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The knowledge of the mechanical properties of dental materials related to their hierarch-

ical structure is essential for understanding and predicting the effect of microstructural

alterations on the performance of dental tissues in the context of forensic and archae-

ological investigation as well as laser irradiation treatment of caries. So far, few studies

have focused on the nano-scale structure-mechanical function relations 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. In this study, synchrotron-based small and wide

angle X-ray scattering (SAXS/WAXS) techniques were used to investigate the micro-

structural alterations (mean crystalline thickness, crystal perfection and degree of align-

ment) of heat-affected dentine and enamel in human dental teeth. Additionally, nanoin-

dentation mapping was applied to detect the spatial and temperature-dependent nano-

mechanical properties variation. The SAXS/WAXS results revealed that the mean crystal-

line 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. The analysis of the

correlation between the ultrastructure and mechanical properties coupled with the effect

of temperature demonstrates the effect of mean thickness and orientation on the local

variation of mechanical property. 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. Our results enable an improved understanding of the

mechanical properties correlation in hierarchical biological materials, and human dental

tissue in particular.
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1. Introduction

The bulk of human teeth consists of two main mineralised
tissues, collagen-rich dentine and highly mineralised enamel.
They join forming a complex and mechanically durable
dentine–enamel junction (DEJ) that contributes to the life-
long success of the tooth structure under thermo-mechanical
loadings encountered in the oral cavity under the conditions
such as mastication, chemically active environment and
thermal shock (He and Swain, 2009; Marshall et al., 1998;
Ten Cate, 1998). This remarkable performance provides the
motivation for numerous investigations into the detail of the
micro- and nano-structure of enamel, dentine and the DEJ.
The knowledge of the mechanical properties related to the
hierarchical structure of dentine, enamel and the DEJ is
essential for understanding and predicting the effects of
microstructural alterations due to disease, treatment, or
environmental or thermal exposure on the performance of
dental tissues and their artificial replacements.

The use of advanced high-energy techniques is increasing
in modern dentistry. 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. Local temperature
induced by laser as high as 1000 1C may be achieved during
laser treatment (Fried et al., 2002; Zuerlein et al., 1999).
Improved caries prevention is surmised to be associated with
increased mineralisation and HAp crystallite sintering that
leads to the sealing of dentinal tubules. However, the con-
firmation of this by direct microscopic characterisation of the
very thin surface layer affected by laser therapies is an
extremely challenging experimental task. In addition, 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 inves-
tigation of the micro- and ultrastructural alterations of
skeletal hard tissues exposed to high temperatures turned
out to be an excellent means of obtaining reliable estimates
of the temperatures of exposure (Piga et al., 2009; Thompson,
2005; Thompson et al., 2011). The above considerations
provide a strong motivation for a detailed study into the
effect of thermal exposure on the nano-structure properties
of human dental tissue. In order to understand and quantify
more precise information about the evolution of the hier-
archical nano/micro-structure under in situ thermal expo-
sure, 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 character-
ising the ultrastructure, mechanical property and texture
evaluation of mineralised tissues (Al-Jawad et al., 2007;
Daniels et al., 2010; Deymier-Black et al., 2010). WAXS (XRD)
has been proved to be capable of showing the distinct
differences of HAp of animal and human bone mineral upon
heating (Beckett et al., 2011; Piga et al., 2008; Piga et al., 2013;
Rogers et al., 2010), however most lab-based XRD usually
involves the mechanical destruction of a sample and estima-
tion of a subsequent volume-weighted averaged result,
without providing local fine-scale changes of ultrastructure
(Hiller et al., 2003). Compared with conventional high-
magnification microscopic methods, SAXS allows a far higher
throughput of samples with shorter time of analysis and non-
destructive identification of local structural alterations at the
nano-scale. However, the investigation of thermal treated
mineralised tissues using SAXS technique is still lacking, and
only recently, lab-based SAXS was used to characterize the
structural changes in human bone for forensic and archae-
ological purposes (Hiller et al., 2003), but few in the corre-
sponding SAXS data analysis on human dental tissues in
particular.

