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Objectives: The aim of this study was to assess and compare the crystalline structures of both powder
and bulk human dental enamel by X-ray diffraction analysis (XRD).
Methods: The buccal surfaces of 60 selected noncarious third molars were divided into two groups of
powdered and bulk enamel specimens. To prepare enamel powders, the enamel tissues were ground and
powdered manually using a mortar and pestle. For bulk samples, the enamel slabs were sectioned using a
low-speed diamond saw. The crystalline structures of samples were analyzed by XRD, and the obtained
data were analyzed. The values of the lattice parameters were obtained using the equation of hexagonal
crystalline structures. The crystal sizes and microstrains of crystallites were calculated using both the
Scherrer and Williamson—Hall (W—H) methods. The total area under the peaks was considered as the
criterion for assessing crystallinity. The data were analyzed by a parametric independent t-test and
nonparametric Mann—Whitney test using SPSS for Windows at a significance level of 0.05.
Results: The results of the current study revealed significant differences between the crystallinity values
and crystal sizes of the two study groups (p < 0.001). The powdered samples showed higher crystallinity
and smaller crystal sizes than those of the bulk samples. The obtained strain values of the powder
samples were nearly twice those of the bulk samples. This difference was not statistically significant
(p = 0.76).
Conclusions: The results of this study revealed that the sample preparation method for human tooth
enamel can affect the crystalline data obtained from XRD analysis.

© 2019 Japanese Association for Oral Biology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Dental enamel is the outmost layer of the tooth structure and is
composed of more than 95% minerals by weight [1]. The main
structured blocks of enamel are termed prisms and interprisms,
and it has been proven that the compositions of both sites are alike
and consist of nanosized, fibril-like, hexagonal hydroxyapatite
(HAp) crystals. The fundamental difference between the prism and
interprism sites is the orientation of HAp crystals, which in the
former are parallel to the prism axis and in the latter tend to be
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inclined perpendicularly to incremental lines [2,3]. The c-xis of
enamel crystals is orientated preferentially along the long axis of
the nanofibrils. The diameter of the nanofibrils is approximately
30—40 nm, and these nanofibrils aggregate with each other to form
thicker fibrils with a diameter of approximately 80—130 nm. The
size of the cross section of the prism/interprism structure
composed of these fibrils is typically 6—8 um [2] (Fig. 1).
Crystallographically, the enamel crystals belong to the hexago-
nal close-packed system. Accordingly, the basic structure of enamel
apatitic crystals consists of a hexagonal framework of Ca®* and
PO‘I3 ions around a column of monovalent anions such as OH™ and
F~ [4] (Fig. 2b). Two crystallographically different Ca atoms are
defined as Ca I (columnar) and Ca II (screw) according to their lo-
cations. In a cross-section view of the unit cell, the monovalent ion
is surrounded by a triangle of calcium ions (screw). These Ca II
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Fig. 1. SEM image of an enamel sample at micro- and nanoscale: (a)—(b) prism/
interprism locations with different magnifications; (c) orientation of the enamel fibril-
like HAp crystals within the prism at a magnification of x5000.

triangles are surrounded by phosphate ions as well, and the
columnar calcium (Ca II) are located hexagonally around the
phosphate ions [4,5] (Fig. 2).

The microstructure and biomineralization of dental enamel
have always been considered to provide a theoretical basis for the
repair of defected enamels and also biomimic synthesis of enamel
and novel biomaterials. Previous studies have employed different
methods, including scanning electron microscopy (SEM), trans-

resonance spectroscopy, atomic force microscopy, Fourier-
transform infrared spectroscopy, and XRD [2,7—10], to reveal the
unique microstructures of enamel. As a direct observational tech-
nique, TEM has more often been used to evaluate the ultrastruc-
tures of materials for all scales down to a resolution of 1 A[11]. XRD
is also a powerful technique used to evaluate the hierarchical
structure of biological minerals such as teeth and bone, and has
been employed by various researchers to examine the crystalline
structures of biological mineral composites [12—14]. Xue et al. used
X-ray microdiffraction and TEM to characterize and analyze human
tooth structures and found a good correlation between XRD and
TEM. They concluded that uXRD is a useful technique for evaluating
the crystalline structures of heterogeneous enamel and dentin [15].

