 

nanoindentation mapping methods has been shown to be a powerful method for the 

determination of the variation of the structural-mechanical property relationship in 

human dental tissues induced by thermal treatment. Our results enable an improved 

understanding of the mechanical properties correlation in hierarchical biological 

materials, and human dental tissue in particular. Ultimately, the SAXS mapping 

approach developed in the present study might allow further design and optimization 

of laser treatment strategies for clinical applications, and will possibly provide an 

effective approach to deduce the heating history for teeth samples in the forensic and 

archaeological context. 
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Chapter 8 

X-ray scattering evaluation of ultrastructural 

changes of natural and synthetic hydroxyapatite 

under in situ thermal treatment 

 

This chapter is based on the following published manuscript:  

 Tan Sui, Michael Sandholzer, et al, In situ X-ray scattering evaluation of heat-

induced ultrastructural changes in dental tissues and synthetic hydroxyapatite, 

Journal of The Royal Society - Interface, Vol. 11, 2014  

 

8.1. Brief introduction 

Human dental tissues consist of inorganic constituents (mainly crystallites of 

hydroxyapatite, HAp) and organic matrix. In addition, synthetic HAp powders are 

frequently used in medical and chemical applications. Insight into the ultrastructural 

alterations of skeletal hard tissues exposed to thermal treatment is crucial for the 

estimation of temperature of exposure in forensic and archaeological studies. 

However, at present only limited data exist on the heat-induced structural alterations 

of human dental tissues. The experiments described in Chapter 7 were conducted ex 

situ, where it was possible to consider only a limited number of samples after 

exposure to temperatures in the 400–800°C range. In addition, by necessity, different 

samples were used for each measurement, and thus the sample-to-sample 

ultrastructure variation could not be excluded. This aspect may weaken the reliability 

of the conclusions drawn regarding the mechanism of local ultrastructural changes. 
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Furthermore, the ex situ mode of sample characterization is applied only after heating 

and cooling the samples to/from different temperatures. Obviously, no information is 

available on the structure evolution during heating or cooling.  To the best of our 

knowledge, no results have been reported on monitoring heat-induced ultrastructural 

changes of HAp crystallites using an in situ experimental protocol spanning the entire 

relevant range of heating and cooling nor has the comparison been made between the 

naturally occurring HAp crystallites within human dental tissues and synthetic HAp 

powders. Thus, in situ thermal measurement will help to understand the internal 

architecture of complex natural materials (highly mineralized human tissues), and its 

evolution during thermal exposure. 

In this Chapter, advanced non-destructive Small- and Wide Angle X-ray Scattering 

(SAXS/WAXS) synchrotron techniques were used to investigate the in situ 

ultrastructural alterations in thermally treated human dental tissues and synthetic HAp 

powders. The crystallographic properties were probed by WAXS, whilst HAp grain 

size distribution changes were evaluated by SAXS. The results were analysed in order 

to understand how the internal ultrastructure within the human dental tissues and the 

synthetic HAp powders evolves during the heating and cooling schedule. 

 

8.2. Materials and methods 

8.2.1. Sample preparation 

Freshly extracted intact human third molars (ethical approval obtained from the 

National Research Ethics Committee; NHS-REC reference 09.H0405.33/ Consortium 

R&D No. 1465) were washed and cleaned in distilled water to eliminate residues so 

that the possibility of contamination or other chemical effects was excluded. The 
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samples were cut into 1mm-thick cross-sectional slices in the bucco-lingual 

orientation including dentine and enamel (see Figure 1a) using a low speed diamond 

saw (Isomet Buehler Ltd., Lake Bluff, Illinois, USA) and polished using a sequence 

of grit papers to minimise the induced residual strain. In total, four cross-sections 

were prepared and were kept in distilled water in a commercial fridge at 4°C until the 

experiment was performed. Low temperature storage conditions ensured relatively 

low diffusion rates so as to impede or exclude any possibility of superficial 

demineralization effect of water. 

HAp powder has been widely used as coating materials in the implantology for 

dental application due to its similar chemical composition to the natural dental tissues. 

A mould was filled with 100mg of commercially available HAp powder which is 

manufactured by wet chemical precipitation method (Hydroxyapatite HTP powder, 

Bio-Rad, Hercules, CA, USA) and compacted with using an Instron 5544 machine 

(Instron Ltd., Bucks, United Kingdom) at 1.8kN force. The resulting disk was 1.2mm 

thick and 8 mm in diameter, with an approximate density of 1150 mg/cm
3
 to obtain 

powder disk with a similar density to the dentine. The compression was done in dry 

state, and storage was at RT (room temperature) in the padded containers, so the 

humidity is as normal.  