Nanoindentation has recently emerged as a powerful tool
for measuring the nano-scale mechanical properties in bio-
materials (Ebenstein and Pruitt, 2006). Nanoindentation in
mineralised tissues have been extensively studied and
reviewed by Kinney et al. (Kinney et al., 2003) and Haques
et al. (Haque, 2003). In teeth, a primary focus has been to map
mechanical properties across the normal dental tissues to
understand the role of local properties and hierarchical
structure, and has also been coupled with chemical mapping
(Fong et al., 2000; Marshall et al., 2001; Roy and Basu, 2008).
However, to date, no studies have been reported on the
investigation of the variation of mechanical properties on
thermally treated dental tissues. Tesch et al. (Tesch et al.,
2001) successfully applied SAXS and nanoindentation to
characterize non-treated dentine and observed variations of
mechanical and structural properties in correlations 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 (Beckett et al., 2011; Enzo et al., 2007; Piga et al., 2009;
Rogers and Daniels, 2002; Shipman et al., 1984).

The aim of this study was to have a medium resolution
mapping using synchrotron-based SAXS/WAXS technique to
characterise the structural features both in dentine and
enamel, as well as in the region near the DEJ of human teeth
samples with various thermal treatments in order to analyse
the ultrastructural variation (mean crystalline thickness,
crystal perfection, orientation and degree of alignment) and
their correlation with the reduced modulus and hardness
properties (measured by nanoindentation).
2. Materials and methods

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 15 mM sodium azide solution and washed
under running water for 5–6 h before mechanically cleaned
to eliminate residues. Teeth were excluded from the study
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because 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 mm3) were prepared and kept in a
hydrated state in Phosphate Buffer Solution (PBS) at 4 1C
before the experiment (Marten et al., 2010). Of these, 10
sections were allocated into five temperature groups for
30 min constant exposure at 400 1C–800 1C (in steps of
100 1C), 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 treat-
ment. 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 with a SkyScan 1172
scanner (SkyScan, Kontich, Belgium) at 1.9 mm resolution
using 80 kV voltage, 120 mA current and a 0.5 mm Aluminium
filter (Fig. 2a–c). The resulting data were reconstructed with
SkyScan NRECON package and subsequent models were
recreated with Fiji imaging software (Eliceiri et al., 2012). 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 almost parallel
to the X-ray beam.

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 is 145 1C with a short period of time, which the
influence on the sample is thought to be limited. Further-
more, the sections are carefully ground with a series of
grinding papers (P800-P4000) to expose the surface and finally
polished with 3 mm diamond polishing compound. This way,
it was made sure that properties of the tissue were measured,
and not properties of the epoxy resin.

In summary, six samples (RT, 400 1C, 500 1C, 600 1C, 700 1C
and 800 1C) were used for the SAXS/WAXS mapping measure-
ments and three out of those six samples including RT, 500 1C
and 700 1C were further selected for the nano-indentation
mapping, since these temperatures were representatives of
major compositional changes and weight loss (Pramanik
et al., 2013).

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 detec-
tor and sample was 1040 mm, guaranteeing that clear and
complete SAXS patterns and a partial WAXS pattern could be
captured on the 2D detector (Pilatus 2 M, Dectris Ltd., Baden,
Switzerland) positioned downstream of the sample. The use
of the incident X-ray beam focused down to the spot size of
14.5�19 mm2 allowed the achievement of 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 the
z-direction to collect the map of SAXS patterns. The mapping
area of region of interest (ROI) for the control sample and
samples from 400 1C to 800 1C was 0.6�0.6 mm2. The spacing
between each two measurement points of the mapping scans
was 40 mm both in longitudinal (y-direction) and transverse
(x-direction) directions, resulting in a total of 225 scattering
patterns per sample (see Fig. 1a).

The experiment allows us to consider the DEJ a function-
ally and structurally gradient layer – a common approxima-
tion that is used with considerable success in the study of
inhomogeneous materials, interfaces, surface treated sys-
tems, etc. Since the main interest is in-plane variation,
therefore, all possible efforts have been made to ensure that
the X-ray beam travelling through the sample is close to
parallel to the DEJ and the beam size (14.5�19 mm2) is able to
provide a result averaged over the gauge volume that moves
across the DEJ. Samples of the thickness �500 mm 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.

