
1052Angle Orthodontist, Vol 76, No 6, 2006 DOI: 10.2319/11405-398

Original Article

Acid Resistance of Erbium-doped Yttrium Aluminum Garnet Laser–Treated
and Phosphoric Acid–Etched Enamels

Jung-Ho Kima; Oh-Won Kwonb; Hyung-Il Kimc; Yong Hoon Kwond

ABSTRACT
Objective: To compare the effects of erbium-doped yttrium aluminum garnet (Er:YAG) laser ab-
lation and of phosphoric acid etching on the in vitro acid resistance of bovine enamel.
Materials and Methods: Teeth were polished to make the surface flat. The polished enamel was
either etched with 37% phosphoric acid for 30 seconds or ablated with a single 33 J/cm2 pulse
from an Er:YAG laser. The control specimens were free from acid etching and laser ablation.
Changes in crystal structure, dissolved mineral (calcium [Ca] and phosphorus [P]) contents, and
calcium distribution in the enamel subsurface after a pH-cycling process were evaluated.
Results: After laser treatment, poor crystal structures improved without forming any new phases,
such as tricalcium phosphates. Among the tested enamels, dissolved mineral contents were sig-
nificantly different (P � .05). Er:YAG laser–treated enamels had the lowest mineral dissolution
(Ca, 13.78 ppm; P, 6.33 ppm), whereas phosphoric acid–etched enamels had the highest (Ca,
15.90 ppm; P, 7.33 ppm). The reduction rate and reduced depth of calcium content along the
subsurface were lowest in Er:YAG laser–treated enamels.
Conclusion: The Er:YAG laser–treated enamels are more acid resistant to acid attack than phos-
phoric acid–etched enamels.
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INTRODUCTION

The use of acid to increase microscopic roughness,
by selectively removing mineral crystals, to improve
the retention of composite restoratives has become a
standard process for dental preparation since the re-
port of Buonocuore.1–4 Among the various proposed
methods, etching with 37% phosphoric acid is the
most widely used. As long as the enamel surface is
clean and sustains enough etching to separate enamel
crystallites, an optimal enamel-resin bond can be
achieved.3
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However, because of the weak correlation between
the depth of etching and strength of the enamel-resin
bond, the total strength of the enamel-resin bond might
not vary with depth. As a result, recent studies suggest
a shorter duration of acid etching.5,6 The advantage of
etching with phosphoric acid is the high level of brack-
et bond strength achieved. On the other hand, the loss
of mineral crystals, essentially the acid-protecting bar-
rier, is inevitable. Because of this mineral loss, the
acid-etched region may be vulnerable to successive
acid attacks in the oral environment.

For many years, the erbium-doped yttrium aluminum
garnet (Er:YAG) laser has been applied in dentistry for
carious lesion removal, cavity preparation, endodontic
procedures, and surface conditioning.7–11 The Er:YAG
laser is able to handle dental hard tissue with high
efficiency because of the high absorbability of the 2.94
�m wavelength by water and dental enamel.12–14 The
absorbed laser energy is converted to heat that boils
water in the tooth, forming high-pressure steam. The
successive explosive vaporization of water modifies
the smooth tooth surface, creating an irregularly ser-
rated and microfissured morphology.

To use this morphological modification for orthodon-
tic treatment, recently, the Er:YAG laser has been in-
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troduced into practice.10,15,16 Compared with other la-
sers, the Er:YAG laser has a greater ability to roughen
tooth surface and produce the microretentive structure
needed for monomer infiltration to seal the tooth sur-
face with a bonding agent. However, in spite of these
favorable structural modifications, similar to those of
an acid-etched surface, the bracket tensile bond
strength achieved was lower than that for the phos-
phoric acid–etched case, and this was common for
most laser-treated cases.17–19

Unlike acid etching, Er:YAG laser etching is accom-
panied by a complex thermomechanical process. In
addition to the morphological modifications, heat-in-
duced structural or physical property modifications of
dental enamel need further investigation to find a way
to compensate for the lower bracket bond strength be-
fore the Er:YAG laser can be considered an alternative
to conventional acid etching.

