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Objective: The aim of this study was to assess the influence of thermal cycling on the shear
bond strength of three types of adhesives used for orthodontic brackets to human enamel.
Methods: Sixty six human premolars were used in this study. Two groups of dental resin com-
posite adhesives (ED; G) and one compomer (TP) were thermal cycled from 5 up to 55 °C at
4000 cycles for 45 s in an artificial saliva solution. Then, samples were assessed by shear bond
tests and inspected by optical and scanning electron microscopy. The resulting enamel sur-
faces were then evaluated according to the adhesive remnant index (ARI).
Results: One resin composite adhesive (group G) showed the highest shear bond strength
values. Thermal cycling negatively affected the bond strength of the compomer-based ad-
hesive although results showed clinically acceptable adhesion values after thermal fatigue
for such cycles. ARI showed significant amount of residual material on the tooth surface
with the adhesives that indicated strong bonding to enamel. Different adhesion mechanisms
were noticed at both adhesive-enamel or adhesive-bracket interfaces.
Conclusion: The orthodontic adhesives revealed proper bond strength to enamel for clinical
applications considering thermal conditions assessed in this study although the compo-
mer-based adhesive was negatively affected by thermal cycling. The high remnant adhesive
amount on enamel indicated high bond strength leading to enamel damage during debonding.
(Rev Port Estomatol Med Dent Cir Maxilofac. 2017;58(2):71-78)
© 2017 Sociedade Portuguesa de Estomatologia e Medicina Dentaria.
Published by SPEMD. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

E-mail address: jsouza@dem.uminho.pt (Jilio C. M. Souza).

http://doi.org/10.24873/j.rpemd.2017.05.008

1646-2890/© 2017 Sociedade Portuguesa de Estomatologia e Medicina Dentéria. Published by SPEMD.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).



72

REV PORT ESTOMATOL MED DENT CIR MAXILOFAC. 2017;58(2):71-78

Efeito da ciclagem térmica sobre a resisténcia ao cisalhamento
de diferentes adesivos ortodonticos ao esmalte

RESUMO
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Objetivo: O objetivo deste estudo foi comparar trés adesivos usados na adesdo de brackets
ao esmalte e submetidos a testes de ciclagem térmica em saliva artificial.
Métodos: Foram testados dois grupos de adesivos baseados em resina composta (ED, G) e
um grupo a base de um compodmero (TP) apés adesdo de 72 brackets de ago inoxidéavel a
pré-molares extraidos. Cada grupo foi dividido em dois subgrupos, sendo que um deles foi
submetido a termociclagem em saliva artificial com variagdo de temperatura entre 5 e 55 °C.
Amostras foram selecionadas para andlise das interfaces por microscopia eletrénica de
varrimento e os dez dentes restantes de cada um dos seis subgrupos foram submetidos a
testes de resisténcia ao corte em uma maquina universal de testes. As superficies de esmal-
te resultantes foram em seguida avaliadas segundo o Indice de Adesivo Remanescente (IAR).
Resultados: Foram detectadas diferencas estatisticamente significativas nos valores de ade-
sao entre os 3 adesivos (p <0,05). O adesivo do grupo G, foi o que apresentou maiores valo-
res de resisténcia ao corte. A termociclagem influenciou significativamente os valores de
adesdo do grupo TP (p <0,5). Os grupos G e TP apresentaram valores de adesdo clinicamen-
te aceitdveis também apds submetidos a fadiga térmica. O IAR mostrou diferencas signifi-
cativas entre os grupos de adesivos e maior quantidade de material deixado na superficie
de esmalte com os adesivos que apresentaram maiores valores de adesao.
Conclusédes: Um dos adesivos ortodonticos a base de resina composta apresentou adesao ao
esmalte estdvel e aceitavel para aplicagdes clinicas ap6s fadiga térmica. Entretanto, a ade-
sdo do material a base de compdmero diminuiu apés fadiga térmica. (Rev Port Estomatol
Med Dent Cir Maxilofac. 2017;58(2):71-78)
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Introduction

A challenge on orthodontic adhesion is to provide a strong
and reliable adhesion avoiding significant destruction of the
enamel surface.! There are several types of orthodontic adhe-
sives composed of resin composite used for allowing higher
bond strengths.? Compomers were last introduced, claiming
to provide bonds as strong as those recorded for resinous ad-
hesives. Additionally, compomers provide the release of fluo-
ride at low pH environment.??

