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ABSTRACT 

 
Propose different methods to obtain crystallographic information about biological materials are important since 

powder method is a nondestructive method. Slices are an approximation of what would be an in vivo analysis. 

Effects of samples preparation cause differences in scattering profiles compared with powder method. The main 

inorganic component of bones and teeth is a calcium phosphate mineral whose structure closely resembles 

hydroxyapatite (HAp). The hexagonal symmetry, however, seems to work well with the powder diffraction data, 

and the crystal structure of HAp is usually described in space group P63/m. Were analyzed ten third molar teeth. 

Five teeth were separated in enamel, detin and circumpulpal detin powder and five in slices. All the scattering 

profile measurements were carried out at the X-ray diffraction beamline (XRD1) at the National Synchrotron 

Light Laboratory - LNLS, Campinas, Brazil. The LNLS synchrotron light source is composed of a 1.37GeV 

electron storage ring, delivering approximately 4×10
-10

 photons/s at 8 keV. A double-crystal Si(111) pre-

monochromator, upstream of the beamline, was used to select a small energy bandwidth at 11 keV . Scattering 

signatures were obtained at intervals of 0.04º for angles from 24º to 52º. The human enamel experimental 

crystallite size obtained in this work were 30(3)nm (112 reflection) and 30(3)nm (300 reflection). These values 

were obtained from measurements of powdered enamel. When comparing the slice obtained 58(8)nm (112 

reflection) and 37(7)nm (300 reflection) enamel diffraction patterns with those generated by the powder 

specimens, a few differences emerge. This work shows differences between powder and slices methods, 

separating characteristics of sample of the method’s influence. 
 

 

1. INTRODUCTION 

 

The enamel is the most mineralized tissue in the body and contains more than 95% of mineral 

at the end of mineralization [1]. The mineral content of the enamel is composed of 

hydroxyapatite (HAp) crystals (Ca10(PO4)6(OH)2) resulting in a highly crystalline structure. 

Wilson (1999) using 12 sets of X-ray diffraction powder data from milligram samples of 
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human dental enamel provide detailed information about the structure and composition of 

enamel apatite[2]. It-Meng Low (2004) and Xue (2008) studied crystal structure in thin slices 

of two adult human molars and used diffraction technique[3,4]. Human enamel was 

characterized by synchrotron radiation diffraction. Al-Jawad et. al. (2007) had used 

synchrotron X-ray diffraction to study the texture and the change in lattice parameter as a 

function of position in a cross section of human dental enamel[5]. 

 

The X-ray diffraction corresponds to one of the main techniques of structural and 

microstructural characterization of crystalline materials, whether organic or inorganic. This 

phenomenon occurs when x rays scatter elastically from the electrons in matter. The x-ray 

causes the electrons to oscillate and subsequently emit radiation of the same wavelength as 

the incident x-ray. Due to the coherence between the scattered waves, interference effects 

occur which lead to diffraction patterns. The angles, at which the interference occurs, are 

given by the Bragg’s well-known relationship 

 

nλ = 2dhkl sin θ     (1) 

 

where n is an integer and refers to the order of diffraction, λ is the x-ray wavelength, d is the 

interplanar spacing of the (hkl) crystallographic planes and 2θ is the angle between incident 

and diffracted beam directions. The degree of interference is dependent on the momentum 

transfer argument, x, conventionally given by 

 

q = sin(θ/2) / λ                            (2) 

 

The actual momentum transferred to an x-ray photon is given by multiplying q by twice 

Planck’s constant. In the momentum transfer range 0 < q < 0.25 Å
-1

, inter-atomic interference 

effects are observed and diffraction peaks occur. The interference occurs between waves 

scattered from electrons within the same atom, molecule and neighbouring molecules and the 

result is a diffraction pattern related to the spatial distribution of electrons. The main 

application of X-ray diffraction refers to the identification of crystalline compounds, whether 

organic or inorganic. Plans and their diffraction interplanar distances and the density of 

electrons along each crystal plane, are specific and unique for each crystalline substance, the 

same as the diffraction pattern generated by it, like a fingerprint [6-9]. 