The purpose of this study was to compare Er:YAG
laser–ablated dental and phosphoric acid–etched den-
tal enamels by evaluating their acid resistance. The
dissolved mineral content and calcium distribution in
the enamel subsurface after a pH-cycling process
were investigated.

MATERIALS AND METHODS

Sound and noncarious bovine incisors were ob-
tained and stored in 0.1% thymol solution at 4�C until
the experiments. The labial side of the selected teeth
was gradually polished with silicon carbide (SiC) pa-
pers and diamond pastes. Then the teeth were ultra-
sonicated in distilled water several times.

The polished specimens (n � 47) were divided into
three groups: group 1, control (no acid etching or laser
ablation); group 2, phosphoric acid etching; and group
3, laser ablation. For acid etching, 37% phosphoric
acid (ORTHO-ONE etchant, Bisco, Schaumberg, IL)
was applied to the enamel surface, rinsed with running
water and gently dried with dryer. Each procedure was
done for 30 seconds. For laser treatment, the enamel
surface was ablated with an Er:YAG laser (Twinlight,
Fotona, Ljubljana, Slovenia) at 2.94 �m wavelength.
The pulsed laser beam was scanned across the sur-
face in a noncontact mode. The diameter of the treat-
ed spot was about 1.2 mm. Each spot was irradiated
with only one laser pulse to minimize surface damage.
The irradiation energy was 380 mJ/pulse (33 J/cm2 per
pulse) with a repetition rate of 2 Hz. During laser ab-
lation, water was sprayed. After ablation, to clear tooth
particles and dust, the surface of laser-treated speci-
mens was cleaned with running water without brushing
and dried in air.

For analysis of their x-ray diffraction (XRD) patterns,
specimens were polished (n � 5) and made into slabs.

The x-ray diffraction patterns were obtained from the
control and laser-ablated enamels. The x-ray diffrac-
tometer (X’Pert-APD, Philips, Eindhoven, Netherlands)
was operated at 30 kV/20 mA. A reference spectrum
was obtained before the laser treatment using the
same specimens.

To evaluate the mineral dissolution of the treated
enamel surface, an ion coupled plasma atomic emis-
sion spectrometer (ICP-AES) (Optima 4300DV,
PerkinElmer, Boston, MA) was used. Specimens an-
alyzed were control (n � 7), phosphoric acid-etched
(n � 7), and laser-ablated (n � 7) enamels. Each
specimen was cut to 5.5 � 7 � 0.5 mm and ultrason-
icated with distilled water for 1 minute. The rear side
of each slab was coated with nail varnish to prevent
reaction with the demineralization solution. The demin-
eralization solution contained 0.1 M lactic acid and 0.2
mM methylene diphosphonic acid at pH 4.8. Each slab
was put into a separate container and attached to the
bottom of the container, and then 3 mL of demineral-
ization solution was poured in. The container was
stored at 37�C for 24 hours. The next day, the solution
was diluted 100-fold, and the dissolved calcium (Ca)
and phosphorus (P) concentrations (ppm) were mea-
sured. Three measurements were performed on each
element for each diluted solution.

To test the acid resistance of the treated specimens,
a 4-day pH-cycling process was followed. The control,
phosphoric acid-etched, and laser-ablated specimens
were demineralized for 18 hours and then remineral-
ized for 6 hours each day to form artificial caries-like
lesions. The demineralizing solution, at pH 4.6, con-
tained 0.05 M acetic acid, 2.2 mM calcium, and 2.2
mM phosphate ions. The remineralizing solution, at pH
7.0, contained 0.15 M potassium chloride, 1.5 mM cal-
cium, and 0.9 mM phosphate. The pH-cycling process
started with the demineralizing phase. A 5-minute
wash with distilled and deionized water was done be-
tween the demineralizing and remineralizing phases
and at the end of the process. Each solution was un-
changed during the 4-day process.