Shear bond strength is considered clinically acceptable
when values above 6 MPa are achieved.**> Nevertheless, bond
strength values above 20 MPa are considered to be harmful to
the integrity of enamel and the tooth itself.® Previous in vitro
studies have reported a large range of bond strength values for
a specific adhesive. That can be explained by some variables
such as: thermal cycling tests, shear test machine, direction of
force applied on bracket, debonding speed, type of brackets,
amount of adhesive, time elapsed between bonding and
debonding, preparation of enamel surface and sample storage
conditions.” The amount of the adhesive layer has been con-
sidered as a very important factor for the adhesive bond
strength on orthodontic brackets. The thickness and conver-
sion degree of the monomers and integrity of bracket-
-adhesive-enamel assembly are factors that also influence the

bonding results.® According to some authors,?® the thickness of
the adhesive layer should be lower than 250 pm.

Thermal cycling has been used in several studies for under-
standing the performance of the dental materials,’ and specif-
ically orthodontic adhesive materials,'® under variations of
temperature mimicking the oral cavity. The influence of thermal
cycling on the adhesion properties of orthodontic adhesives to
dental structures is controversial in literature.»*>7-14 Also, the
comparison between resin composite adhesives and com-
pomers has shown inconsistent results, concerning acceptable
values on the shear bond strength for clinical practice.**

The aim of this study was to assess the influence of thermal
cycling on the bond strength of three different orthodontic ad-
hesives to enamel as well as to compare the bond strength
values between two resin composites and a compomer-based
adhesive. The null hypothesis of this work was that there were
no significant differences in shear bond strength values among
the orthodontic adhesive after thermal cycling tests.

Materials and methods

Sixty-six human premolars with undetermined time of ex-
traction were cleaned from any residual soft tissues and
then immersed in chloramine solution at 4 °C over a period
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Table 1. Chemical composition of the orthodontic adhesives used in this study following manufacturer’s information.

Orthodontic adhesives (brand)

Composition (% weight)

Compomer-based adhesive
(Transbond Plus™ Color Change, 3M unitek, USA)

Resinous primer
(Transbond XT™, 3M unitek, USA

Resinous adhesive
(GrenglooT™, Ormco Coporation, France)

Resinous adhesive

(Orthosolo primer™, Kerr Corporation, USA)

Resinous adhesive
(Eagle No Drift™, American Orthodontics, USA)

2-Profenoic acid 2 Methyl-, Phosphinicobis (oxy-2,1-ethadilyl) Ester; Water; Mono HEMA
phosphate; Tris [2-(Methacryloyloxy)ethyl] phosphate

BISGMA (%5-10); BISEMA (%10-20); TEGDMA (%5-10); Silane treated silica (%2); Silane
treated quartz (%70-80); Diphenyliodonium Hexafluorophosphate

Uncured methacrylate ester monomers (%20-38); Inert mineral fillers; fumed silica

Alkyl Dimethacrylate Resins (%60-80); Ethyl alcohol (1-5%); Barium Aluminoborosilicate
Glass; Fumed silica (%2-10); Sodium Hexafluorosilicate (%1-5)

Uncured methacrylate ester monomers; inorganic fillers*

*Chemical composition is not available by the manufacturers’ information although elemental chemical analyses were performed in this study

to understand the shear bond strength results.

of 7 days. Then, teeth were stored in distilled water at a
temperature of 4 °C during 7 days for hydration prior to
bonding procedures.®! Teeth were processed following the
technical specification ISO/TS 106 SC 11405:2003. After that,
the teeth were cleaned with water and green stone at low
speed and then rinsed with water spray and air-dried under
oil-free airstream for 3 s.%° The bonding surface was etched
using 37% phosphoric acid (Octacid, Clarben S.A., pH < 2 at
20 °C) for 30s. Then, teeth were washed during 60 s and gen-
tly dried under airstream for 3 s. Teeth were divided corre-
spondingly for bonding considering three orthodontic ad-
hesives: TP group: Transbond™ Plus Color Change/
Transbond™ XT Primer (3M unitek, USA); G group: Gren-
gloo™/ Ortho Solo™ Primer, (Ormco Corporation, FRA); ED
group: Eagle No Drift™ (American Orthodontics, USA). The
chemical composition of the orthodontic adhesives is
shown in Table 1.