The weight-loss over time was additionally evaluated using Thermogravimetry 

(TGA) at a rate of 12˚C/min using three cube-shaped dental samples (3×3×3mm) 

extracted from two molars. The weight fraction of the organic component was 

determined with TGA using one cubic dentine sample that was placed in a rotating 10% 

formic acid bath for 14 days to eliminate the mineral content, thus producing a purely 

organic sample. 
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8.2.2. In situ scattering measurements 

8.2.2.1. Thermal treatment setup 

In situ thermal treatment of the samples was performed using a remotely operated 

and monitored furnace that allows collection of SAXS/WAXS data at temperatures up 

to 1000˚C. This furnace is a modification of the design used at Daresbury laboratory 

[207]. The samples were fixed in specially designed ceramic sample holders. A 

Kapton window in the furnace allowed a high-energy X-ray transmission setup to be 

used, as illustrated in Figure 8.1 a. The heating and cooling protocols were controlled 

using a Eurotherm controller. The protocols incorporated ramps at 12
o
C/min, and 

constant temperature holds of 200 seconds for each temperature level within dental 

slice samples studied (enamel and dentine in Figure 8.1 d). The protocol for synthetic 

HAp powders is also shown in Figure 8.1 e. Slightly different thermal protocols were 

used for natural and synthetic materials due to the limitations of the experimental set-

up (furnace heating rates accessible for different samples). However, preliminary 

measurements carried out showed that, within the range of heating rates considered, 

the resulting differences were negligible. The temperature output by the furnace 

controller and thermocouple was of high accuracy (one decimal point, approximately 

0.1° nominal precision). This could be achieved since the thermocouple is passed 

through the wall of the refractory sample holder and put in contact with the sample 

itself. Overall, the measurements were conducted at three different points in dentine, 

one measurement point in enamel and one point in the synthetic HAp sample. Larger 

number of data sets would improve the quality of data and provide better statistical 

information on data quality. However, although the collection of additional datasets 

was not possible due to the limited availability of synchrotron beamtime, such first 

trial demonstrates the feasibility of applying the X-ray techniques on the in situ 
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measurement and also it is important to provide better insights into further 

investigation. The statistical error analysis of dentine has been included in the results, 

and is reported below.  
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Fig. 8.1 (a) Schematic illustration of the in situ SAXS/WAXS experimental set-up ensuring 

that the WAXS and SAXS patterns were collected simultaneously. (b) A representative 

WAXS pattern showing the Debye-Sherrer ring corresponding to the (002) peak indicated by 

the red arrow. On the ring, the section along the y-axis in (a) was “caked” (see text) with a 20
o
 

range in order to capture the peak shift upon heating and cooling process. (c) A representative 

SAXS pattern. The dark region in the middle is the beamstop. The ellipsoidal shape of the 

pattern indicates a partial alignment of HAp crystallites. The pattern for randomly distributed 

crystals is a round disc with the outline marked with red dashed circle. (d) and (e) illustrate 

the different heating and cooling protocols used for the human dental slice samples and the 

synthetic HAp powders sample. 

 

8.2.2.2. Beamline scattering setup 

The experiment was carried out on the I22 experimental beamline at Diamond 

Light Source, Oxford Harwell Campus, Didcot, UK. A monochromatic X-ray beam 

(photon energy of 18keV) was used to illuminate the samples with the beam size of 

65×120µm
2 

as illustrated schematically in Figure 8.1 a. At each heating or cooling 

step, WAXS and SAXS patterns were simultaneously collected at consecutive heating 

and cooling increments at enamel and dentine or synthetic HAp crystallite across the 

specimens. A lightly compacted disk of NIST standard silicon powder was used for 

the WAXS data calibration and a disk of Silver Behenate (AgBe) powder was used 

for the SAXS data calibration [177]. 

WAXS diffraction patterns (Figure 8.1 b) were recorded using a Pilatus 100K 

detector (Dectris, Baden, Switzerland) placed at a sample-to-camera distance of 

275.55mm (Figure 8.1 a). Further downstream of the beam a Pilatus 2M detector 

(Dectris, Baden, Switzerland) was positioned at a distance of 2892mm to collect the 

SAXS patterns (Figure 8.1 c). In order to record simultaneously the WAXS and 

SAXS patterns at each scanning location, the WAXS detector was titled and offset at 

11.5
o
 to the incident beam.  
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8.2.3. Data interpretation 

8.2.3.1. WAXS data analysis 

As stated in section 3.1.2., each WAXS peak corresponds to a certain family of 

lattice planes within a certain crystallographic phase. The changes of d-spacing could 

be utilized to examine the residual lattice strain and trace the phase transformation. 

Therefore, diffraction pattern analysis can be used to identify and quantify the 

crystallographic phases and structure parameters. The typical WAXS pattern is shown 

in Figure 8.1 b and the whole peaks in the region can be used to show and compare 

the crystallographic properties (e.g. crystal perfection) [118]. 

In Figure 8.1 b, the ring with the strongest intensity represents the diffraction from 

the (002) family of lattice planes. For this study, only the (002) peak was selected for 

interpretation. The variation of interplanar spacing (d-spacing) with respect to the 

temperature between the (002) lattice planes was captured using WAXS. In detail, 

each 2-D diffraction image was firstly pre-processed into 1-D plots. The (002) peak of 

interest from each pattern was “caked” (i.e. binned in the radial-azimuthal coordinates) 

within the range of 20
o
 in the y-axis (Figure 8.1 b). Subsequently the (002) peak was 

fitted with the Gaussian curve to obtain the peak centre position of 002

spacingd . 

The (002) peak width is associates with the crystallite length and thus L deduced 

from the Eq. 3.7 of (002) peak could be used to estimate the average length of HAp 

crystallites. Thus L deduced from Eq. 3.7 reveals the average length of HAp 

crystallites [76]. Therefore, by monitoring the variation of full width at half maximum 

(FWHM) during different heating-cooling procedures, the normalized length of the 

HAp crystallites was deduced. 
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8.2.3.2. SAXS data analysis 

Quantitative interpretation of SAXS patterns provides insight into the mean 

thickness and degree of alignment of HAp crystallites as described in section 3.1.4. 

