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Abstract

®

CrossMark

Changes in the crystal lattices and compositions of the dental enamel powders were evaluated
after oven or Er,Cr:YSGG laser irradiation. A decrease in the Ca/P ratio to levels close to the
ideal theoretical value of laser irradiation caused a considerable decrease in the hydroxyapatite
crystallite size but without changes in the crystallographic phase. These changes alter the
material, can affect the demineralization process, and are useful for the prevention of caries and

dental erosion.
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1. Introduction

The application of lasers in dentistry has spread rapidly over
the past few years across various specialties. In the case of
dental caries, high-powered lasers have been used mainly for
the removal of caries by ablation [1-9]. The use of lasers
to prevent dental caries has been studied through the use of
laser irradiation on parameters that cause chemical and phys-
ical changes, without the need for ablated tissue, so that this
material has a greater resistance to demineralization [10-17].
In recent years, several studies have sought to answer import-
ant questions regarding laser action in caries prevention,
strengthening enamel demineralization, the effect of material
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ablation, and effects that can alter the structure of materials
[18-22].

The mineral matrix of both enamel and dentin is composed
of hydroxyapatite [Ca;o(PO4)s(OH),] (HAP)-carbonated.
This matrix contains HAP crystals with carbonate radicals
that partially replace the phosphate radicals and hydroxyl [23,
24]. The apatite mineral family [A0(BO4)sX>] is crystallized
in hexagonal prisms, where A is usually Ca’t or Pb’*, B is
P>t or As’T, and X is F~, C1—, or (OH)~ [25, 26]. The unit
cell dimensions are @ = b = 9.4343 A, ¢ = 6.8681 A, and
V =5293 A [27]. The mineral parts of bones and teeth are
an impure form of HAP, with a variable composition of Ca/P
ranging from 1.6 to 1.7 [28].

The chemical changes associated with the process of
tooth decay include: (a) decreased bone mineral density, (b)
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decreased Ca/P and crystallographic changes including: (a)
increased a-axis in the region of caries compared to other
regions in the enamel, and (b) presence of larger crystals of
apatite. The incorporation of HPO5#, which can cause expan-
sion of the g-axis and large crystals, may be related to the
decrease in carbonate CO53 [23].

Er,Cr:YSGG laser with a wavelength of 2.79 um, has
also been studied for caries prevention. Previous studies have
reported a significant decrease in enamel resistance to demin-
eralization after Er,Cr: YSGG laser irradiation [7, 29, 30], sug-
gesting its cariostatic potential, and this effect could be due to
the heating [31] of the crystalline lattice of HAP [32, 33].

This study evaluates the changes induced in the crystal lat-
tice of HAP under the action of a heating furnace and laser
irradiation of Er,Cr:YSGG. Attempts to understand possible
explanations for why certain changes in the crystal lattice of
HAPs can cause changes in their properties are mainly related
to their resistance to dissolution.

2. Materials and methods

2.1. Preparation of enamel powder oven-heated

Enamel slices were obtained from bovine incisor teeth by
sagittal sectioning, after which the backside of the slices was
grounded to remove all dentin remnants. The slices were then
triturated in a mortar until a powder was formed. Four samples
of 1 g of enamel powder were heated in an oven at a rate of
10 °C min to 200 °C, 600 °C, 800 °C, and 1000 °C, for 1 h.
Three pellets were prepared for each sample by pressing 5 mg
of each sample with 100 mg of KBr with 4 tons during 10 min.

2.2. Preparation of enamel powder under laser ablation

The enamel powder was obtained as previously described.
Three pellets were prepared with 0.4 g of enamel powder
and were irradiated with an Er,Cr:YSGG laser (Millennium,
Biolase Inc., San Clemente, USA) that operates at a
wavelength of 2.79 um, pulse width of 140-200 us, and repe-
tition rate of 20 Hz. It used a G-6 mm tip (beam diameter of
600 pum) was used, and the energy per pulse was measured
five times using a power/energy meter (Fieldmaster-Coherent,
Santa Clara, USA) before laser irradiation. The irradiation
conditions are listed in table 1.