 

Diffraction theory predicts that the diffraction lines of a powder pattern will be very sharp for 

a crystalline material consisting of sufficiently large and strain-free crystallites. The 

reciprocal of the XRD line broadening (B) correlates with crystal size and lattice perfection. 

The term “crystallinity” is commonly used to represent the lattice perfection and crystallite 

size, defined as the size of a molecular well ordered domain that diffracts in phase [10-12]. 

Peak broadening, B, is often attributed to very small unstrained crystallites. The sizes of 

which are often determined using the Debye-Scherrer formula: 

 

t = 0.9 λ / B cos θ     (3) 

 

The characteristics of synchrotron radiation are well known: high photon flux, the possibility 

to select and tune a very narrow energy band, natural collimation and high polarization. 

These features make synchrotron radiation X-ray diffraction a technique more powerful   than 

that which utilizes a conventional x-ray source [13,14]. In this work, human healthy enamel 

were characterized using synchrotron X-ray diffraction comparing powder and slices 
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techniques. All the measurements were carried out at one of the X-ray diffraction beamline 

(XRD1) at the National Synchrotron Light Laboratory, in Campinas, Brazil. 

 

2. MATERIALS AND METHODS 

2.1. Specimen preparation 

 

This study was approved by the Ethics Committee for Human Research (protocol number 

2003.1.1329.58.2). The patients were informed both verbally and in writing about the 

purposes of the research, and signed an informed consent document and a tooth donation 

term. The samples were divided into two groups. For the first group, the enamel was 

powdered, whereas in the second one, teeth were cut longitudinally. 

 

All powered samples were obtained from healthy third molar teeth extracted in the city of 

Ribeirão Preto, State of São Paulo, Brazil. Enamel powder was obtained by removing the 

outermost layer of five adult human teeth from selected teeth surfaces with a diamond drill. 

Diffraction patterns of powder enamel were obtained in order to ensure the reduction of 

possible preferential orientations that generally appears in compact solid samples like the 

tooth slices. 

 

To obtain the tooth slices, a piece of the teeth crown was previously fixed in buffered 4% 

paraformaldehyde for 48h, dehydrated in crescent degrees of alcohol, embedded in glycol 

methacrylate resin (Technovit® 7200 VLC, Kulzer, Wehrheim, Germany) and cut using a 

high precision diamond disk (150µm) in a sectioning machine (EXAKT, Germany). These 

sections were ground until the thickness of 80µm. The mean thickness of enamel was about 

2.6 mm. 

 

2.2. X-ray diffraction setup 

 

The experiments were carried out at the D12A-XRD1 beamline at LNLS (the Brazilian 

Synchrotron Light Laboratory) [15]. The beam line optics, composed of a Si(111) double 

crystal monochromator with sagittal focusing in the horizontal plane, coupled to a Rh-coated 

X-ray mirror that focuses the beam in the vertical plane, provided a 1.0mm
2
(v) x 3mm

2
(h) 

focused beam spot, used in the measurements of the powder samples. For the slice samples 

measurement, in order to get a better spatial resolution, a set of horizontal and vertical slits 

was used and a beam spot of 0.3mm
2
(v) x 0.5mm

2
(h) was obtained. The beam energy was set 

to E=8.0 keV (λ=1.549 Å) with a resolution of ΔE/E=10
-4

. 

 

The sample was placed in the center of a 3-circle Huber diffractometer in the horizontal 

position (Fig. 1). The diffractograms were recorded in the vertical plane, using a NaI(Tl) 

scintillation point detector. 
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Figure 1. Picture of the experimental hutch, 

showing the 3 circle diffractometer and its main 

components. 

 

 

2.3. Data collection 

 

2.3.1 Powder enamel specimens 

 

The powder diffraction measurements were performed in θ–2θ reflection geometry in which 

the sample rotates during the scan. The sample holder was rotated about the axis defined by 

the planar surface of the sample to increase the number of crystallites in differing orientations 

contributing to the powder pattern, thus obtaining a better powder average. Counts for about 

1.5 sec for each 0.025° (2θ) step over an angular range from 20° to 52° were collected with 

statistical uncertainty smaller than 2% for the scattering count. The diffraction patterns were 

obtained in the momentum transfer range 0.13 < q < 0.29 Å
-1

, with 0.025° step size, and 

about 1.5 s analysis time per step. This range includes the most Bragg peaks for a range of 

Miller indices (hkl), thus providing structural and material-specific information. 

