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Obtaining information about the intrinsic structure of polycrystalline materials

is of prime importance owing to the anisotropic behaviour of individual

crystallites. Grain orientation and its statistical distribution, i.e. the texture, have

an important influence on the material properties. Crystallographic orientations

play an important role in all kinds of polycrystalline materials such as metallic,

geological and biological. Using synchrotron diffraction techniques the texture

can be measured with high local and angular resolving power. Here methods are

presented which allow the spatial orientation of the crystallites to be determined

and information about the anisotropy of mechanical properties, such as elastic

modulus or thermal expansion, to obtained. The methods are adapted to all

crystal and several sample symmetries as well as to different phases, for example

with overlapping diffraction peaks. To demonstrate the abilities of the methods,

human dental enamel has been chosen, showing even overlapping diffraction

peaks. Likewise it is of special interest to learn more about the orientation and

anisotropic properties of dental enamel, since only basic information is available

up to now. The texture of enamel has been found to be a tilted fibre texture of

high strength (up to 12.5�). The calculated elastic modulus is up to 155 GPa and

the thermal expansion up to 22.3 � 10�6 �C�1.

Keywords: texture; anisotropy; elastic modulus; thermal expansion; enamel; tooth;
hydroxylapatite.

1. Introduction

The majority of all technological, geological and biological

materials have a polycrystalline structure. They are composed

of crystallites which are anisotropic with respect to many of

their physical and mechanical properties. The macroscopic

properties of such materials may be anisotropic if the orien-

tation distribution of the crystallites is not completely random.

Hence the macroscopic anisotropy and the materials’ prop-

erties are mainly determined by the single-crystal anisotropy

and the orientation distribution function of these crystallites

(Bunge, 1993). Nevertheless, the direction dependence of

macroscopic properties can also depend on, for example,

crystallite shape, pore structures or cracks. In technologically

used materials the macroscopic properties play a special role.

The property profile of such materials has to be adapted to the

application profile in a work piece. Similarly, the same is valid

for biological materials. Since most biomaterials have been

improved over millions of years, it does not astonish that the

macroscopic properties of such materials are normally highly

adapted to the mechanical needs such a material has to fulfil.

In order to understand the physical behaviour of a poly-

crystalline biomaterial, examination methods of technological

materials can be used. In recent years diffraction techniques

using high-energy synchrotron radiation has become more and

more important for material sciences because of their excel-

lent properties such as high angular and local resolving power,

high brilliance and high penetration depth (Heidelbach et al.,

1999; Wcislak et al., 2001, 2002; Lonardelli et al., 2005; Klein,

2009). The investigations described here were carried out

using the multi-purpose diffraction device at beamline BW5 at

HASYLAB/DESY in Hamburg, Germany.

The material used in this investigation was dental enamel

from a human incisor tooth. The anisotropic properties of this

biomaterial are of prime importance since the mechanical

properties of materials used to fill cavities differ significantly

from those of the dental enamel itself (Chudoba et al., 2005).

In the worst case the filling of a tooth can damage the enamel

of a tooth of the opposite side; hence, when applying

mechanical loads (e.g. during chewing) the property profiles of

both materials, i.e. the enamel and the filling material, can be

very different, such that a harder filling can abrase the softer

enamel of a healthy tooth. There are not only problems with

the hardness, however. Fillings can also shrink or expand since

the coefficients of thermal expansion differ from those of the

enamel itself. All this could be avoided if the anisotropic

properties of dental enamel could be known in detail, hence

then a filling material with suitable properties could be sought
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or fabricated as an equivalent replacement for the dental

enamel. To find such a proper material, the anisotropic

macroscopic properties of dental enamel must be determined

first in detail.

2. Sample material

Teeth consist generally of two main structural components

(Fig. 1): the upper part (crown) is covered by dental enamel,

followed by dentine and the pulp with blood vessels and

nerves; the lower part (root) with its cementum stabilizes the

tooth in the bone of the jaw.

Dental enamel is the most highly mineralized and hardest

biological tissue in the human body (Dorozhkin, 2007). It is

made of hydroxylapatite (HAP), Ca5(PO4)3(OH), which is

hexagonal (6/m). The lattice parameters are a = 9.418 Å and

c = 6.875 Å.