Detailed information of the crystalline structure of dental
enamel in terms of the percentage of crystallinity [14], dimensions
of lattice parameters [16], microstrain of crystallites [13], crystallite
orientation [17], and the positions of atoms and occupancies of sites
[18] can be obtained using powder XRD. Simmons et al.. studied the
distribution of both direction and magnitude of the preferred
orientation of enamel crystallites within an entire tooth crown
using synchrotron XRD and found a high spatial heterogeneity in
both the magnitude and direction of the crystallites orientation
[17]. Using XRD analysis, it was also demonstrated that the crystal
size of polycrystalline materials affects their mechanical and
physical properties [19]. Eimear et al. reported that the size of
enamel nanocrystals influences the tooth's optical properties [20]
and also determined that the hardness of enamel is mainly regu-

mission electron microscopy (TEM), nuclear magnetic lated by thecarbonate apatite (CAP)crystal size [16].
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Fig. 2. Schematic of the position of columnar and screw calcium, phosphate ions, and hydroxyl groups on an enamel apatite unit cell. Three Ca*? (Ca II) ions form a triangle centered
on the hexad axis. Ca I ions form long columns in apatite structures that are close to phosphate ions: (a) hexagonal system of enamel apatite, direction of lattice parameters, and
main lattice planes; (b) relationship and arrangement of calcium and phosphate ions around the monovalent column. The figure derived from Ichijo et al. [6].
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To study the crystallographic properties of tooth structures,
traditional XRD usually employs powder specimens. However, the
powder XRD technique has some constraints that restrict its usage.
Specifically, this method is a destructive technique in which the
sample must be ground and a certain amount of powder must be
obtained to form a valid sample, such that information about small
or specified areas may be lost [15]. Thus, some researchers prefer to
use tooth sections instead of powdered specimens. Because of the
organized order of building crystallites in a bulk material, the ob-
tained XRD pattern may swerve from that of the powder specimen
[21], and some acquired crystalline information may be altered.

Accordingly, the aim of the present study was to determine and
compare the crystalline structures of powder and bulk human
dental enamel using XRD analysis.

2. Materials and methods
2.1. Sample preparation

Analyzed samples were obtained from the buccal surfaces of 60
human noncarious third molars. The specimens were cleaned and
stored in 0.5% chloramine solution for a week. After observation
under a stereomicroscope, any tooth with white spots, caries,
cracks, and/or defected areas was excluded from the study. The
crowns of teeth were separated from the root and sectioned in
3 x 5 x 3 mm slices using a low-speed diamond saw (Isomet,
Buehler, Lake Bluff, I, USA). The slices were then randomly sorted
into two groups: Powder and bulk.

To prepare enamel powders, the enamel was first separated
from dentin by creating a crack at the enamel-dentin junction. The
enamel tissues were then ground and powdered manually using a
mortar and pestle. The prepared powders were sieved to select
particle sizes between 30 and 40 um [22]. Powder XRD
measurements-ray powder diffraction measurements were per-
formed on the obtained powder samples using an INEL EQUINOX
2000 diffractometer with Cu-Ko radiation of 1.540598 A working at
40 mA, 40 kv, and a scan speed of 0.02 s~ The scan range was
taken from 10 to 100°.

The crystalline structures of bulk enamel sections that were less
than 3-mm thick were analyzed using an X-ray diffractometer
(X'Pert PRO MPD, PANalytical Company, Netherlands) with the
same parameters as the powder samples. Finally, the obtained data
were analyzed using X'Pert HighScore Plus V3 software.

The main peaks of the XRD patterns as well as the values of the
lattice parameters, crystal size, microstrain of crystallites, and
entire area under the peaks were considered as the criteria for
crystallinity to assess the crystalline structures of powder and bulk
samples in this study.