Sixty-six stainless steel brackets (Master Series, Ameri-
can Orthodontics, USA) were bonded to enamel surface. The
bracket’s bonding surface area was calculated as being 10.3
mm?, using a 3D virtual model of the brackets by software
(SolidWorks, USA). One blinded and well-trained operator
performed the bonding procedure of the brackets to the
enamel surfaces along the axis of the crown according to
the manufacturer instructions. In all groups, excess com-
posite material was removed with an explorer without dis-
turbing bracket placement. Adhesives were light-cured by
continuous mode at 420-490 nm using a LD-105 curing de-
vice (1000 mW/cm?, Monitex, China) for 30 s: on mesial and
distal for 10 s each, over the bracker for 10 s. Afterwards, half
of the samples were randomly chosen for thermal cycling
tests (n =10). The thermal cycling tests were performed in
Fusayama’s artificial saliva solution (Table 2) at a tempera-
ture ranging from 5 up to 55 °C*? for 4000 cycles, according
to the ISO TR11450 (1994). Each cycle time corresponded to
45 s distributed in 15 s of dwell time in each bath and 15 s
of transfer time.

One sample from each six subgroup was randomly cho-
sen for scanning electron microscopy (SEM) observation of

Table 2. Composition of Fusayama’s artificial saliva used

as stock solution at pH 5.5 in this study.

Compounds (&)
NacCl 0.4
KCl 0.4
CaCl,.2H,0 0.795
Na,S.9H,0 0.005
NaH,PO,.2H,0 0.69
Urea 1

the interface. The remaining sixty were positioned with the
bracket base placed horizontally and then stabilized using a
resin composite. For the shear tests, all teeth were embed-
ded in PVC molds within self-curing acrylic resin to be at-
tached on a metallic holding device, that only the coronal
region was exposed. Debonding was performed by axial
loading on the bracket wing, parallel to the bracket base,
using an universal testing machine (Instron 8874, 25kN; In-
stron Corp., Norwood, Massachusetts, USA) at a crosshead
speed of 0.5 mm/min (n = 10).%>°1¢ Six samples (teeth with
bracket) were randomly chosen for microscopic observation,
corresponding to one of each type of adhesive subjected or
not to thermal clycing tests. After debonding, each sample
(n = 10) was inspected by optical microscopy (Axiotech, Carl
Zeiss, USA) to evaluate the fracture pathways at magnifica-
tion ranging from x10 up tp x500. The residual adhesive on
the tooth was evaluated using the adhesive remnant index
(ARI) for 4 scores.>”

For scanning electron microscopy (SEM), samples were
mounted in acrylic resin and cross-sectioned perpendicular to
the bracket-adhesive interface plan. The cross-sectioned sam-
ples were wet ground on silicon carbide (SiC) papers down to
2500 mesh and polished using 1 pm diamond slurry. The teeth-
-adhesive-bracket region of each sample was then inspected
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by SEM on secondary (SE) and backscattered (BSE) electron
mode at magnification ranging from x100 up tp x2000 at 15 kV.
The surfaces were previously coated with a gold film. The in-
spection of bracket bases after debonding was also produced.

Data were statistically analyzed by two-way ANOVA using
SPSS®v.21.0 (SPSS Inc., IL. Chicago, USA). The level of statistical
significance was set at 0.05. The two-way ANOVA was used to
determine differences between adhesive groups subjected or
not on thermal fatigue and within groups for the same adhe-
sive (p<0.05). Then post hoc tests were applied to evaluate the
significant differences in the bond strength of the adhesives.
T-test for independent samples was performed to discover
which adhesives were significantly influenced by thermal fa-
tigue. Regarding ARI tests, Kruskal-Wallis test was used to ve-
rify the existence of significant differences between at least

two adhesives (p<0.05), followed by Mann-Whitney tests ai-
ming at understanding which adhesives differed significantly.

Results

The bond strength results are shown in Table 3. Group G showed
the highest bond strength results while the lowest values were
recorded for group ED, regardless thermal cycling. Groups G and
TP showed acceptable values for clinical practice. Significant dif-
ferences were found between adhesives and between periods
for the same adhesive (p<0.05). The interaction adhesive/ther-
mal cycling was not statistically significant (ANOVA, p=0.350).
Post hoc tests Tukey HSD and LSD showed significantly
higher bond strength results for G and TP groups, without ef-

Table 3. Mean values, standard deviation and statistical p values recorded on shear bond strength of the adhesives

to enamel by two-way ANOVA

Shear
Adhesive
no fatigue on fatigue P
Mean (MPa) 11162 10.02 2 0.355
Resin composite adhesive (G group) std. deviation 2.95 2.41
n 10 10
Mean (MPa) 8.41b4 6.33 b8 0.013
Compomer-based adhesive (TP group) std. deviation 2.06 1.15
n 9 10
Mean (MPa) 5.95¢ 5.79° 0.805
Resin composite adhesive (ED group) std. deviation 1.41 1.45
n 9 10
p (adhesive) <0.001
p (period) 0.038
p (interaction adhesive*period) 0.350

a,b,c - different letters indicate significant differences between adhesive groups; A,B - different letters indicate significant differences between

periods (for the same adhesive).