The typical 2-D SAXS pattern were integrated over all the possible scattering vectors 

q (0.13-7.07 nm
-1

) with the range selected from the outline of the beamstop to the 

outline of the pattern in the main scattering effect as shown in Figure 8.1 c, and the 

resulting 1-D plots were used to calculate the structure and distribution of HAp 

crystallites. The scattering subjects was also analysed following the method described 

in section 3.1.3. 

 

8.3. Results 

8.3.1. WAXS data 

8.3.1.1. d-spacing variation 

The thermally induced variation of d-spacing of HAp crystallites in human dentine 

and enamel samples is illustrated in Figure 8.2 a-b. This is observed to be almost 

reversible during heating and cooling, although a visible drop at ~200
o
C is seen in the 

plot for dentine. In contrast, the synthetic HAp polycrystals displays a distinct 

irreversible change of d-spacing (see Figure 8.2 c). 
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Fig. 8.2 (a)-(c) The changes in the d002-spacing of HAp crystallites in enamel, dentine and 

synthetic HAp powders samples, respectively, during heating and cooling stages (heating: red 

points; cooling: blue points). Intensity variation upon heating and cooling, caused by (d) HAp 

crystallites in enamel; (e) HAp crystallites in dentine and (f) synthetic HAp powders. The red 

marks in (f) indicate the occurrence of two new peaks.    
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8.3.1.2. Crystal perfection 

The sharp diffraction peaks of the natural enamel and the synthetic HAp 

polycrystals show very small changes during the heating process (Figure 8.2 d-f). In 

contrast, the diffraction peaks of natural HAp crystallites in dentine are initially broad 

as shown in Figure 8.2 e. Furthermore, it is obvious that the peaks started to split and 

sharpen as temperature increased, which indicates that the perfection increased 

remarkably during the heating, similar to the behaviour found in human bone [115, 

118]. During cooling the degree of crystal perfection remained unchanged for all three 

materials. The peaks were indexed by reference to standard HAp patterns (JCPDS 9-

432) [208]. 

 

8.3.1.3. Crystallite length 

The interpretation of the (002) peak width provides information on the evolution of 

the crystallite length. Figure 8.3 a-c demonstrate the variation of the normalized 

crystallite length of HAp crystallites in dentine and enamel and in synthetic HAp 

polycrystals, with the value at the initial temperature serving as the reference (unity). 

Overall, not much change was observed in the HAp crystallite length in the enamel, 

although some oscillation was seen at medium temperatures (from ~300
o
C to ~600

o
C). 

In dentine, the HAp crystallite length remained almost constant until above ~600
o
C. 

Upon further heating, a significant length increase occurred, followed by the size 

remaining almost constant during cooling. In synthetic HAp crystallites, however, an 

apparent change of crystallite length occurred above ~500
o
C. The thermal history was 

different from that in dentine, with the crystallite length continuing to grow even 

during the cooling process (see Figure 8.3 c). 
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8.3.2. SAXS data 

8.3.2.1. Scattering intensity and volume fraction variation 

In the context of the Babinet principle, initially the scattering objects in the dentine 

and synthetic HAp polycrystalline samples are the HAp crystallites. In contrast, in the 

enamel, initially the scattering objects are the gaps between HAp crystallites filled 

with organic matter. However, due to the gradual denaturing and disappearance of the 

organic matrix as well as the accompanying process of crystal growth, the scattering 

objects in the dentine and HAp polycrystalline samples may also change to gaps. In 

order to verify the hypothesis that such change in the nature of the scattering objects 

in human dentine and synthetic HAp polycrystalline samples indeed takes place, the 

overall intensity variations from the SAXS patterns of the human dentine, enamel and 

synthetic HAp polycrystalline samples are plotted in Figure 8.8 a-c using open 

markers. The overall low intensity for the enamel sample indicates that the volume 

fraction of the scattering objects (gaps between crystallites) remains low. As for 

dentine and synthetic HAp crystallites, the observed large increase in the intensity 

coincides with the stage at which the HAp crystallites undergo fast growth, as 

reflected in the crystalline mean thickness plots in Figure 8. 3 e&f.  

Meanwhile, the scattering intensity also increased until the transition temperature 

(~745
o
C for dentine and ~612

o
C for synthetic HAp polycrystals in Figure. 8.8 b&c), 

which reflects the volume fraction of the scattering objects (HAp crystallites) 

evolution. At this point the increased volume fraction of particles (and the reduced 

volume fraction of gaps) leads to the gaps between particles becoming the principal 

scattering objects, resulting in the dramatic decrease of scattering intensity. 
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    8.3.2.2. Crystalline mean thickness with constant volume 

fraction 

The normalized crystallite mean thickness results for samples were calculated by 

SAXS interpretation using constant volume fraction of constituent phases (Figure 8.3 

d-f). During the heating process, a hump is observed in Figure 8.3 e for dentine at 

~300
o
C. Upon further heating, the mean thickness started to increase in the range 

from ~500
o
C to ~700

o
C. This was followed by a slight decrease up to ~900

o
C. The 

mean thickness remained almost constant during cooling. The variation for the 

synthetic HAp polycrystals (Figure 8.3 f) is similar, but appears smoother compared 

with that of HAp crystallites in dentine (Figure 8.3 e). Crystal growth in dentine 

appears to be faster than that in the synthetic polycrystals. In addition, no obvious 

hump is observed at low temperature in the graph of the synthetic HAp polycrystals 

(Figure 8.3 f). As for the mean thickness variation of HAp crystallites in enamel, a 

drop is visible at low temperature (Figure 8.3 d). Beyond this drop, the overall 

variation is much smaller compared to the results for dentine and synthetic HAp 

crystallites. 