To evaluate the calcium distribution, specimens
were washed in distilled water after the 4-day pH-cy-
cling process, cut longitudinally from the labial side,
and imbedded into resin with the cut surface at the
top. The cut surface was gradually polished with SiC
papers and diamond pastes, washed in distilled water
for 3 minutes twice, and dried in a vacuum dryer for 2
days. Five specimens from each group were selected.
The distribution of calcium in each specimen was eval-
uated from the surface to subsurface by an electron
probe microanalyzer equipped with a wavelength dis-
persive spectrometer (EPMA1600, Shimadzu, Japan)
operated in the line analysis mode. The examination
beam was 1 �m with a 20-kV acceleration voltage.
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Figure 1. The x-ray diffraction pattern of control (unlased) and laser-
ablated specimens. Slightly amorphous crystal structure of the con-
trol specimen has improved after laser treatment.

Table 1. Dissolved calcium and phosphorus contents from the dif-
ferent specimensa

Specimen Ca, ppm* P, ppm*

Control
Phosphoric acid-etched
Er:YAG laser-ablated

15.37 (0.36) a
15.90 (0.52) b
13.78 (0.53) c

7.09 (0.23) a
7.33 (0.29) b
6.33 (0.24) c

a Ca indicates calcium; P, phosphorus; Er:YAG, erbium-doped yt-
trium aluminum garnet.

* Significantly different (one-way ANOVA, P � .05). Within each
column, values marked with different letters were significantly differ-
ent (Tukey’s studentized range test, P � .0001).

Figure 2. Calcium distribution in the specimens along the subsur-
face after pH-cycling process: (a) control, (b) phosphoric acid–
etched, and (c) laser–ablated.

Two random measurements on each specimen were
performed.

The data acquired from the ICP-AES measurements
were analyzed by one-way ANOVA (P value of .05),
followed by Tukey’s studentized range test for vari-
ables (P value of .0001).

RESULTS

The XRD patterns of control and laser-ablated spec-
imens are shown in Figure 1. Laser-ablated speci-
mens had improved crystalline structures compared
with the pool crystalline structures in the control spec-
imens. The starred (*) crystal planes show the im-
proved crystalline structure after laser treatment. How-
ever, new phases, such as TCPs (tricalcium phos-
phates), were not observed after the laser ablation.

The mineral (Ca and P) contents in the demineral-
ization solution are listed in Table 1. The dissolved Ca
and P contents among the three groups were signifi-
cantly different (P � .05). Among the groups, phos-
phoric acid–etched specimens had the highest Ca and
P dissolution (15.90 and 7.33 ppm, respectively) and

Er:YAG laser-ablated specimens had the lowest dis-
solution (13.78 and 6.33 ppm, respectively).

Figures 2a–c show the calcium distribution in the
specimens along the subsurface after the pH-cycling
process. Significantly different calcium distributions
were found in the unlased (control and phosphoric
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acid-etched) and laser-ablated specimens. The sub-
surface calcium loss of the unlased enamels was
much higher than that of the laser-ablated enamels.
The calcium content was mainly lost from the subsur-
face in the unlased enamels; however, in the laser-
ablated enamels, the calcium content decreased from
the surface to the subsurface. And the reduction rate
and reduced depth of the calcium content along the
subsurface were much lower in the laser-ablated
enamels than in the unlased enamels.

DISCUSSION

The Er:YAG laser ablation is the result of an explo-
sive vaporization of water within the tooth. The Er:YAG
laser wavelength is coincident with the main absorp-
tion band of water, so the light is absorbed well by
hydroxyl ions. Light of this wavelength is also ab-
sorbed well by enamel.12–14 Enamel consists of 85%
mineral by volume. The remaining 15% consists of
free water and equal amounts of protein and lipid.20

The strongly absorbed laser energy in the enamel is
converted to heat that boils water abruptly. The boiled
water forms high-pressure steam that leads to the ab-
lation process when the pressure exceeds the ultimate
strength of the tooth. During the ablation process, wa-
ter evaporates explosively with tooth particles. The ab-
lated materials and their successive recoil force create
craters on the surface. And the irradiated surface be-
comes a flaky structure with an irregularly serrated and
microfissured morphology.