Table 4. T-test for influence of thermal cycling on shear bond results recorded on orthodontic adhesives to enamel.

Levene’s Test for
Equality of Variances

t-test for Equality of Mean values

Adhesive groups

95% Confidence Interval

. Sig. Mean Std. Error
F Sig. t df (2-tailed) Difference Difference Lower Upper

Resin composite 0.11 0.744 0.95 18 0.35 1.14 1.203 -1.38 3.67
adhesive (G)

0.95 17.29 0.35 1.14 1.203 -1.39 3.67
Compomer-based 3.25 0.089 2.75 17 0.01 2.08 0.755 0.48 3.67
adhesive (TP)

2.67 12.29 0.02 2.082 0.777 0.39 3.77
Resin composite 0.001 0.15 0.25 17 0.8 0.165 0.658 -1.22 1.55
adhesive (ED)

0.25 16.89 0.8 0.165 0.657 -1.22 1.55
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Table 5. Adhesive Remnant Index (ARI)

ARI
no thermal cycling on thermal cycling
0 1 2 8 TOTAL 0 1 2 8] TOTAL
ED group 0 7 3 0 10 0 5 5 0 10
G group 0 2 6 1 9 0 1 8 0 9
TP group 0 1 7 0 8 0 0 9 0 9

0 means no adhesive left on tooth surface (0%).

1 means less than a half of adhesive left on tooth surface (<50%).
2 means more than a half of adhesive left on tooth surface (>50%).
3 means the entire adhesive left on tooth surface (100%).

fect of the thermal cycling. On thermal cycling, only the dif-
ference between G and TP was statistically significant. The
t-test (Table 4) showed that only TP compomer was significant-
ly affected by thermal cycling (p=0.013).

The failure mode exhibited by the adhesives scored as
according to the ARI is shown in Table 5. ARI scores noted
discarding the effect of thermal cycling were mostly 1 and 2
although those increased to 2 and 3 considering the effect of
fatigue. According to Mann-Whitney Test, significant differ-
ences were found on ARI values between the non-thermal
cycled samples for ED group and the other two adhesives
(p<0.05). On thermal cycling, the significant differences in ARI
values were only found between TP and ED. Some teeth bond-
ed with G and TP adhesives revealed fracture on enamel after
shear bond strength tests and they were removed from ARI
assessment.

= =
(8] E=]

Shear bond strength [MPa]
5
-

8
6 'Yy &
4
2 i
20 40 60 80 100
Adhesive remnants on enamel [%]
+*G CITP after thermo.
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<TP B ED after thermo.

Figure 1. Relationship between the shear bond strength

results and the amount of adhesive remaining on the
teeth surface after debonding.

The shear bond strength plotted against the percentage of
adhesive remnants on the teeth surface subjected to shear
bond tests is shown in Figure 1. Therefore, the amount of
adhesive remnants tend to increase for thermal cycled speci-
mens, relative to non-thermal cycled ones (Table 5). This is
more evidenced for G and ED adhesives, which exhibited high
shear bond strength values.

A cross-section overview of the tooth-adhesive-bracket re-
gion is shown in Figure 2. A careful inspection of this site re-
vealed the lack of adhesion between the brackets and the ad-
hesives, evidenced by the presence of interfacial gaps between
the two materials in all samples examined (Figure 3). This fact
was further emphasized in Figure 4 that showed the fracture
surface with total absence of adhesive remnants bonded to the
metallic mesh of the bracket base. ED group presented its frac-
ture interface between adhesive and enamel surface (Figure 5).

Figure 2. Cross-section view of the tooth-adhesive-bracket
region. A) Bracket; B) Bracket mesh; C) adhesive; D) tooth
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Figure 3. Comparison between two interfaces. A) bracket
mesh; B) enamel; C) adhesive blister

Figure 4. Fracture surface showing the absence of adhesive
remnants bonded to the bracket mesh (arrows) evidencing
the lack of adhesion between these two material.

Discussion

This paper revealed novel information on the behavior of or-
thodontic adhesives subjected or not to thermal cycling. Re-
sults showed a detrimental effect of the thermal cycling on
the bond strength of the test adhesives to enamel, with a sta-
tistically significant decrease being only recorded for the
compomer group. Such results supported the rejection of the
null hypothesis of the present study and therefore they are in
agreement with the results found in literature.'%”

Figure 5. Fracture zone on ED sample. Most of fractures
occurred on this zone. The print of enamel crystals were
noticed.