2.3. Temperature measurements during laser irradiation

This study used energy densities near or below the ablation
threshold for enamel as reported in the literature [34-36]. The
surface temperature of the enamel slices during laser irra-
diation was measured using an infrared thermographic cam-
era (ThermaCam FLIR SC3000 Systems, Boston, USA). This
camera is equipped with a quantum well infrared photode-
tector cooled to 70 °C, capable of recording temperatures in
the range of 20 °C-1500 °C, with a resolution of 0.01 °C, a
response time of 0.02 s an acquisition rate of 60 Hz. During
the experiments, the temperature was controlled at 21.4 °C and

Table 1. Laser irradiation conditions of the enamel samples.

Group  Emean/puise» mJ  Energy density, J cm 2

1 21.30 £ 0.42
2 38.84 £ 0.77

7.53 £0.15
13.74 £ 0.27

the room humidity was 36%. The experiments were conduc-
ted on enamel slices using a lens with a focal length of 0.1 m.
Data were analyzed using dedicated software (ThermaCam
Research 2001, Boston, USA).

2.4. X-ray diffraction

Powdered enamel oven samples overheated and ablated by
laser irradiation were subjected to x-ray diffraction (XRD)
analysis at the Laboratory of Synchrotron Light (LNLS) in line
DI12A-XRD1. The powder station was the x-ray K of Cu with
=0.1541 nm, which was scanned from 20° to 60°, with steps
of 0.02°, keeping constant energy for each point collected. The
samples were sieved and placed in a capillary with a diameter
of 5 mm by adjusting the capillary in the equipment to turn
itself around its own axis.

The Rietveld method [37] allows the simultaneous refine-
ment of the unit cell, refinement of the crystal structure, micro-
structure analysis, quantitative analysis of phases, and determ-
ination of the preferred orientation from the diffraction data
of x-rays or neutrons. In this study, it was used primarily to
confirm the crystallographic phases present in the samples,
previously identified by analysis of the positions of peaks
in the diffraction of x-rays of each sample using the GSAS
software [38]. HAP (PDF 09-0432), octacalcium phosphate
(OCP) (PDF 26-1056), tricalcium phosphate phase 3 (5-TCP)
(PDF 09-0169), tetracalcium phosphate (TTCP) (PDF 25-
1137), tricalcium phosphate phase o (PDF 09-0348), calcium
oxide (PDF 07-5785), calcium carbonate (PDF 01-5194), dic-
alcium phosphate (PDF 03-1046) and dicalcium phosphate
dihydrate (PDF 01-6132). The diffraction pattern of silicon
[Standard Reference Materials National Institute of Standards
and Technology (NIST) SRM-640c] was used to analyze the
instrumental data of our experiments. The results obtained
with the Rietveld method, in addition to proof of the phases
in the samples and taking of their proportions, we obtained the
sizes of the a-axis, c-axis, unit cell volume, crystallite size, and
occupancy rates of the atoms of calcium and phosphorus in the
crystallographic structure.

3. Results

The infrared thermography showed a surface temperature of
350 °C for laser irradiation at 7.53 J cm~2 and 600 °C for
13.74 J cm—2. Enamel samples were heated in an oven at tem-
peratures of 200 °C—600 °C there was no crystallographic
phase change, confirming the presence of 100% HAP match-
ing pattern PDF 09-0432.

Table 2 shows the Rietveld results for the enamel samples
heated in an oven and natural enamel. Only the samples heated
to 800 °C, in addition to HAP, showed stages of OCP with
code PDF 26-1056 and 3-TCP with code (PDF 09-0169), with



Laser Phys. 34 (2024) 015601

J S Rabelo Neto et al

Table 2. Rietveld results for heated in-oven enamel samples.