Human dental enamel has been chosen as the object of our

investigation because it is important to determine the orien-

tation of the crystallites within, since this orientation controls

the anisotropy of mechanical properties such as the elastic

modulus or the thermal expansion (Bunge, 1993; Nye, 1985;

Park et al., 2001).

The examined human tooth was the right first upper incisor,

tooth 11 according to the nomenclature of the world dental

federation (FDI; Fédération Dentaire Internationale). This

tooth was originally used for another study about the peri-

odontal ligament, approved by the local ethics committee. A

0.5 mm-thick slice of the front part was cut using a diamond

saw so that the sample only consists of enamel without the

inner dentine. To measure the local change of the HAP

orientations a measurement grid was constructed with 15

points in a horizontal line and 12 points in a vertical line (see

Fig. 2). The filled square indicates the position of the example

data point for which the Rietveld refinement and texture

analysis is also shown in detail. For all other grid points only

the results of the texture analysis and calculations of the

elastic modulus and the thermal expansion are presented.

3. Experimental method

The texture measurements were carried out at the high-energy

synchrotron beamline BW5 at HASYLAB/DESY in

Hamburg, Germany. The instrument was equipped with a

mar345 on-line image-plate area detector for the diffraction-

image registration, an !-stage for sample orientation, and two

linear stages (X- and Z-direction) for local texture analysis

(Fig. 3). Particular features of texture measurements with this

instrument are the high angular resolution in Bragg angle and

in the crystal orientation, the high beam intensity and the high

penetration depth. A SiGe (111) gradient crystal mono-

chromator and an energy of �100 keV (� = 0.1255 Å) were

used. The cross section of the monochromatic beam was 0.5 �
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Figure 1
Schematic cross section of a human incisor tooth.

Figure 2
Upper incisor tooth with the position of the overlaying measuring grid.
The filled square indicates the position of the grid point for which the
process of analysis is shown in detail.

Figure 3
Schematic representation of the conventional texture step-scan tech-
nique. The sample is rotated in discrete steps around the orientation
angle !. At each position of the angle ! a diffraction image is taken.



0.5 mm and the sample–detector distance was chosen as

1440 mm.

The texture measurements were carried out using the

conventional step technique (Heidelbach et al., 1999; Wcislak

et al., 2001, 2002; Lonardelli et al., 2005; Klein, 2009).

Diffraction images were taken at the orientation angle ! in the

range �80� � ! � +80� in equiangular steps of �! = 5�; the

exposure time was 20 s per image. Because of the sample

geometry the full range of the orientation angle ! (�90� � !
� +90�) is not accessible; complete pole figures were therefore

calculated by means of mathematical texture analysis. Fig. 3

shows schematically this texture measurement technique with

an area detector. A diffraction image for ! = 0� (primary beam

perpendicular to the sample surface) is shown in Fig. 4.

Overlapping Debye rings can be seen with high maxima on the

rings, resulting from the preferred orientation of the crystal-

lites. The Bragg angle 2� and the orientation angle � are

marked. A typical integration zone used for data evaluation,

triangle-like, is shadowed.

In Fig. 5 a one-dimensional diffraction diagram of the

enamel is shown, calculated from the two-dimensional

diffraction image in Fig. 4. It shows clearly the overlapping of

diffraction peaks.

A set of data necessary to calculate the orientation distri-

bution of one local measurement point consists of 33 two-

dimensional diffraction images, at a step width in ! of 5�.

There are 27 local grid points, so 891 diffraction images have

been analysed in this study.

3.1. Mathematical texture analysis

The calculation of the quantitative texture analysis becomes

more difficult if we deal with totally or partly overlapping

reflection peaks. Fig. 5 shows a typical diffraction diagram of

hydroxylapatite; it can be seen that a number of peaks overlap

even though the material consists of only one phase. This is the

reason for using a combined Rietveld texture analysis. We

applied the program MAUD (Lutterotti et al., 1997). MAUD is

very much suitable for dealing with overlapping diffraction

peaks even from different phases. In MAUD the orientation

distribution function is calculated using the E-WIMV method

[see Lutterotti et al. (2004), especially equation (2), and

Lutterotti & Bortolotti (2005)], which is a modification of the

numerical WIMValgorithm (Matthies & Vinel, 1982; Matthies

& Wenk, 1985; Matthies et al., 1997) which provides an auto-

matic conditional ghost correction (Matthies, 1979).