 

    8.3.2.3. Crystalline mean thickness with varied volume 

fraction 

Based on the above analysis of the scattering objects, we postulated the variation 

of the volume fraction during heating and cooling as shown in Figure 8.8, starting 

with the initial volume fraction obtained by TGA analysis. The volume fraction was 



194 

 

assumed to remain constant during cooling. Note that the dramatic changes of 

intensity observed are associated with the change of the principal scattering objects 

that occurred when the volume fraction passed 50%. By taking the volume fraction 

variation of HAp crystallites in dentine, enamel and the synthetic HAp polycrystalline 

sample into account, the updated results of the crystalline mean thickness based on Eq. 

3.10 are shown in Figure 8.3 g-i.  

 

  

Fig. 8.3 (a)-(c) The variation of the normalized length of HAp crystallites in human enamel, 

dentine and synthetic HAp powders (red points for heating and blue points for cooling). (d)-(f) 

The normalized mean thickness (with constant volume fraction) of HAp crystallites in enamel, 

dentine and synthetic HAp powders. (g)-(i) The normalized mean thickness accounting for the 

mineral volume fraction variation of HAp crystallites in enamel, dentine and synthetic HAp 

powders. 
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8.3.2.4. Degree of alignment 

Since the synthetic HAp polycrystals were produced from powdered HAp 

crystallites, they show an orientation distribution that is close to random at all 

temperatures. Thus, only the evolution of the degree of alignment of HAp crystallites 

in dentine and enamel is presented (Figure 8.7). During heating, the overall degree of 

alignment of HAp crystallites decreased from 0.75 to 0.29 in the enamel, and from 

0.17 to 0.05 in dentine. In more detail, in the enamel the degree of alignment 

remained almost constant at very low (~0-100
o
C) and very high temperatures (~800-

900
o
C), while a decrease occurred above ~300-400

o
C, followed by the slight increase 

up to ~800
o
C. Contrary to the result for enamel, dentine exhibited a longer low 

temperature range (~0-300
o
C) with constant degree of alignment. Afterwards, the 

evolution followed a similar trend to that in enamel, with a decrease from ~300-400
o
C 

and an increase from ~400-800
o
C. However, a more dramatic decrease occurred at 

~800-900
o
C compared with that in the enamel at the same temperature range. The 

degree of alignment remained unchanged during cooling. 

 

8.3.3. TGA analysis 

Figure 8.6 a shows the weight loss of dentine, enamel and the organic tooth sample 

(with most mineral content was removed chemically) with increasing temperature. 

Two dramatic drops were visible in the pure organic tissue, at ~300
o
C and ~650

o
C 

respectively. Around 750
o
C the organic phase in the tooth almost completely 

disappeared. As for dentine and enamel, the weight loss was observed to be less 

significant than in the pure organic tooth tissue. A dramatic drop was still apparent at 
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~350
o
C, and the rate of weight loss continued to decrease slowly at high temperature 

after ~750
o
C. The initial weight fraction of HAp crystallites in dentine and enamel 

can be calculated by monitoring the weight remaining at 750
o
C in dentine (70.3%) 

and enamel (95.8%), since the weight loss up to this temperature corresponds to that 

of water and the organic phase. Using the reported HAp density of 3.16 g/cm
3
 and the 

methods described in the literature [76], the initial volume fractions of HAp 

crystallites were calculated to be 45% (dentine) and 90% (enamel).  

 

8.3.4. AFM observations 

The morphology alteration of HAp crystallites in human dental tissues are 

illustrated in Figure 8.4 (dentine) and Figure 8.5 (enamel) respectively by high 

resolution ex situ measurements. In dentine, the shape initially was platelet-like, 

almost monodisperse. As the temperature increased, an obvious change of the 

crystalline size was observed at around 200
oC, where the platelet enlarged compared 

with the original size at room temperature. However, it then shrank relatively at 

around 400
oC. Further, sintering process became apparent at 500

oC, accompanied by 

the growth of the crystallites. Later at 800
oC the crystalline shape became largely 

polydisperse. Such shape evolution also occurred in enamel, where the initial shape of 

crystallites was needle-like but the variation between 100
oC-200

oC was not distinct 

and the HAp crystallites even had smaller thickness than that at room temperature. 