 

2.3.2 Slice specimens 

 

The tooth slices were placed horizontally, with the incoming x-ray beam fixed at 1° versus its 

length, and diffraction patterns were recorded in a range of 2θ in order to achieve the same 

momentum transfer range 0.13 < q < 0.29 Å
-1

, with 0.04° step size, and about 8 s analysis 

time per step. 

 

The analyzed portion of the sample was selected using the x-y-z-stage placed in the center of 

the diffractometer. As an example, the locations where the XRD measurements were made 

are shown in Figure 2. The analyzed area dimension was defined by the beam size on the 

sample. 

Beam 
collimator 

Detector 
collimator 

Goniometer head 

Sample holder 
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Figure 2. Arrow indicate selected area 

corresponding to area in dental enamel analyzed. 

 

 

3. RESULTS AND DISCUSSION 

 

All patterns were first normalized to take account of the decay of the synchrotron beam 

current during the measurements. The relative intensities were determined as diffraction line 

heights relative to the most intense line normalized to the intensity 1. The height of the peaks 

is the distance from highest point of the peak to its base line. 

 

The XRD patterns are presented as a function of momentum transfer q. The standard 

reference material SRM 676a (alumina powder) was used to evaluate experimental 

conditions. 

 

3.1. Powder specimens 

 

A typical XRD pattern measured for powder specimens is shown in Figure 3. The pattern was 

indexed to the standard pattern of hydroxyapatite powder pattern (ICSD CIF 161328). The 

calculated HAp standard pattern has been also included. 

 

XRD pattern obtained from powdered enamel demonstrated that calcium hydroxyapatite was 

the only calcium phosphate phase present with no peaks associated with any other additional 

phases. The experimental patterns were analyzed using a curve-fitting program (Origin 8.0). 

The four most intense Bragg peaks were fitted using pseudo-Voigt line profiles. Figure 5 

presents a magnified area of the patterns showing the most intense reflections (121), (112), 

(300) and (202). 

 

The diffracting planes, average dhkl values determined from 2θ-values observed from the 

XRD pattern of enamel (dexp) and dhkl values obtained from the HAp standard pattern (dstand) 

are listed in Table 1. Paired Student’s t-test was applied to assay any significant difference 

among the obtained from the standard pattern and those measured from the experimental 

pattern. Significance was set at a probability level of p < 0.05. It can be noted that these lines 

are in a reasonable agreement with the HAp standard diffraction pattern. 
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Figure 3. XRD patterns of powder enamel and 

standard HAp. 

 

 

 

Figure 4. Four most intense reflections observed in 

a typical diffraction pattern for powder specimens. 

Measured data (dots) and calculated fit (solid line) 

are shown. 
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Table 1.  Average dhkl values found for each reflection observed from the XRD patterns 

of powder enamel specimens. 

 

 
dhkl (Å) 

(211) (112) (300) (202) 

dStand 2.8153 2.7793 2.7203 2.6302 

)(dexp   2.8277(7) 2.7908(9) 2.7349(13) 2.6413(10) 

 

 

The mean relative intensities for each reflection are presented in Figure 5 in comparison to 

the values for standard powder HAp. The relative intensities were determined as diffraction 

line heights relative to the most intense (211 reflection) line normalized to the intensity of 

100. It can be observed an increase in the relative intensity of the reflections (112) and (300) 

for all enamel powder specimens in comparison to the HAp standard sample. 

 

 

 

Figure 5. Relative intensities with corresponding 

indices (hkl) for the powder specimens compared 

to standard HAp. 
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3.2. Slice specimens 

 

Figure 6 shows the XRD patterns measured for all slice specimens. The HAp powder pattern 

(ICSD CIF 161328) has also been presented. In Table 2, average dexp obtained from the 

patterns of slice enamel specimens were compared to those calculated from the HAp standard 

pattern. 