Considering shear bond tests on adhesive groups free of
thermal cycling, G group was the resin composite adhesive
that exhibited the highest bond strength at 11.16 + 2.95 MPa.
TP group reached values of 8.41 + 2.06 MPa that was similar to
shear bond values found in previous studies.’®'*'® However,
shear bond strength values exceeding 15 MPa were also report-
ed in several previous studies.®!>'¢ In this study, TP compomer
achieved clinical acceptable values (above 6 MPa), in agree-
ment with some other recent studies.>'316181° However, sig-
nificant differences were recorded for the test adhesives,
mainly for G and ED, suggesting an influence of the chemical
composition and properties of the adhesive on their bond
strength to the teeth surface.>13-16,18

Despite the decrease in bond strength for TP compomer
subjected to thermal fatigue in this study, that is still consid-
ered clinically acceptable considering values recorded above 6
MPa in previous studies. Additionally, the benefits of such or-
thodontic adhesives considering fluoride release and preven-
tion of enamel demineralization supported by several stud-
ies®?% should also be considered on the treatment of caries
susceptible patients. Previous studies have reported different
results considering the effect of thermal cycling on shear bond
strength for such compomer-based adhesive.’*?! For instance,
a previous study revealed stable shear bond strength of ortho-
dontic adhesives to enamel after thermal cycling between 5
and 60 °C although samples were tested only for 500 cycles.*
Another previous study reported a decrease in shear bond
strength after 1000 thermal cycles between 4 and 60 °C. Con-
cerning the performance of the materials in oral cavity, addi-
tional tests must be performed for longer period of thermal
cycling to simulate the orthodontic treatment time.

ARI showed most adhesive remnants on enamel surface
on the two adhesives that displayed higher and clinically ac-
ceptable shear bonding values on thermal cycling. However
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different findings were noted in other studies involving G and
TP group>1617:2021 whereas different amounts of adhesive
were recorded on the enamel surface after bond strength
tests. Group ED achieved score 1 without effect of thermal
cycling. On thermal fatigue, equal number of samples with
score 1 and 2 were achieved. No study using ED adhesive was
found in literature. ARI results showed a tendency, despite not
statistically significant, to high shear bond strength being re-
lated to higher amounts of adhesive remnants on the enamel
surface. This is in agreement with the findings of some others
studies.*> Some previous studies concluded that the increase
in bond strength of adhesives resulted in higher amount of
adhesive remnants on enamel surface'” while groups with
lower bonding strength showed more adhesive on bracket
base.” The balance between bond strength of the adhesive to
enamel and enamel damage is the main key to obtain suc-
cessful results in an orthodontic treatment regarding the pro-
cedure of bracket bonding.??

Also, results revealed a tendency for thermal cycled spec-
imens to exhibit lower bond strength values together with
higher percentage of adhesive remnants on the enamel sur-
face. This might be explained by the detrimental effect of the
thermal cycling on the interface between adhesive and the
bracket base. In fact, the microgaps existing at that interface
allowed the penetration of the artificial saliva at these loca-
tions and to accelerate up the adhesive’s deterioration.”
Higher prevalence of cohesive fractures was thus expected
to occur. On the interface microstructure, the adhesive thick-
ness remained between 200 and 250 pm according to SEM
evaluation. That is considered to provide the proper bonding
results.®1> However, the thickness of the adhesive is not the
same considering variations related to the operator tech-
nique, materials’ properties and geometry of the teeth sur-
faces.®'?1 It is noteworthy to highlight the lack of connec-
tion between the bracket base and the adhesive, when
compared to the good adhesive-enamel interface. The neg-
ative effects of these microgaps, as discussed above, can be
addressed by a surface treatment on the bracket base allow-
ing the establishment of a satisfactory bond between the two
materials.

Conclusions

Within the limitations of this study, the following conclusions
can be drawn:

- A resin composite adhesive showed a high bond
strength value at about 11 MPa that is proper for clinical
application. The compomer-based adhesive was the
only adhesive significantly affected by the thermal cy-
cling.

- The orthodontic adhesives tested in this study revealed
high adhesion strength that resulted in high amount of
adhesive remnants on the enamel surface, after
debonding.

- The interface between the adhesive and the enamel
showed better integrity than that between the adhesive
and the bracket.
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