The evident variation in the morphology occurred after 300
oC, while significant 

sintering occurred after 600
oC, leading to the final polydisperse state.  
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Fig. 8.4 AFM observation of HAp crystallites sintering in dentine 
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Fig. 8.5 AFM observation of HAp crystallites sintering in enamel 

 

8.4. Discussion 

The in situ thermal treatment in the current study revealed the complete history of 

the evolution of the ultrastructure of bio-apatite samples during a continuous heating-

cooling schedule. In a previous ex situ study [95], only point-wise (in terms of 

temperature) and post-treatment data could be collected. This led to a fragmented and 

incomplete picture of the process. In comparison, the present study provides reliable 

information on the sample heating history and ultrastructural response, with the 

consistency between samples assured by a degree of cross-comparison, full coverage 

of the entire temperature range, and complete observation of the cooling procedure.   
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SAXS patterns are sensitive to the nano-scale structure, allowing the determination 

of the mean thickness of the crystallites by considering the scattering from two-phase 

systems [120]. The precise nature of the particles involved (e.g. amorphous vs. 

crystalline) is not important in this instance. In contrast, WAXS peaks arise as a 

consequence of scattering from the short range atomic arrangement, so that the 

information derived from WAXS data interpretation reveals crystal lattice properties, 

such as prevailing interatomic distances, the degree of (dis)order and lattice 

(im)perfection within the crystallites.   

The principal outcome of quantitative analysis of SAXS and WAXS patterns was 

to reveal the temperature-dependent variation of the nano-structure (thickness, 

orientation and degree of alignment) of HAp crystallites, as well as the 

crystallographic properties (d-spacing, crystal perfection and length) variation during 

the heating and cooling processes. It is interesting to note how the observed evolution 

reflects the differences between dentine and enamel, and also the differences between 

the natural HAp crystallites embedded within organic matrix in human dental tissues, 

on the one hand, and synthetic HAp powders on the other. The role played by the 

organic matrix during heating is particularly important, as it turns out to govern the 

evolution of size and strain of HAp crystallites. It is also important to draw the 

conclusion that in order to evaluate the exposure temperature precisely (e.g. in 

forensic cases), enamel and dentine must be investigated separately: the analysis of 

the entire powdered tooth obscures the sharpness of ultrastructural variations in 

dentine and enamel [90, 119]. 
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8.4.1. d-spacing variation 

In the case of unconsolidated and unconstrained thermal expansion and contraction 

during heating and cooling, the d-spacing variation curves shown in Figure 8.2 a-c 

would be fully reversible. The observed difference between the heating-cooling 

curves in Figure 8.2 may arise due to the existence and relaxation or development of 

residual mico-stresses, and in conjunction with structural and compositional (e.g. 

phase) changes. The reduction in the lattice spacing that occurred in dentine at low 

temperature (see the curves in Figure 8.2 a-b), is likely to be related to the changes 

that take place in the organic matrix in dentine. The changes that occurred in this 

matrix during heating are proposed and illustrated by the schematic diagram in Figure 

8.6 b. At low temperatures the organic matrix expands (swells) more than the HAp 

crystallites due to its higher thermal expansion coefficient [209]. As a result, the HAp 

crystallites seemed to experience a compression (as marked by the red arrow in Figure 

8.6 b) which reached a maximum when the protein matrix began to denature at 

~200
o
C. Above that temperature the protein matrix began to burn off and gradually 

disappeared with increasing temperature, which is consistent with the TGA plot in 

Figure 8.6 a. In parallel with that the compression in the HAp crystallites became 

relieved and the crystallites experienced additional expansion over and above the 

purely thermal strain.  

Furthermore, it appears that the synthetic HAp polycrystals experienced a larger 

initial residual stress than HAp polycrystals found in human dental tissue (see Figure 

8.2 a-c). Such difference may be the consequence of two phenomena. Firstly, during 

sample preparation, a significant compressive stress was applied to the HAp powder 

to obtain powder disks with a similar density to the dental tissue. In contrast, in the 

human dental tissue samples some residual stresses may have been relaxed during the 
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cutting of slices. Secondly, in the synthetic HAp crystallites the appearance of a new 

phase was observed above 760
o
C (β-TCP, tricalcium phosphate). Such decomposition 

of HAp crystallites to β-TCP has been reported [210]. The phase change leads to the 

irreversible changes of the lattice parameters, providing an explanation of the 

considerable difference in the d-spacing traces during heating and cooling. It is noted 

that although the β-TCP has also been observed in dentine (900
o
C) and enamel 

(800
o
C) as shown in Figure 8.2 d & e, its concentration is very low, and its effect on 

d-spacing variation can be ignored within the bounds of experimental accuracy, so 

that the curves appear reversible. The different transformation temperatures indicate 

an intrinsic difference in the characteristics between the bio-apatites (like the HAp 

crystallites in dentine and enamel) and the pure synthetic hydroxyapatites. 

 

 

Fig. 8.6 (a) TGA plot of weight loss of dental tissues: pure organic tooth with the inorganic 

content removed (black line), dentine (red line) and enamel (blue line). (b) A schematic 

diagram of the ultrastructural alteration of organic matrix and HAp crystallites in human 

dentine upon heating. The process begins with the superior thermal expansion of the organic 

matrix compared with the HAp crystallites, resulting in compression of HAp during heating 

(red arrow). The compression will relaxes gradually as the organic matrix begins to denature 

and burn off, leading to the additional expansion in the HAp crystallites in excess of the pure 

thermal strain. 
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8.4.2. Crystal perfection 