2.3. Scattering data analysis

2.3.1. SAXS
Quantitative interpretation of SAXS patterns provides insight
into the mean thickness, orientation and degree of align-
ment of dense particles. For initial quantitative analysis,
2-D diffraction images were converted into 1-D intensity
profiles and pre-processed using the Fit2D software package
(Hammersley, 1997).
a)
 Mean crystalline thickness
The scattering intensity Iðq;φÞ was radially integrated over
the entire range of the azimuthal angle φ to obtain a
function of IðqÞ, where q represents the scattering vector.
The crystal mean thickness T is defined as the Porod chord
length based on Porod0s law valid in a two-phase system

T¼ 4

π Q
P

ð1Þ

where P is the Porod constant given by IðqÞ ¼ Pq�4 (Porod0s
law at large q range), which can be determined from the
Iq4 � q4 plot, and Q is the integrated area of the Iq2 � q plot.
Note that the definition of T was 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
volume fraction (Fratzl et al., 1996).
b)
 Orientation and degree of alignment
The degree of alignment (ρ) of HAp crystalline particles is
used to describe the percentage of aligned particles. To
quantify it as well as the preferred orientation, the SAXS



Fig. 1 – Schematic diagram of the experimental setup. (a) micro-focus SAXS setup, WAXS patterns can also be partly obtained
on the SAXS-Pilatus detector, (b) A plot of the integrated curve IðφÞ (black points). The Gauss fit is also shown in the figure (red
line). The predominant orientation φ0is the average position of the two peaks. The ratio Aoriented=ðAoriented þAunorientedÞ gives the
degree of alignment and (c) nanoindentation profile showing the quantities used in the analysis. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article).
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patterns were integrated over all the available scattering
vectors q, resulting in a function IðφÞ with the azimuthal
angle φ (Rinnerthaler et al., 1999; Tesch et al., 2003), which
is shown in Fig. 1b. The Gauss fit is also shown in the
figure (red line). In the plot of IðφÞ, the average position of
the two peaks determines the predominant orientation φ0,
and the degree of alignment is defined as the ratio

ρ¼ Aoriented

Aoriented þ Aunoriented
ð2Þ

where Aunoriented is the area of the constant background
level and Aoriented is the overall area under the curve of IðφÞ
subtracting the background. The value of the degree of
alignment ranges from 0 to 1, where ρ¼ 0 indicates no

predominant orientation within the plane of the section
and ρ¼ 1 indicates a perfect alignment of all crystallites
(Rinnerthaler et al., 1999; Tesch et al., 2003).

2.3.2. WAXS
WAXS patterns are represented by separated diffraction
rings, containing characteristic information related to the
crystal structure. The analysis of WAXS patterns is performed
using the Bragg0s law, which establishes the relationship
between the spacing of atomic planes in crystals and the
scattering angle at which these planes produce intense
reflections (Bragg and Bragg, 1933). The (002) lattice plane
reflection ring from HAp contains the information on the
orientation of the c-axis of the crystals as well as the fibril
orientation due to their parallel orientation, which is strong



Fig. 2 – Region of interest (0.6�0.6 mm2) of dental slice mapped with SAXS and nanoindentation techniques. Each column
represents the results within the same area under a certain temperature as labelled. (a–c) ROI of RT (room temperature), 500 1C
and 700 1C samples revealed by Micro-CT; 2D 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); 2D 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). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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and distinct (Deymier-Black et al., 2010) Therefore, only the
(002) peak of interest is selected for interpretation.
2.4. Nanoindentation experiment

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 (Oliver and Pharr,
1992) was used to correct for 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 30 s loading, followed by 30 s holding
and 30 s unloading was used (Le Bourhis et al., 2004;
Patriarche et al., 2004). The hold period at maximum load
(30 s) is used to limit creep upon unloading, and thereby allow
for a more reliable extraction of mechanical properties from
the unloading curve (Angker et al., 2005). The contact depth
was between 100 and 400 nm that is 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 approxi-
mately 60 mm apart both in the x- and y-directions and
performed using automation.

Nanoindentation tests are widely used to determine some
material properties. Every nano-indent operation involves a
loading and unloading process, and the indentation load-
depth data is recorded for each operation (Hsu et al.). A
schematic diagram of nanoindentation process (Fig. 1c) is
shown, where 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 analysis of load-
displacement data (Ebenstein and Pruitt, 2006). The hardness
of the sample can be obtained by dividing the load by the
projected area of indentation

H¼ Fm
Ac

ð3Þ

where Ac (Ac ¼ 24:5h2
c for a perfect tip) is the contact area, Fm

is the force at maximum load. The composite modulus En

(sample and diamond) is extracted from

1
En

¼ 2β
S

ffiffiffiffiffiffi
Ac

π

r
ð4Þ

where β is a correction factor depending on the rip geometry
(β¼ 1:034 for a Berkovich one). The relation with diamond
and sample properties is given by