A set of 33 two-dimensional diffraction images serves as

input. Each image is divided in segments of, for example, 5� in

�; these segments are integrated over the orientation angle �
along the diffraction angle 2� (Fig. 4). In this manner a set of

72 one-dimensional diffraction diagrams per diffraction image

is constructed, which is used for the Rietveld analysis.

Each diffraction diagram contains, besides the intensities,

specific information about the diffraction angle 2� and the

orientation angles ! and �. After the classical Rietveld

refinement, differences between measured and calculated

intensities occur if a texture is present. A texture-weight factor

is then calculated using a Le Bail algorithm. These texture-

weight factors together with the information of the angles !,

� and � are the basis for the calculation of the orientation

distribution function using the E-WIMV method, improving

the Rietveld refinement fit. After this optimization process the

final results are provided, such as experimental pole figures of

considered reflections hkl and complete recalculated pole

figures of measured and not measured hkl, inverse pole figures

and the whole texture information given by the orientation

distribution function as well as crystallographic parameters.

The obtained fit can be compared with the actual data (Figs. 6

and 7) and the recalculated pole figures can be compared with

the experimental ones (Fig. 8).

The Rietveld-texture analysis program MAUD is a

powerful tool for analysing textures of biomaterials and

engineering materials, dealing especially with low crystal

symmetries, overlapping diffraction peaks and different
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Figure 4
Diffraction diagram at ! = 0� of human dental enamel. The diffraction
image shows Debye–Scherrer rings with distinct maxima, resulting from
the preferred orientation. The shadowed triangle marks an integration
zone which is used for data evaluation.

Figure 5
One-dimensional diffraction diagram calculated from the two-dimen-
sional diffraction image shown in Fig. 4. The scan shows many overlapped
peaks. The corresponding peak positions are marked and indexed for
hydroxylapatite.



phases. Exemplarily, the results of a Rietveld analysis of a two-

dimensional diffraction image taken at ! = 0� are shown in

Fig. 6. A Rietveld-texture refinement of a single integrated

one-dimensional segment of the same two-dimensional

diffraction image is plotted in Fig. 7. The corresponding

weighted R-value of this fit was 10.99%. The refined lattice

parameters for HAP are a = 9.424 Å and c = 6.876 Å. The

space group used was P63/m.

3.2. Calculation of anisotropic properties

The calculation of anisotropic properties from texture data

was performed using the program package Beartex (Wenk et

al., 1998). Hereby one can directly use texture data received

with MAUD. The Beartex routines ‘tens’ and ‘velo’ were used

especially to calculate second- and fourth-rank tensor

macroscopic properties such as thermal expansion and elastic

modulus.

The macroscopic property Sijkl of a polycrystalline aggre-

gate is thereby given by the weighted average of the single-

crystal coefficients Sijkl (Bunge, 1993; Park et al., 2001). The

orientation distribution function f ðgÞ thus appears as the

weight function of the average values of orientation-depen-

dent physical properties,

Sijkl ¼
R

SijklðgÞ f ðgÞ dg: ð1Þ

This is a simple mean value neglecting the crystal interaction

in the polycrystalline aggregate. The true mean value ~SSijkl

depends on the orientation g of a considered crystal but also

on the size, arrangement and orientation of its neighbouring

crystals. To calculate the true mean value in the case of elastic

properties several theories have been proposed. An approx-

imation to the true average can be obtained for elastic prop-

erties using two formulations of Hooke’s law,

"ij ¼ SijklðgÞ �kl;

�ij ¼ CijklðgÞ "kl;
ð2Þ

with Cijkl = ðSijklÞ
�1. This leads to the averages

�SSR
ijkl ¼

R
SijklðgÞ f ðgÞ dg ðReussÞ;

�CCV
ijkl ¼

R
CijklðgÞ f ðgÞ dg ðVoigtÞ:

ð3Þ

These two extreme cases of grain structure were formulated

by Reuss (1929) and Voigt (1928). Normally, neither of these

cases is realistic. Grains are quite often equiaxed. Then the

averages of these two extreme values (Hill, 1952) can be used.