A high degree of crystal perfection was observed in enamel and synthetic HAp 

crystallites compared to dentine, as shown in Figure 8.2 d-f. The difference arises 

from the different micro-morphology of HAp crystallites among the three materials 

studied. The improved perfection (sharper and stronger peaks) in dentine with 

increasing temperature (see Figure 8.2 e) is due to the sintering of HAp crystallites 

that takes place at high temperatures (above ~700
o
C). During the heating process, as 

the organic matrix was gradually burnt off, the interlayers of adjacent HAp crystallites 

disappeared. Further heating leads to crystal growth and annealing of crystal defects, 

resulting in the significant peak sharpening. The increasing size of the HAp 

crystallites contributes to the narrowing of the peak width according to Scherrer 

equation. Although the contribution from the non-uniform microstrain must usually 

be taken into account in terms of its effect on peak broadening, it could be excluded 

from the present consideration, since published literature states that in dental tissues 

this effect is insignificant [149]. Further crystallization of the amorphous part 

observed in bone alteration [115, 118] may also contribute to this effect. The 

integrated intensity of the (002) peak has been examined and shown to increase in 

enamel but slightly decreases in dentine. The obvious sintering phenomenon observed 

in enamel, as shown in Figure 8.5, indicates that the amorphous particles gradually 

change into regular crystallites thus more diffraction intensity could be achieved. In 

contrast, not dramatic sintering in dentine, as shown in Figure 8.4, indicates only 

trivial change of the intergrade intensity. However, since the HAp crystallites become 

more compact due to the burning-off of the organic phase, the volume fraction of the 

crystallites increases, leading to more absorption and slight decrease of the integrated 

intensity. 
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8.4.3. Degree of alignment 

The overall reduction of the degree of alignment in enamel and dentine during 

heating may be associated with the polydisperse distribution of the particles 

associated with the changes of crystalline size or shape at high temperature [118]. The 

initial stage of constant degree of alignment observed both in enamel (RT-100
o
C) and 

dentine (RT-300
o
C) in Figure 8.7 b may correspond to the absence of crystallite 

rotation or growth. Once the organic matrix began to denature, a slight increase in the 

degree of alignment was noted at ~300-400
o
C for both dentine and enamel. Such 

increase corresponds to the gradual disappearance of the organic matrix accompanied 

by the relaxation of the residual strain. The greater reduction in the degree of 

alignment observed in dentine compared to enamel in the ~800-900
o
C range reflects 

the difference in the composite structures. At very high temperatures the degree of 

alignment in enamel remained high, due to the highly directional structure of long 

prismatic HAp crystallites that remained aligned even after the organic matrix had 

been fully burnt off. In contrast, in dentine the disappearance of the large amount (~45% 

by volume) of organic matrix is likely to correspond to the loss of the supporting 

structure, causing the collapse and rearrangement of HAp crystallites that is 

associated with large rotation and anisotropic sintering. 
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Fig. 8.7 The variation of the degree of alignment of HAp crystallites upon heating/cooling in 

(a) human enamel and (b) human dentine (red points for heating and blue points for cooling). 

 

8.4.4. Intensity variation 

In the analysis of synchrotron-based SAXS data that has so far been reported in the 

literature, the volume fraction of HAp crystallites was always assumed to remain 

constant during heating [118]. However, the volume fraction in fact varies due to the 

burning off of the protein matrix, and the sintering of crystallites during heating (that 

influences the calculation of the mean crystallite thickness). Therefore, the volume 

fraction variation associated with intensity variation is taken into account in this 

calculation. The overall low intensity change indicates a small ultrastructural 

alteration, which may reflect the limited space for crystal expansion and growth 

within the enamel sample. The difference between the dentine sample and synthetic 

HAp powders is also reflected in the scattering behavior, where the comparatively 

lower value of intensity for dentine at low temperatures is likely to be associated with 

the presence of the protein matrix in dentine. Given the similar volume fractions of 

HAp crystallites in the two materials and close initial density values, the difference in 

the intensity is ascribed to the electron density contrast between the protein matrix 
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and the crystals, which is smaller than that between gaps and the crystals (see 

Eq.3.12).  

 

 

Fig. 8.8 The correlation of the peak intensity variation from SAXS patterns with the mineral 

volume fraction for (a) human enamel (b) human dentine and (c) synthetic HAp powders. 

Open purple markers (heating) and open blue markers (cooling) in (a)-(c) represent the results 

obtained from constant mineral volume fraction, while the red points (heating) and blue 

points (cooling) in (a)-(c) correspond to the results obtained with the variation of mineral 

volume fraction taken into account. 

 

8.4.5. Crystallite size determined by SAXS/WAXS 

Combined with the WAXS characterization on the length calculation of HAp 

crystallites, a schematic illustration of how the crystallite dimensions change in 

dentine and enamel during heating is depicted in Figure 8.9. Two temperature ranges 

are identified based on the processes taking place in the organic matrix (the separation 
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temperature is around 500
o
C). As the organic phase gradually disappeared in 

“temperature range II”, crystal growth became unconstrained. Unlike the crystals in 

enamel, it was also observed that the crystallites in dentine gradually became 

misaligned, as indicated by the drop in the degree of alignment. Similar phenomena 

have been observed in ex situ bone characterization [199]. 

It was interesting to observe that in the synthetic HAp polycrystals, continued 

sintering took place during a high temperature hold and even continued during 

cooling. This is probably due to the fact that sintering is driven by the overall change 

in the free energy of the system [211].  

   

Fig. 8.9 A schematic illustration of the size variation of HAp crystals within human enamel 

and dentine upon heating. The crystals in enamel are needle-shaped while those in dentine are 

platelet-shaped. In temperature range I, the interaction between crystals and the protein matrix 

occurs, while in temperature range II, the protein matrix gradually disappears and the 

interaction is weakened. 
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8.4.6. Comparison of scattering interpretation and AFM 

observation 

According to the result, initially, the crystallites in dentine were almost platelet-

like while those in enamel were needle-shaped. As the temperature increased, the 

comparatively obvious sintering for crystallites in both tissues occurred after 500
 o

C. 