2.2. Lattice parameters

The values of the a and c axes of hexagonal unit cells were
calculated from (300) and (002) reflections, respectively, according
to the following equation of hexagonal crystalline structures [23]:

1 4 (h?+ hk+k? I2
1 _a(hT Rkt kT +— (1)
d2 3 a? c2

where d is the interplanar spacing of the crystal structure, a and ¢
are the a and c axes, respectively and h, k, and [ are the Miller
indices.

2.3. Crystallite size and lattice strain

The average crystal dimensions of each enamel sample were
calculated using Scherrer's equation [24] for the (002), (300), and
(211) Bragg peaks.

Dy = K2/Bpia cost (2)

where D is the average crystal diameter in the direction perpen-
dicular to the lattice planes, hkl denotes the Miller indices of the
analyzed planes, K is the crystallite-shape factor (K = 0.94), }\ is the
wavelength of the X-rays (~1.540598 A Cu-Ko radiation), § is the
line broadening full width at half the maximum intensity (FWHM)
in radians, and 6 is the Bragg diffraction angle.

The crystallite size and lattice strain were also calculated using
the W—H equation [25]. According to the W—H model, the peak
broadening is the sum of broadening derived from the crystallite
size and lattice strain, §; = 1 + (2. The crystallite size peak
broadening can be calculated using Scherrer's equation as follows:
61 = kK2A/d cos 6, where $; is the broadening of the peak conse-
quent to the crystallite size. The broadening due to the lattice strain
B2 can be calculated by the following relationship:

B, _Ctand (3)

where C is the lattice strain and 6 is the Bragg diffraction angle.
Thus, we can estimate the total peak broadening as:

sin 0 KA
Be= cosf ' dcosf )
By rearranging (4), we can obtain the following equation:
B cos §=C sin § + Q (5)

d

A linear fit is then plotted from the scattered results of the main
Bragg peaks with sinf and (cosf (in radians) on the x and y axes,
respectively. The crystallite size and lattice strain can be estimated
from the y intercept and slope of the linear equation (y = mx +n) of
the plotted line, respectively.

2.4. Crystallinity

The degree of crystallinity of both powder and bulk samples was
also quantitatively estimated. To produce precise peak positions
and areas, profile fitting was conducted using the pseudo-Voigt
profile function, which is a linear combination of Gaussian and
Lorentzian components. Then, the percentage of the “sum of net
area” to “sum of total area” was measured as the criterion for the
degree of crystallinity using PANalytical X'Pert HighScore software
[26].

2.5. Statistical analysis

Prior to the statistical analysis, the normality and homogeneity
of variances of data were tested using the Kolmogorov—Smirnov
and Levene's test, respectively. The data were then analyzed by a
parametric independent t-test and nonparametric Mann—Whitney
test according to the normal or skewed distribution of data. All
statistical analyses were conducted using SPSS 23.0 for Windows at
a significance level of 0.05.

3. Results

The XRD patterns for powdered and thinly sectioned enamel are
shown in Fig. 3. The spectra indicated that the peak positions of
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Fig. 3. Representative XRD pattern of powder and bulk tooth enamel in the range of
20 = 20-70°.

Table 1

Lattice parameters of powder and bulk enamel samples
Groups (n = 30)  a axis (A) c axis (A)

mean SD p value mean SD p value

Powder 9.440 0.052 0.78 6.873 0.031 0.8
Bulk 9.444 0.054 6.871 0.011

Table 2

% Crystallinity of powder and bulk enamel specimens
% Crystallinity
Groups (n = 30) mean SD p value
Powder 49.13 5.21 0.00
Bulk 31.22 491

both groups corresponded to the HAp PDF card number (JCPDF 09-
0432).

The figure shows that the peak intensity corresponding to (002)
reflection obviously decreased in the powder sample. However, the
peak intensities of the (211) and (300) planes were significantly
stronger in the powder sample than in the bulk sample. The peak
(300) in the bulk sample was nearly merged in the (211) peak.
Changes in the intensity of some minor peaks including (213), (411),
(310), and (222) could also be seen in the XRD of the powder pat-
terns as compared with the bulk pattern.