The Hill averages are usually very close to the true polycrystal

values and have therefore also been used for the calculations

in this paper.

The single-crystal property is, in the case of thermal

expansion (second-rank tensor), given by the coefficients of

thermal expansion aij, and, in the case of the elastic modulus

(fourth-rank tensor), by the elastic constants cij, each corre-

sponding to the respectively measured material. Material

constants like aij and cij can be found tabulated for various

materials (Landolt Börnstein, 1992; International Critical

Tables of Numerical Data, Physics, Chemistry and Technology,

1930).

The result of the first calculation step with ‘tens’ is a texture-

weighted second- or fourth-rank tensor of the anisotropy for

a given property. The program ‘velo’ uses the fourth-rank-
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Figure 6
Result of a Rietveld-texture refinement for a diffraction image at ! = 0�.
The presentation of the two-dimensional data is made in orthogonal
coordinates. (a) Experimental data; diffraction lines show minima and
maxima. (b) Rietveld fit without consideration of the texture; diffraction
lines have constant intensities. (c) Rietveld-texture refinement with
consideration of the texture; diffraction lines show minima and maxima.

Figure 7
One-dimensional diffraction diagram of a single integrated segment
(Fig. 4) after Rietveld-texture refinement. Crosses mark the measured
data points; the continuous line represents the fitting. In the lower part
the difference curve is shown.



weighted tensor to calculate direction-dependent properties

such as the elastic modulus. In the case of a texture-weighted

second-rank property tensor received from ‘tens’, this tensor

can be transformed into a direction-dependent property as

shown in the following.

The resulting texture-weighted second-rank tensor awij

possesses information about the direction-dependent property

Pðx;y;zÞ,

Pðx;y;zÞ ¼ aw11 � x � xþ aw22 � y � yþ aw33 � z � z

þ 2aw12 � x � yþ 2aw13 � x � zþ 2aw23 � y � z: ð4Þ

The optional conversion of the Cartesian coordinates x,y,z

into polar coordinates �,� for a stereographic projection is

given by

x ¼ sin � � cos�;

y ¼ sin � � sin �;

z ¼ cos�:

ð5Þ

4. Results

4.1. Calculation of the texture

As described above, the Rietveld-texture analysis using the

program MAUD was used to calculate pole figures from the

two-dimensional diffraction data. Experimental and recalcu-

lated pole figures of the marked measurement-grid point

(Fig. 2) are shown in Fig. 8. A comparison of both pole figures

sets shows that the quality and the reliability of the Rietveld-

texture refinement are very good. Former investigations of

human dental enamel pointed out that an interpretation of a

(001) pole figure is sufficient to describe changes in texture

(Raue & Klein, 2010), because the orientation of the crystal-

lites can be explained by a rotational symmetric fibre texture;

the fibre axis itself is hereby parallel to the c-axis of the

crystallites (Raue, 2008; Raue & Klein, 2010).

The sample coordinate system in the stereographic projec-

tion is given in Fig. 8(c). In order to correlate the directional

results to the sample, the sample normal (ND) in Fig. 2 is

perpendicular to the image plane and the longitudinal direc-

tion (LD) lies parallel to the image plane pointing upwards.

The local variation of the orientation of the HAP crystal-

lites within the sample is illustrated in Fig. 9. The upper row

(a) shows the orientation change of the (001) poles in the

horizontal direction, the lower one (b) in the vertical direc-

tion. It can be clearly seen that the local orientation in the

horizontal sample direction changes almost symmetrically and

continuously from the left side of the sample to the right side.

In the vertical sample direction a local change from the normal

to the longitudinal direction can be seen. Even the orientation

densities change locally, as shown in Fig. 10(a) for the hori-

zontal path and in Fig. 10(b) for the vertical path.

These results imply that the dental enamel prisms, which are

built up by stacking of (001) crystal planes along the long axis

of the prisms with a free rotation of this plane around their

normal, are tilted from the left to the right side in the incisor

tooth (Raue, 2008; Raue & Klein, 2010). In the vertical

direction the prisms show a tilting from the normal to the

longitudinal direction.