1
En

¼ 1�ν2D
ED

þ 1�ν2S
ES

ð5Þ

where E and ν are Young0s modulus and Poisson ratio and the
subscripts D and S are for diamond and sample respectively
(ED¼1141 GPa, νD¼0.07). The reduced modulus is referred to as

1
Er

¼ 1�ν2s
Es

ð6Þ

which is reported in (Le Bourhis and Patriarche, 2007;
Lim et al., 2005; Oliver and Pharr, 1992).
2.5. Statistical analysis

The calculated mean crystalline thickness values were sta-
tistically analysed with two-tailed paired sample t-tests using
SPSS version 19 (IBM SPSS Inc., Chicago, USA). Probability
levels of po0.05 (95% confidence interval) were considered
statistically significant.
3. Results

Colour coded 2D mapping provides a general qualitative
understanding of the spatial distribution of the ultrastruc-
tural and mechanical properties and their variations with
temperature. It also offers a validation on extracting the line
measurements or 1D plot with the detailed quantitative
information of the changes and correlation of the results.
For reasons of consistency, the central line values were
chosen in all samples and no dependency of the measure-
ment results on the line position was found. In this section,
both the 2D mapping results and the line plot were presented.
3.1. Ultrastructural observations

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 1C and 700 1C were visualized in Fig. 2d–f as
colour coded 2D-plot. Similar features from the three samples
were observed, of which the mean crystalline thickness
decreased from enamel to DEJ, and further down through
deeper dentine. From Fig. 2d–f, it was found that the mean
thickness of HAp crystallites increases with temperature,
which was reflected through the 2D colour changes (enamel
from blue in Fig. 2d to red in Fig. 2f, while dentine from dark
blue to red). In addition, the spatial difference of the crystal-
line thickness between enamel and dentine was found to
gradually decrease with temperature since in Fig. 2f, enamel
and dentine almost shared the same colour.

In order to trace the average mean 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 2D mapping results, which are
shown in Fig. 3a. The variation of the averaged mean crystal-
line thickness of the central line of dentine and enamel with
increasing temperature are illustrated in Fig. 4a and b, from
which the crystallites in dentine is nearly tripled from
1.94 (SD: 0.06) nm at room temperature (RT) to 5.16 (SD:
0.06) nm at 800 1C, while that of crystallites in enamel
increased from 3.81 (SD: 0.28) nm at RT to 4.90 (SD: 0.04) nm
at 800 1C (for additional values see Table 1).



Fig. 3 – Ultrastructural variations along the central line from the 2D mapping result of ROI as a function of temperature and
distance from DEJ. (a) results of the mean thickness of HAp. The first three measurement points (with minus distances from
DEJ) represent the results in enamel; (b) results of the degree of alignment of HAp. Only the results of crystals in dentine are
shown due to the complex variation happened beneath the DEJ.
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3.1.2. Orientation and degree of alignment
The 2D maps of the degree of alignment variation of the same
three samples (RT, 500 1C and 700 1C) within the interested
region were shown respectively in Fig. 2g–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 2D
teeth slices is depicted by the small black lines superimposed
on the degree of alignment mapping (shown in Fig. 2g–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 DEJ.

The same central line of dentine and enamel as presented in
the mean thickness visualization were selected from 2D map-
ping results. Only the line variation of the result in dentine is of
the most interest and is shown in Fig. 3b. It is found that in the
specific area in dentine just beneath the DEJ, the degree of
alignment is relatively higher than the area far away from DEJ,
shown as a bump in Fig. 3b. However, the overall degree of
alignment of crystals in dentine decreased (also see Fig. 4c and d)
and the bump gradually disappeared with increasing tempera-
ture. This indicates a tendency towards more random distribu-
tion of crystals as the temperature increased (see Table 1).

3.2. Mechanical properties characterization

3.2.1. Reduced modulus
Fig. 2j–l demonstrate the results of the spatial distribution of
reduced modulus within the 2D interested area of the three
samples (RT, 500 1C and 700 1C). 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 Fig. 2j to light blue in
Fig. 2l), 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 Fig. 4a and c. From the
figure, it is found that the averaged reduced modulus of
dentine decreased from 20 (SD: 6) GPa at RT to 15 (SD: 2) GPa
at 500 1C and then increased to 29 (SD: 10) GPa at 800 1C, while
in enamel it decreased from 70 (SD: 17) GPa at RT to 56 (SD:
17) GPa at 500 1C, and then further down to 47 (SD: 18) GPa at
800 1C (see Table 1).
3.2.2. Hardness
The overall spatial distribution of hardness of the three samples
(RT, 500 1C and 700 1C) in the ROI can be observed in Fig. 2m–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 tendency as the reduced modulus
was found that the hardness of enamel dropped significantly
with temperature, which is reflected from the pronounced
colour change.