Lattice parameters of the bulk and powdered crystallites,
calculated according to the equation of hexagonal crystalline

Table 3
Crystallite size (nm) and Williamson—Hall lattice strain (%) of groups

structures [23], are presented in Table 1. The data indicated no
difference between lattice parameters of sectioned and powdered
enamel samples. The independent t-test showed no statistically
significant difference between groups in both the a- and c-axis
parameters.

Division of the total area of crystalline peaks by the total area
under the diffraction spectra peaks showed significantly higher
crystallinity in the powder group than in the bulk group (Table 2).
This finding can be attributed to more diffraction peaks in the
powder spectra.

The mean crystallite size was measured using both the Scherrer
and W—H equations in nanometers. As shown in Table 3, a greater
mean crystallite size was obtained in bulk enamels compared to
powdered enamels, according to both methods. This difference was
statistically significant with both the Scherrer and W—H methods
(p < 0.001).

The microstrain results (in percentage) were obtained from the
y intercept of the linear equation of y = mx + n plotted using the
W-—H method. Because the microstrain results did not follow a
normal distribution, we employed the Mann—Whitney test for
analysis of the microstrain results of the two groups. The results
showed a value nearly twice as high for the microstrain of the
powder group as compared to the bulk group. However, this dif-
ference was not statistically significant (p = 0.76).

A representative Williamson—Hall plot of both powder and bulk
groups is shown in Fig. 4.

4. Discussion

Understanding the ultrastructures of natural teeth and the
variations in HAp crystallites helps to further understand new
concepts regarding caries-prevention methods and novel bio-
mimetic preventive materials. XRD analysis is a powerful method
that has been commonly employed to study the ultrastructures of
materials [27,28].

Powder XRD is one of the most common methods of XRD, the
use of which can help obtain valuable information about constit-
uent phases, average crystallite dimensions, crystallite strains,
percentages of crystallinity, and residual stresses of a material [28].
However, achieving an adequate amount of tooth powder required
for this method is difficult. Moreover, grinding dental tissues into
powder of specific dimensions destroys the tooth structure and
leads to the loss of information regarding tooth HAp crystallites
[15]. By contrast, in non-destructive XRD methods, the regular
arrangement of enamel crystallites produces an anisotropic X-ray
intensity distribution, which shows the textured arrangement of
enamel crystallites. [ 10,29]. This regular order of crystallites can be
a source of error when evaluating the crystalline structures of
materials [29]. Nevertheless, many researchers prefer to employ
non-destructive XRD methods considerable information about
enamel ultrastructures has been obtained from powder XRD
techniques in different studies. The goal of this study was first to
determine and then to compare the crystalline structure of dental

Crystal size Microstrain (%)
Groups (n = 30) Scherrer's equation (nm) Williamson—Hall equation
(nm)
mean SD mean SD mean SD
Powder 28.75 3.40 35.47 8.60 0.0061 0.0086
Bulk 42.20 9.57 47.29 12.92 0.0038 0.0022
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Fig. 4. Representative W—H plot of both (a) bulk and (b) powder groups.

enamel analyses derived from destructive and non-destructive XRD
techniques.

Comparison of XRD patterns of bulk and powder samples from
Fig. 3 revealed that the intensities of most peaks, including (211),
(300),(310), and (222), were stronger than those of bulk samples. By
contrast, the (002) peak of the bulk sample had a significantly higher
intensity than the powder sample. In the powder sample, because of
the random orientation of grains, diverse crystallographic planes
could be detected, whereas in the bulk material, the order of crys-
tallites of the material was not as random as that of the powder
sample. Thus, the XRD pattern of a bulk material can be different
from that of its powder complement. Accordingly, a significantly
high peak intensity could be obtained in the XRD patterns of a bulk
material from crystallographic plans with preferential alignment
[21]. The higher intensity of the (002) plane in the bulk XRD pattern
shows that a greater number of (002) planes were perpendicular to
the diffraction vector and were involved in reflecting the incident
beam. By considering the hexagonal close-packed structure of HAp
crystallites of enamel (Fig. 2), we find that the c axis of crystallites is
perpendicular to (002) planes, which may imply the preferential
alignment of crystallites along the c axis in bulk enamel [21,30].
Because in this study the percentage of crystallinity was measured
by dividing the total area of crystalline peaks by the total area under
the diffraction curve, the obtained higher crystallinity of powder
samples could be attributed to the greater number of lattice planes
being exposed to the incident beam.