The temperature rise in the enamel induces modi-
fications in the enamel structure: water is lost at 80–
120�C, protein decomposes at about 350–400�C and
completely decomposes above 400�C, �-tricalcium
phosphate (�-TCP) forms above 600�C with the loss
of carbonate, enamel melts above 1000�C in an air
atmosphere, and �-TCP converts to �TCP above
1100�C.21–24 The decomposed protein and other or-
ganic matrix products melt and swell and probably
lead to a blockage of the interprismatic and intrapris-
matic spaces, which act as ion diffusion channels, and
eventually result in the decrease of calcium loss.25 Fur-
thermore, the enamel crystalline structure improves
with the decrease of enamel solubility in acid at tem-
peratures of 250�C to 	400�C.23,26,27 In the range of
600�C to 	1000�C, the possibility of the optimal caries
inhibition has been suggested.28,29 However, because
any new phases (�-TCP and �TCP) formed in this
range are more soluble than hydroxyapatite, even
though still less soluble than enamel, temperatures in-
creased above 600�C may not be beneficial.

Interpretation of the XRD pattern after the Er:YAG
laser ablation revealed improved crystallinity. The im-
provement did not occur in all crystal planes, but se-

lectively in some crystal planes. That no new phases
(�TCP) were found can imply that the temperature
during the laser irradiation may not rise above 600�C.
According to the ICP-AES study, the improved crys-
talline structure may be related to the decrease of
enamel solubility against acidic environment.

With a single laser pulse on each spot, approxi-
mately 10% and 13% inhibition of mineral (Ca and P)
dissolution was achieved, relative to the control and
the phosphoric acid–etched specimens, respectively.
The inhibition of mineral dissolution may be partially
ascribed to the decomposed organic matrix. The de-
composed organic matrix may have blocked the ion
diffusion channels and retarded both the permeation
of external acid solution and the dissolution of miner-
al.30

Among the unlased and laser-ablated specimens,
probably as a result of the improved crystallinity and
the blocking effect of organic matrix, the calcium dis-
tribution in the subsurface had a different nature after
the pH-cycling process. In the unlased specimens, the
mineral loss occurred from the subsurface, whereas in
the laser-ablated specimens, the mineral loss occurred
from the surface.

Because the Er:YAG laser-ablated surface can be
easily characterized by the flaky with irregularly ser-
rated and microfissured morphology, these microfis-
sures can work as open channels for acid to reach the
subsurface. Ironically, these microfissures and micro-
spaces in the laser-ablated region are believed to trap
the free ions essential for remineralization. However,
such morphological changes must be vulnerable to
acid attack and mineral loss.27 Such irregularly serrat-
ed and microfissured morphology can increase the
mechanical retention important for bond strength, but
such laser ablation may cause a problem in the re-
covery of the original tooth morphology after debond-
ing. To get the original tooth state, control of the laser
conditions is important to make the polishing of a tooth
surface easy. On the basis of these findings, it may
be possible to insist that Er:YAG laser ablation effec-
tively induces acid resistance in enamel, probably by
crystalline improvement and the blocking effect of the
organic matrix, with reasonable laser conditions.

Unlike laser ablation, phosphoric acid etching mod-
ifies the surface morphology by selective removal of
interprismatic mineral structure. The organic materials
are less affected by acid etching than by laser abla-
tion. The smooth and solid surface is modified to a
regularly rough and extensively microfissured struc-
ture. These structures are very useful to increase the
retention of resin composites for adhesion.1–4 On the
other hand, these structures are more vulnerable to
acid attack. Acid etching does not improve crystalline
structure and does not induce blocking of ion diffusion
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channels. However, acid etching also removes the
acid-protecting superficial enamel layer and increases
microfissures on the surface, with a subsequent in-
crease in mineral loss in acid-etched enamel com-
pared with control and laser-ablated enamels. The use
of phosphoric acid is conventional in orthodontic prep-
aration. However, for treating teeth that are exception-
ally vulnerable to acid, Er:YAG laser may be a rea-
sonable alternative to phosphoric acid treatment. In
these circumstances, to take full advantage of the acid
resistance provided with this technique, researchers
should work on increasing bond strength with proper
laser ablation conditions and bonding procedures.

CONCLUSIONS

• The bovine enamel treated with a single Er:YAG la-
ser pulse had improved crystallinity without forming
any TCP phases.

• As a result of laser treatment, enamels had less min-
eral loss than the phosphoric acid–etched enamels
against acid attack.

• The Er:YAG laser treatment can be proposed as a
possible alternative for the conventional phosphoric
acid etching in orthodontic preparation.
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