Enamel Enamel (200 °C) Enamel (600 °C) Enamel (800 °C)
Lattice
a=bhb 9.45 +0.0007 A 9.44 +0.003 A 9.44 + 0.001 A 9.44 + 0.0009 A
c 6.89 +£0.0005A  6.88 +0.002 A 6.88 + 0.001 A 6.88 + 0.0006 A
Cell volume
V(A% 5334+ 0.1 A3 5313+ 04 A3 530.7 + 0.2 A3 5314+ 0.1 A3
Occupation
Ca, 0.9670 0.9572 0.9805 0.9390
Cay 0.9061 0.9302 0.9698 0.9503
P 0.8929 0.9159 0.9434 0.9143
Ca/P
Ca/P 1.74 1.71 1.72 1.72
Crystallites
(nm) 292 + 0.4 21.8+03 26.4 + 0.3 295+ 04
Ry (%) 8.21 7.65 7.47 8.95
Rup (%) 10.31 9.77 9.47 11.53
x> 1.34 1.15 1.26 1.52
20 20
11 1 1 me a1 L T T O I N | Lonm o r () [}l (N} mir 1 L T T I T T 1 A L I [
HAP HAI
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Figure 1. The pattern observed (O) versus the calculated (wm) in the
enamel sample heated at 200 °C and the index (l) of the standard
reflections that contribute to the sample diffractogram.

ratios of 4.40% and 1.53%, respectively. Figures 1 and 2 show
the calculated and observed diffraction patterns for enamel
samples heated to 200 °C and 800 °C, respectively.

The table 3 shows the results of Rietveld analysis of
laser-irradiated enamel samples. The enamel samples irra-
diated with energy densities of 7.53 + 0.15 J cm~2? and
13.74 4+ 0.27 J cm~2, did not observe any change of crystal-
lographic phase being validated the presence of 100% HAP
corresponding to the standard PDF 09-0432. Figure 3 shows a
graphical representation of the Rietveld results for the enamel

sample irradiated at 7.53 J cm 2.

1 L 1 L 1 L L
20 30 40 50 60
(degrees)

Figure 2. The pattern observed (O) versus the calculated (wm) in the
enamel sample heated at 800 °C and the index (0) of the standard
reflections that contribute to the sample diffractogram.

Figures 4-7 show the variations in the values of axis-
a, axis-c, unit cell volume, and crystallite size of the HAP,
respectively, based on the Rietveld method of the heated and
irradiated XRD enamel samples. In the figures, the density
measurements of the laser energy are correlated with the sur-
face temperatures during irradiation.

The enamel samples irradiated with energy densities
of 7.53 + 0.15 J em~2 and 13.74 + 0.27 J cm™2, did
not observe any change of crystallographic phase being
validated the presence of 100% HAP corresponding to
the standard PDF 09-0432. Figure 3 shows a graphical
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Table 3. Results obtained by Rietveld analysis of laser-irradiated enamel samples.

Enamel Enamel (7.53 J cm™?) Enamel (13.74 J cm™?)
Lattice
a=b 9.4547 + 0.0007 A 9.447 + 0.002 A 9.441 + 0.002 A
c 6.8911 + 0.0005 A 6.886 & 0.002 A 6.885 + 0.001 A
Cell volume
V(A% 533.4 4+ 0.1 A’ 53224 0.4 A3 53254 0.3 A’
Occupation
Ca, 0.9670 0.9869 0.9798
Ca, 0.9061 0.9528 0.9612
P 0.8929 0.9578 0.9592
Ca/P
Ca/P 1.736 1.6917 1.6831
Crystallites
(nm) 29.2 + 0.4 26.1 +0.2 254402
Ry (%) 8.21 6.36 7.00
Ruyp (%) 10.31 8.16 8.94
X 1.34 1.19 1.33
20 4 Energy Density (J/cm®)
HAP 7,53 13,74
T T T T T T T T
= Heated enamel (°C)
15 | 9,455 I - 7,
i A |rradiated enamel (J/cm?)
©
E 9,450 § -
210~ = l
%
P 9,445 L‘ E
5 2 l
© [ ]
9,440 i
0 I
L 9,435 - il
(degress) (I) I 2[I)0 ' 4(I]0 I S(I)O I B[I)O