The detailed alteration of the hardness with increasing
temperature is also reflected in the variation of the averaged
hardness of the selected central line of dentine and enamel
(Fig. 4b and d). It was found that the averaged hardness
variations have 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 (SD:
0.1) GPa at RT down to 0.4 (SD: 0.1) GPa at 500 1C and then
increased to 0.8 (SD: 0.3) GPa at 800 1C, while in enamel the
averaged hardness decreased from 3.0 (SD: 1.3) GPa at RT to



Fig. 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 bars71 SD. (For interpretation of the references to color in this figure, the reader is
referred to the web version of this article).

Table 1 – Overview of SAXS and nanoindentation measurement results collected from central line from 2D mapping
results. Statistical significance was evaluated using two-tailed paired sample t-tests with a 95% confidence interval for the
mean thickness results (npo0.05, nnpo0.005, nnnpo0.0005).

Temperature (1C) Mean crystalline thickness (nm) Degree of alignment Hardness (GPa) Reduced modulus (GPa)

RT Enamel 3.81(SD: 0.28) 0.50(SD: 0.02) 3.0(SD: 1.3) 70(SD:17)
400 4.07(0.02) 0.53(0.01)
500 4.73(0.16)n 0.48(0.02) 2.9(1.5) 56(17)
600 4.79(0.06) 0.31(0.05)
700 4.93(0.09) 0.28(0.03) 2.6(0.7) 51(11)
800 4.90(0.04) 0.28(0.01) 2.0(0.1) 47(18)

RT Dentine 1.94(0.06) 0.23(0.03) 0.7(0.1) 20(6)
400 3.09(0.09)nnn 0.29(0.06)
500 4.05(0.02)nnn 0.26(0.03) 0.4(0.1) 15(2)
600 5.16(0.12)nnn 0.17(0.03)
700 4.96(0.03)nnn 0.15(0.02) 0.6(0.3) 18(6)
800 5.16(0.06) 0.17(0.01) 0.8(0.3) 29(10)
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Fig. 5 – Intensity variation of the (002) reflection in the WAXS patterns of different regions at different temperatures: (a) enamel
and (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.
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2.9 (SD:1.5) GPa at 500 1C and then to 2.0 (SD:0.1) GPa at 800 1C
(see Table 1).

3.3. Crystal perfection

The WAXS patterns diffracted from HAp crystals in both the
enamel and dentine provide information about the crystal-
line perfection difference in different regions. Due to the
limited size of the 2D detector, only the (002) peak could be
captured and analyzed. Fig. 5 shows the diffraction intensity
variation of (002) peak for a selected region of scattering
angles (11.21–11.51) with the temperature change. A sharpen-
ing of the peak at higher temperatures was observed, com-
pared to the broad one of the control sample at lower
temperature. This represents an increased diffraction con-
tribution from HAp crystals 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.
4. Discussion

The ultrastructural alteration of skeletal hard tissues exposed
to the thermal treatment process developed in the present
study provides a better, more reliable basis for deducing the
heating history, compared with the conventional methods
based on monitoring the macro- and microstructural colour
(Piga et al., 2009; Thompson, 2005; Thompson et al., 2013) in
the forensic and archaeological investigation. In the clinical
application like caries prevention, the present study offers an
opportunity to characterise the microstructural features
affected by laser therapies.

The previous analysis of the entire powdered tooth ana-
lysis obscures the sharpness of ultrastructural variations
in dentine and enamel (Kugler, 2003; Piga et al., 2009). The
present study clearly illustrates how the observed evolution
of ultrastructure reflects the differences between dentine and
enamel, suggesting that enamel and dentine must be inves-
tigated separately in order to evaluate the exposure tempera-
ture precisely in the forensic cases as well as optimise 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, since the decreased hardness
may induce micro-cracks with increasing temperature.

4.1. Ultrastructural observations

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 DEJ at low
temperature, which may be ascribed to the gradient proper-
ties of human dental slice (Jacobs et al., 1973) as illustrated in
Fig. 3a. However, as temperature increases, this gradient
becomes smaller, which can be clearly seen in Fig. 3a. Besides
the visible gradient features, the major drop was visible near
the transition area around the DEJ, indicating the spatial
structural variation in the human dental slice.