 

 

 

 

Figure 6. XRD patterns from slice enamel 

specimens and standard HAp powder. 
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Table 2. Average dhkl values found for each reflection observed from the XRD patterns 

of slice enamel specimens. 

 

 
dhkl (Å) 

(211) (112) (300) (202) 

dStand 2.8153 2.7793 2.7203 2.6302 

)(dexp   2.8194 (69) 2.7788 (50) 2.7271 (69) 2.6319 (57) 

 

The average d-values calculated for reflections (211), (112) and (202) for slice (Table 2) 

enamel specimens are smaller (P<0.05) than those found for powder ones (Table 1). The  d-

value for (300) reflection did not show significant differences (P=0.08). An increase of the 

standard deviations calculated in table 2 could be observed when compared to the 

corresponding values in table 1. It must be due to the lack of the (112) and (202) reflections 

in XRD patterns of some slice specimens, which indicates the presence of crystallographic 

texture. The same effect can also be observed in the relative intensities differences shown in 

Figure 7. 

 

 

 

Figure 7. Relative intensities with corresponding 

indices (hkl) for the slice specimens compared to 

standard HAp. 
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3.3. Crystallinity 

 

The peaks broadening (angular width) was measured at half height of the deconvoluted 

diffraction peak found for all analyzed specimens. The average crystal dimensions were 

determined by using the Debye-Scherer formula. The average crystallite size ( t ) and the 

corresponding standard deviation (σt) for the (121), (112), (300) and (202) diffraction lines 

obtained from XRD patterns of powder and slice enamel specimens are listed in Table 3. 

 

Table 3. Average crystallite sizes and corresponding indices (hkl) for powder and slices. 

 

Reflection Specimen t (nm) t  

(211) 
Powder 29.9 3.2 

Slice 38.4 7.0 

(112) 
Powder 30.8 3.7 

Slice 58.2 8.6 

(300) 
Powder 30.0 3.5 

Slice 47.2 26.7 

(202) 
Powder 32.6 2.7 

Slice 46.6 15.9 

 

 

The   values found for powder enamel coincide with the estimated average crystallite size for 

human enamel which is about 30 nm [16]. This result further confirms the similarity between 

the structures of the human enamel and the calcium hydroxyapatite. 

 

 

4. CONCLUSIONS  

 

The evident similarities of the diffraction patterns point out the analogy between the 

structures of the human enamel and standard HAp. It could be observed an increase in the 

average values found of d-spacings for enamel powder specimens in comparison to standard 

powder HAp. These differences can be considered the result of atomic substitutions that 

occur in crystal structure altering the lattice parameters. This should come as no surprise due 

to the fact that the dental enamel apatite is an impure form of hydroxyapatite [17]. The 

human enamel structure was very similar to HAp, but experimental lattice parameters 

obtained in this work, a=9.4739(43) and c=6.9040(28) Å, showed the well-known differences 

from HAp (a=9.4176 and c=6.8814 Å [18]). These values were obtained from measurements 

of powdered enamel which are in good agreement to those reported in [1]: a = 9.4555(76) and 

c = 6.8809(47) Å. 

 

The broadening of XRD diffraction peaks reflects crystal size and/or perfection or strain: the 

broader the peak, the smaller or less perfect or more strained the crystals. When comparing 

the slice enamel diffraction patterns with those generated by the powder specimens, two 

distinct differences emerge. First, the peaks of enamel powders are broader than those in the 

pattern produced by the slice specimens. This broadening occurs because of crystalline lattice 

strain and/or small crystallite sizes. The bigger average crystal sizes found for slice enamel 

specimens denote bigger crystals and fewer crystal defects in comparison to powder ones, 
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which is a consequence of the greater number of defects in the crystal structure of enamel 

caused by the powdering process. The second difference between the two sets of patterns is 

the lack of the (112) and (202) reflection observed in some slice specimens patterns, which 

indicates preferred orientation. Understudied differences is possible evaluate what is sample 

preparation or technique influence and material characteristics.  
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