Figure 3. The pattern observed (O) versus the calculated (wm) in the
enamel sample irradiation at 7.53 J cm ™2 and the index (@) of the
standard reflections used in the Rietveld method that influences the
sample diffraction.

representation of the Rietveld results for the enamel sample
irradiated at 7.53 J cm™2. Figures 4-7 show the vari-
ations in the values of axis-a, axis-c, unit cell volume,
and crystallite size of the HAP, respectively, based on the
Rietveld method of the heated and irradiated XRD enamel
samples. In the figures, the density measurements of the laser
energy are correlated with the surface temperatures during
irradiation.

In the present study regarding the appearance of new
crystallographic phases in the material subjected to laser

= Temperature ("C)

Figure 4. Variations in the a-axis for heated and irradiated enamel
samples.

irradiation and heated in an oven, analyses by XRD and by
the Rietveld method showed that both enamel types had a cer-
tain resistance to phase change at 800 °C and should be made
only by the HAP phase.

The behavior of HAP under the temperature effect has been
reported in the literature, where it was found that the mater-
ial begins to decompose at 700 °C, for carbonate removal in
the system [39]. In the phase transformations of HAP between
25 °C and 500 °C, the material shows diffraction patterns
with the same HAP reflection [40]. The HAP is stable until
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Figure 5. Variations in axis ¢ for heated and irradiated enamel
samples.

the temperature reaches 600 °C, after which dehydroxylation
occurs up to ~1200 °C and 3-TCP [Ca3(POy4),] and TTCP
[CayO(POy),] are formed [41]. Presence is the onset of 3-TCP
[Ca3(POy4),] in a heating duration of 1 h at 10 °C-800 °C,
ranging from 10% to 20% of this phase in the material [42].
Our analysis found OCP and TCP phases in enamel heated at
800 °C for 1 h.

The behavior of HAP under the temperature effect has been
reported in the literature, where it was found that the mater-
ial begins to decompose at 700 °C, for carbonate removal in
the system [39]. In the phase transformations of HAP between
25 °C and 500 °C, the material shows diffraction patterns
with the same HAP reflection [40]. The HAP is stable until
the temperature reaches 600 °C, after which dehydroxylation
occurs up to ~1200 °C and 3-TCP [Ca3(POy4),] and TTCP
[CayO(POy),] are formed [41]. Presence is the onset of 3-TCP
[Ca3(POy4),] in a heating duration of 1 h at 10 °C-800 °C,
ranging from 10% to 20% of this phase in the material [42].
Our analysis found OCP and TCP phases in enamel heated at
800 °C for 1 h.

Even with only the HAP phase, the material can change
its structure, such as the amount of carbonate, which can
cause changes in the resistance properties to HAP degrada-
tion. Another factor that may influence material solubility is
the crystallite size. Among the samples that showed evidence
of HAP single phase, for the Rietveld method, we found struc-
tural differences within this phase that are important to under-
stand the different behaviors in their properties without even
changing the material to another crystallographic phase.

Regarding the variation of the a-axis (figure 4) unit cell of
HAP in enamel, we found that heating up the action level of
600 °C and irradiation resulted in a reduction of this axis, and
above this temperature, growth. This effect has been repor-
ted by other authors, which took place under thermal action
until the temperature reached 400 °C and grew after this
temperature [24].

A Energy Density (J/cm®)

7,53 13,74

534,0

T T T T T

T T
» Heated enamel(°C)

533,5 -
4 Irradiated enamel(J/cm”)

533,0

(control) r=

532,5
532,0 4 ‘

5315 A i

Cell Volume (A%

531,0 | T

530,5 -

530,0

T T T T T T T T T T T
0 150 300 450 600 750 900

= Temperature(°C)

Figure 6. Variations in unit cell volume of heated and irradiated
enamel samples.