The mean crystalline thickness of the control sample
(3.81 (SD: 0.28) nm in dentine and 1.94 (SD: 0.06) nm in
enamel) is consistent with the earlier transmission electron
microscopy (TEM) studies and XRD data (Marten et al., 2010;
Reiche et al., 2002). The increase of mean crystalline thick-
ness happened after 400 1C which implied the HAp crystal-
lites starting to sinter, leading to grain size growth. This
process becomes dramatic after 600 1C, as can be confirmed
by tracking the WAXS peak variation as illustrated in the



Fig. 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 1C (b) and 700 1C (c).
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Fig. 5 (Pramanik et al., 2013). In addition, the small increase in
crystallite size for enamel with increasing temperature is
likely to be related to the denser arrangement of HAp crystal-
lites compared with dentine.

4.1.2. Orientation and degree of alignment
The local structural variation of the degree of alignment in
dentine with distance from DEJ (Fig. 3b) represents an inter-
nal ultra- and micro-structural adaptation matching the
geometry of the human tooth. The higher degree of align-
ment of HAp crystallites near 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 (Eliceiri et al., 2012).

The degree of alignment in dentine (0.23 (SD: 0.03)) from
the control sample (room temperature, Fig. 4c and d) shows
an almost random orientation of HAp crystallites, while the
result in enamel indicates a stronger textured orientation
(0.50 (SD: 0.02)). This is consistent with earlier SAXS results
for dental tissue (Eliceiri et al., 2012; Jiang et al., 2005), where
the internal architecture in dentine was observed to be net-
like fibrils wound around tubules with decorated HAp crystal-
lites. If it is observed along tubule direction, the fibrils will
display an almost random distribution (Bozec et al., 2005).
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, which crystallites partially aligned along the prisms
(or rods) (Macho et al., 2003). It is noted that in both dentine
and enamel, there is 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 Fig. 3b with increasing temperature
may be explained by the burning-off or gradual disappear-
ance 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 (Fig. 5), due to its larger
amount of organic phase than in enamel.
4.2. Mechanical properties characterization

Both hardness and reduced modulus mapping showed
the obvious contrast of properties between the dentine and
enamel. The boundary between dentine and enamel is clearly
shown in Fig. 2j–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 nanoindenta-
tion 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 Fig. 4.

The hardness (0.7 (SD: 0.1) GPa in dentine and 3.0 (SD:
1.3) GPa in enamel) and reduced modulus (20 (SD: 6) GPa in
dentine and 70 (SD: 17) GPa in enamel) of the control sample
were consistent with the earlier nanoindentation studies on
dental tissues (Roy and Basu, 2008; Tesch et al., 2001). 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
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was partly reflected in the sharper peak variation in dentine
in Fig. 5.

4.3. Ultrastructure and mechanical properties correlation

The relationship between the variations of the ultrastructure
and mechanical properties with respect to different tempera-
tures are reflected in Fig. 4a–d. As illustrated in Fig. 4a and 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. Similar phenomenon can also be
observed in the dentine as illustrated in the empty symbols.
The bigger the mean crystalline thickness is, the lower the
mechanical properties would be, as reported by Tesch et al.
(Tesch et al., 2001). Thus, the mean thickness was 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 Fig. 4c and
d except that the region with higher modulus as shown in
Fig. 2 almost matches the region with higher degree of
alignment of HAp crystallites, which indicates that the local
structural variation may result in the local change of mod-
ulus in the same area. Furthermore, the distribution of the
orientation 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 (Sui et al., 2013; Sui et al., 2014).

The consistent tendency of reduced modulus and hard-
ness (Bao et al., 2004) is observed in Fig. 4. The observed
alteration of the mechanical properties within the dental
slice as the temperature increases may facilitate the crack
propagation, since the decrease of hardness indicates the
reduction of the ultimate strength (Krishna et al., 2013),
which is visible in micro-CT observation (see Fig. 6).
5. Conclusions

The effects of heat treatment on human dental tissues were
successfully elucidated by a systematic study of the com-
bined SAXS/WAXS mapping and nanoindentation mapping
techniques. Quantitative analysis of SAXS patterns of human
teeth samples revealed a temperature-dependent variation of
the mean thickness and the degree of alignment of nano-
scale mineral phase (HAp crystallites) both in dentine and
enamel. Furthermore, nanoindentation mapping captured
the remarkable 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.

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 the
thermal treatment. 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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