Considering the main component of enamel, HAp, the extent
and quality of hydroxyapatite lattice imperfection affects the
resistance of the teethto fracture [29]. A perfect crystal would
infinitely extend in all directions. However, because of the finite
size of crystals, no perfect crystal can be found. Any deviation from
perfect crystallinity causes peak broadening in a diffraction pattern
[31]. Bragg peaks are broadened because of either the crystallite
size being smaller than a micrometer or because of nonuniform
lattice strains [31,32]. Lattice strain arises from lattice imperfec-
tions, and crystallite size is a measure of the sizes of diffracting
domains that are aligned coherently [31]. Different sources of strain
include dislocations, stacking faults, twinning, grain boundaries,
internal stresses, chemical heterogeneities, and point defects [32].

Different methods, including those of Scherrer, W—H the
strain—size plot, and Warren-Averbach, have been developed to
measure the crystal size and strain of polycrystalline material from
XRD data. The Scherrer and Williamson—Hall methods are depen-
dent on both the FWHM values and integral breaths [33]. In this
study, we employed both the Scherrer and W—H methods for
measuring crystallite size and the W—H method alone to assess
lattice strain.

Most studies that measure the crystal sizes of dentin and
enamel crystallites have employed Scherrer's equation [16,34—36].
We previously described that peak broadening is produced as a
result of both crystallite size and lattice strains. The Scherrer
method does not consider the strain-induced width broadening

and underestimates the grain size by neglecting the strain broad-
ening. Thus, it is a proper method for strain-free crystallites. Ichijo
et al. reported different imperfections, including point defects, line
defects, and dislocations in tooth structures. These imperfections
can act as a source of strain in the hard-tissue crystalline structures
of teeth [37]. Accordingly, the W-Hequation is more suited to
determining the crystallite size of the tooth structure because with
this method, in addition to the crystallite size peak broadening, the
strain-induced peak broadening is considered. Thus, the higher
crystallite size value derived from the W—H method as obtained in
our study can be attributed to considering strain-induced peak
broadening of strain-containing enamel crystallites. The higher
crystallite size derived from the W—H method than from the
Scherrer method in our results is in agreement with the other
studies [38,39].

In this study, the obtained crystallite sizeesof bulk enamels were
significantly higher than those of powder samples. It was previously
reported that mechanical grinding reduces the particle size and
preferred orientation while increasing the lattice strain of the mate-
rials [40,41]. During milling, the particle size is reduced to a saturation
value and, simultaneously, the lattice strain of the crystal structure
increases because of the generation of dislocations and crystal de-
fects. Moreover, in mechanically milled hexagonal close-packed and
face-centered cubic structures, different stacking faults have been
observed [40]. The results of this study are in agreement with the
results of Colaco et al., who reported a higher average crystallite size
as well as fewer crystal defects and lower lattice strains in enamel
slices as compared to enamel powder samples [35].

In enamel chemistry, different substitutions and compositional
structures indicate the values of lattice parameters. Thus, any
changes in chemical structures may change the lattice parameters
of enamel crystallites. It is known that some anions like fluoride can
contract the a-axis value, whereas some ions including HPO3~, and
Cl™ can increase the size of the a-axis parameter [4]. Accordingly,
any treatment that causes chemical changes in the enamel struc-
ture may induce lattice parameter changes. In our study the
powdering process of tooth enamel did not induce any chemical
changes in enamel crystallites. Thus, the values obtained for the
lattice parameters of the powder samples and those of the bulk
samples were similar.

5. Conclusion

In this study, it was determined that there is a significant dif-
ference between the XRD data of crystalline structures obtained
from powder and bulk human dental enamel. Because of this dif-
ference, the method of sample preparation should be considered
for the studies related to the enamel's crystal structure. Therefore,
based on the results of this study, we can achieve more precise
scientific investigations and conclusions for tooth enamel structure
research when the preparation method for XRD tests is considered.
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