It is believed that this variation is caused by the pres-
ence of HAPO; * reacting with CO33 in temperatures above
300 °C, the increase in a-axis above 400 °C is due to the
loss of CO5 3 type B and changing the replacement of car-
bonate type B by the type A at high temperatures. The enamel
samples also showed a decrease in the c-axis, but to a lesser
degree (figure 5), with increasing temperature, and this effect
was not reversed. The variation in the a-axis size and c-axis
reflected the dimensions of the unit cell volume (figure 6).
There was a decrease in the unit cell volume to the limit of
600 °C and a small increase above this temperature. These
effects are mainly influenced by the a-axis. The unit-cell
volume behavior is reflected in the crystallite size (figure 7),
which decreases until the temperature reaches 600 °C and
subsequently increases. This behavior was also observed in
enamel samples irradiated by the laser.

In the studies reported by dependency analysis on the dis-
solution properties of sparingly soluble minerals, HAP has
been observed to be dependent on the crystallite size, and if
these crystallites are on the nanometer scale, the dissolution
of the material cannot be interpreted in terms of conventional
theories developed for studies on microcrystals. The authors
found that the dissolution can be self-inhibited or even sup-
pressed owing to the crystallite decrease in nanometric-scale
conditions [43].

In another study, it was reported that HAP nanostructure
crystallites with an average size of 20 nm were insensitive
to dissolution, where one layer of HAP nanoparticles was
deposited on the enamel surface, protecting it significantly
under acidic conditions, which was considered surprising by
the authors [44]. In our study, we found crystallite sizes on
the nanoscale, which varied from 20 to 30 nm. The Ca/P
HAP is important for evaluating the distribution of calcium
and phosphorus in the structure, where the ideal is 1.67 [41,
45-48] and the reference standard NIST presents a value of
Ca/P = 1.664 £ 0.005 [49].
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Figure 7. Variation in crystallite size of heated and irradiated
enamel samples.

Changes in this relationship have been due to materials defi-
cient in calcium or even in excess, which can cause different
behaviors in the material properties. Observed in our study
that the samples showed a calcium excess in the structure, but
with the temperature increase in the oven and also the laser
irradiation, this ratio decreased, approaching the ideal ratio of
1.67. The relationship between the laser irradiation on enamel
samples and the effect of making the material came very close
to the ideal ratio of 1.67 on the crystallographic structure of
HAP’s.

Enamel samples irradiated at 7.53 Jcm 2 and 13.74 J cm 2
occur Ca/P 1.6817 and 1.6831, respectively. In a recent study
that evaluated the Ca/P variation in enamel under laser irra-
diation of Er,Cr:YSGG of premolar teeth surface with irradi-
ation of 17.68 J cm~2 and 35.36 J cm—2 no change occurred
in the Ca/P ratio [50]. However, this study has been used in
the system to spray water during irradiation, which causes
an increase in the ablative effect, expelling the material that
was exposed to the laser beam more effectively, resulting
in surface cleaning of the area that was influenced by the
laser.

Erkmen Almaz et al [51] argue that the Er,Cr:YSGG
laser irradiation may influence the prevention of teeth enamel
demineralization considering the increase in the temperature.
Alkhudhairy ef al [52] emphasized that the Er,Cr:YSGG laser
may remove minimal material and cause potential thermo-
mechanical damage by ablation, but the increased temperature
may eliminate free radicals and improve the bond strength of
the enamel. Ulusoy et al [53] argued that Er,Cr:YSGG laser
application without water cooling increases enamel resistance
to demineralization. Benetti et al [54] emphasized that the
Er,Cr:YSGG laser irradiated under similar energy densities
used in this study promotes changes in bone tissues, whether in
mineral or organic material, specifically in carbonate content,
and argued that it is important to choose the correct energy

density in clinical procedures to minimize thermal damage and
stimulate the best healing.

4. Conclusion

Both oven heating and laser irradiation resulted in a decrease
in the HAP crystallite sizes and enamel, maintaining the
HAP crystallographic phase. Laser irradiation resulted in an
improvement in the Ca/P ratio, bringing it closer to the ideal
ratio of 1.67. These changes are important because they can
make enamel more resistant to demineralization.
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