For both dentine and enamel, the trend of the variation nearly coincides with the 

illustration with the X-ray scattering data interpretation as illustrated in Figure 8.9. 

This, on one hand, verifies the result obtained by scattering; on the other hand, it 

indicates that the scattering is a feasible approach to capture the morphology of 

crystallites. In addition, since the AFM mapping is likely to be on non-identical 

regions under such thermal treatment (may result in different observations from 

Figure 8.9), it further strengthens the advantage of X-ray scattering of doing in situ 

measurement and illuminating the same gauge volume, which can guarantee the 

structural consistency. Interpretation of the integrated intensity evolution as described 

in section 8.4.2.in dentine and enamel requires looking at AFM images to make sense. 

This also indicates the capability of using X-ray scattering methods to capture the 

ultrastructural alteration in the real space. 

 

8.5. Conclusions 

The effects of in situ heat treatment on the hydroxyapatite (HAp) crystallites 

(human dental tissues) and synthetic HAp crystallites were explored using combined 

synchrotron based small/wide angle X-ray scattering (SAXS/WAXS) techniques. 

From the quantitative analysis of SAXS and WAXS patterns, multi-scale 
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characterization of the hierarchical structure of enamel and dentine allows 

establishing the temperature-dependent variation of the nano-structural parameters 

(thickness, orientation and the degree of alignment) of HAp crystallites from SAXS 

and crystallographic properties (d-spacing, crystal perfection and length) from WAXS 

during the heating and cooling processes. The results generally reflect the difference 

between dentine and enamel, natural and synthetic HAp crystallites. In the analysis 

presented, the emphasis is placed on understanding the role of the organic matrix 

during heating. An important conclusion is made that the scattering object that 

contributes to the creation of the SAXS pattern undergoes change during heating. 

Therefore, to obtain correct mean thickness calculation, the effect of volume fraction 

variation of HAp crystallites on the scattering object should be taken into account. 

In conclusion, the synchrotron-based combined SAXS/WAXS analysis has been 

shown to be a powerful method for the determination of nano-structure variation 

induced by thermal treatment in human enamel and dentine, as well as in synthetic 

HAp crystallites. The in situ thermal treatment conducted in the present study covered 

the entire relevant temperature range and revealed the complete continuous history of 

ultrastructure evolution within a single sample during a continuous heating-cooling 

schedule. It was clearly demonstrated that insignificant structural changes occur 

during cooling, indicating that relevant conclusions can be drawn when dental 

remains samples are analysed as part of archaeological or forensic studies. The 

approach to the study of ultrastructural alteration in skeletal hard tissues exposed to in 

situ thermal treatment developed in the present study provides a better, more reliable 

basis for deducing the heating history compared with conventional methods based on 

the monitoring the macro- and microstructural colour [90, 91, 102]. Furthermore, it 

allows the interaction between the mineral crystallites and the organic phase during 
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heating to be captured. These advantages show the superior utility of in situ thermal 

treatment analysis over previous ex situ tests. The standard error of multiple 

measurement points in dentine as shown in Figure 8.2, 8.3, 8.7 and 8.8 confirmed the 

reliability of the conclusions drawn. The results of this work will also be beneficial to 

the optimization of the laser fluence used in dental practice, and in the future design 

of biomimetic materials. 
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Chapter 9 

Conclusions and Future work 

 

9.1. Conclusions 

A substantially large body of experimental data related to the ultrastructural 

changes of dentine, enamel and the DEJ during thermo-mechanical loading has been 

collected. Analytical and finite element models have been elaborated to support the 

interpretation of the synchrotron small- and wide angle X-ray scattering 

(SAXS/WAXS) observations. Together with other advanced characterization methods, 

this allowed hierarchical multi-scale information about the internal structure of dental 

tissues to be collected. The primary aims of the research project were: 

 Demonstrate the possibility of applying synchrotron X-ray techniques to 

explore the internal architecture of human dental tissues (dentine, enamel and 

the DEJ) and its relationship to the main structural features, where the 

crystalline size and orientation of HAp crystalline nano-particles are obtained 

by SAXS and the lattice strain is deduced by WAXS analysis. 

 Conduct experimental and theoretical research into the correlation between the 

hierarchical two-level structure and the remarkable mechanical performance of 

human dental tissues.  

 Study the thermo-mechanical structure-property relationships in human dental 

tissues in order to understand the mechanical property correlations in 

hierarchical biomaterials in the context of forensic and archaeological 

investigations as well as high energy dental treatment used in the clinical 
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practice. 

 Develop a systematic approach to analyzing the thermal history of heat-

affected dental tissues and improve the understanding of laser assisted caries 

prevention by tracking the ultrastructural alteration of natural and synthetic 

HAp crystallites via an improved analytical SAXS/WAXS approach. 

Firstly, a review on the human dental tissues in terms of their structure and thermo-

mechanical properties was introduced in detail, followed by a summary of two 

distinct representative X-ray diffraction techniques (SAXS/WAXS) and their 

application to the study of natural mineralised tissues, particularly the human dental 

tissues. Next, a modelling approach was proposed and complementary 

characterization methods were briefly described.  