4.2. Calculation of the anisotropic elastic modulus and
thermal expansion

The result of texture analysis, i.e. the orientation distribu-

tion function, is the basis for any property calculation. Hence,
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Figure 9
Local change of the orientation of the (001) poles of HAP in a human incisor tooth; (a) horizontal, (b) vertical sample direction (cf. Fig. 2).

Figure 8
Experimental (a) and calculated (b) pole figures of the crystal planes
(100), (101) and (001) for the marked measurement-grid point shown in
Fig. 2. The sample coordinate system for the pole figures (ND: normal
direction; LD: longitudinal direction; TD: transversal direction) is given
in (c).



there is a general correlation of preferred orientations with

anisotropic properties (Bunge, 1993; Park et al., 2001). It is not

astonishing that the directional maxima of elastic modulus

show the same behaviour as the orientation of the corre-

sponding (001) poles (again representing the texture). The

local values in the horizontal sample direction of the elastic

modulus are represented in Fig. 10(a); those of the vertical

sample direction are shown in Fig. 10(b).

As well as the anisotropic behaviour of the elastic modulus,

the thermal expansion originates from texture. Likewise the

maxima of thermal expansion are similarly oriented (cf. pole

figures in Fig. 9).

The resulting local maximum values are shown in Fig. 11(a)

for the horizontal and in Fig. 11(b) for the vertical sample

directions.

5. Conclusion

The physical properties of human dental enamel are of prime

importance for therapies, inlays and dentures. Only a few

investigations have been performed and the crystallographic

texture has been described as ‘highly complex’ (Al-Jawad et

al., 2007; Dorozhkin, 2007; LeGeros, 1991). The whole three-

dimensional direction dependence of physical properties such

as the elastic modulus has mostly been reduced to one or two

specific directions [e.g. the elastic modulus from indentation

measurements such as by Xie et al. (2009), Cuy et al. (2002) or

Braly et al. (2007), to mention only some].

Applying diffraction and calculation methods used in

materials science for polycrystalline materials in order to

determine real three-dimensional anisotropic properties are

steps towards the goal of determining the anisotropic prop-

erties for any location in teeth. Here we have presented

methods to obtain detailed local information about the crys-

talline structure, the orientation and anisotropic properties of

dental enamel. Dental enamel is made of crystalline hydro-

xylapatite and, owing to its crystal structure, its diffraction

diagram shows multiple overlapping peaks. This makes a

texture and structure analysis difficult, but this problem can be

easily overcome by modern Rietveld-texture refinements.

Because of its high angular and local resolving power and

brilliance, high-energy synchrotron radiation in combination

with an area detector was used. The methods to measure and

to analyse textures quantitatively were directly adopted from

those used in materials science (Bunge, 1993; Wenk et al., 1998;

Lutterotti et al., 1997; Wcislak et al., 2001; Bunge et al., 2003;

Klein, 2009). The results show that human dental enamel is

strongly textured, more than 12 times random, and beyond

that a strong local change of the orientation in a tooth exists.

The texture as well as physical properties (elastic modulus and

thermal expansion) are directly connected to the application
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Figure 10
Local change of the orientation densities and the maximum values of the
anisotropic elastic modulus (dotted lines) in the horizontal (a) and
vertical (b) sample directions. The orientations of these maxima are
directly comparable with those of the (001) poles (Fig. 9).

Figure 11
Texture-calculated maximum values of the thermal expansion in the
horizontal (a) and vertical (b) sample direction (dotted lines).
Additionally the orientation densities are given.



profile of a tooth (maximum load during chewing from the

direction of the opposite tooth). From local measurement

results it arises that dental enamel prisms are approximately

perpendicularly oriented to the tooth surface with an inclining

tilt towards the top of the tooth.

The anisotropy of these properties can thus be compared

and evaluated in contrast to the properties of materials used to

fill cavities. All these results give a lot of new information

about dental enamel and the properties new filling materials

should possess. The focus of this article lies in the procedures

for obtaining orientation-dependent information from dental

enamel, such as the anisotropic elastic modulus and aniso-

tropic thermal expansion. A detailed presentation of results of

similar measurements and calculations on common dental

filling materials as well as on dental enamel, together with a

literature review and our own indentation measurements

(obtaining the elastic modulus by a different method), will be

given in another paper.
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