The following principal conclusions can be drawn from the work reported in this 

thesis: 

 When two synchrotron X-ray diffraction techniques, small and wide angle X-

ray scattering (SAXS/WAXS) are used together, it is possible to obtain multi-

scale information about the response of human enamel and dentine subjected to 

in situ uniaxial compressive loading. An improved multi-scale Eshelby 

inclusion model was proposed taking into account the two-level hierarchical 

structure, and was validated against the experimental strain evaluation data. 

Complementary photoelastic methods with finite element modeling helped 

further validation of the multi-scale model. The achieved agreement indicates 

that the multi-scale model accurately reflects the microstructural arrangement 

of human dental tissues and their responses to externally applied forces. These 

results provide the basis for the improved understanding of the mechanical 

properties of the hierarchical biomaterials. 
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 An quantitative analytical approach based on synchrotron radiation combined 

with the small and wide angle X-ray scattering (SAXS/WAXS) techniques was 

used to investigate the heat-induced ultrastructural alterations of human dentine 

and enamel, providing relevant additional information to estimate the 

cremation temperature of isolated intact or fragmented dental hard tissues 

recovered from archaeological excavations. A subsequent study by 

nanoindentation was introduced to map the nano-mechanical properties 

variation in thermally treated dental tissues. The results are likely to be also 

broadly useful in understanding the mechanical property correlations in the 

hierarchical biomaterials in the context of laser assisted caries prevention. 

 

 9.2. Future work 

The future work is aimed at applying the methods developed in the thesis and 

extending the scope of the current research. In particular, further studies could be 

directed at the following specific areas: 

 In the present research, the principal interest was placed on healthy human 

dental tissues. It would be interesting to also study the diseased dental tissues 

(e.g. affected by genetic abnormalities, or dental pigmentation) with benefits 

for further possible application in the clinical practice. This could enable 

experimental and theoretical work to be extended to include clinically relevant 

aspects such as understanding and predicting the effects of structural alterations 

that may occur due to disease or treatment on the performance of dental tissues 

and their artificial replacements. 

 The evolution of lattice strain subjected to in situ loading described in Chapters 

4-6 and the ultrastructural and mechanical property alteration due to thermal 
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exposure presented in Chapters 7 and 8 concentrate on the lateral variations in 

the plane normal to the incident beam. Methods capable of 3D characterization 

of the mechanical state are of significant further interest. Procedures for data 

analysis of diffraction tomography data need to be further developed, improved 

and validated. Further theoretical and numerical analysis of 3D studies with 

respect to the thermo-mechanical properties will benefit the improved 

understanding of the hierarchical dental tissues and the development of bio-

composite materials. This information feeds into the evolving multi-scale 

model of the structure and mechanical properties of hierarchical mineralized 

tissues. 

 Further studies should expand the range of characterization scales accessible 

for replacement dental materials. Among these are all-porcelain crown 

materials, of which, due to the aesthetic appearance, biocompatibility and 

favorable mechanical properties, the yttrium-stabilized polycrystalline zirconia 

is one of the most promising restorative structural materials that offers an 

important alternative to metallic alloys. However, veneering porcelain chipping 

remain a major concern in the clinical environment. Thus, improving the 

durability and mechanical properties of all-ceramic dental restorations remains 

an outstanding challenge to be addressed. 

 Preliminary results pertaining to the structural-thermo-mechanical properties of 

the DEJ have been obtained by a range of techniques described in Chapters 6-

8. Further significant studies of the DEJ should be carried out to find the details 

of the intricate deformation and load transfer mechanisms operating in the the 

DEJ. Micro-samples must be prepared from different locations of the DEJ by 

focused ion beam (FIB) milling. The focused ion beam (FIB) instrument has 
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revolutionized the way in which biological samples can be investigated by 

providing access to high quality TEM sample preparation. The medium 

resolution imaging of TEM offers the direct comparison and validation of the 

structural differences between dentine, enamel and the DEJ (e.g. HAp 

crystallite distribution), while high resolution TEM imaging provides 

information related to the atomic properties, e.g. dislocation and defects within 

crystallites. Apart from the necessity of using TEM with the help of FIB, FIB 

milling and digital image correlation (DIC) also opens new avenues for the 

determination of the residual stress at micro-level.  The general procedure is 

described in Figure 9.1. 

 

Fig. 9.1 Main experimental and calculation steps of the FIB-DIC procedure for 

residual stress analysis [212] 
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Particularly in the study of dental tissues, FIB offers the possibility to elucidate 

the underlying reasons for lattice parameter changes. This can be achieved by 

examining the strain relief across the junction during the FIB milling (Figure 

9.2), which could be used to verify the controversy regarding whether the 

lattice parameter variation at the DEJ is associated with strain or lattice 

structure changes. Multi-modal microscopy (micro-scale ESEM to sub-micron 

AFM and FIB-STEM, to atomic lattice scale HR-TEM) will underpin multi-

scale modeling of hierarchical scalloped structure with the help of self-

consistent models or finite element models. Understanding the internal 

architecture of the complex, hierarchically structured tissue will benefit 

biomimetic design and understanding of how the residual stress can contribute 

to the remarkable durability of dental materials, both natural and artificial. 

 
Fig. 9.2 Residual stress analysis of the DEJ by a new FIB-DIC method 
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