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RESUMO

“Influéncia da deformacéo ciclica em tor¢cao na resi sténcia a fadiga flexural

dos instrumentos rotatorios de NiTi  Hyflex CM, Typhoon CM e Vortex Blue .”

Os instrumentos rotatorios de NiTi sdo submetidos simultaneamente a tensdes
ciclicas flexurais e torcionais durante preparo de canais radiculares. As propriedades
mecanicas destes instrumentos sdo afetadas por fatores como geometria,
microestrutura, composicdo quimica da liga e tratamentos termomecanicos. Neste
estudo avaliou-se a influéncia da deformacédo ciclica por tor¢cdo na resisténcia a
fadiga flexural de instrumentos Hyflex CM (HF; Coltene/ Whaladent Inc.), Typhoon
CM, (TYP; Clinician’sChoice Dental Products,) e Vortex Blue (VB; Dentsply Tulsa
Dental), calibre e taper 30/.06. Dez instrumentos novos de cada sistema
foram ensaiados em um dispositivo de bancada para a determinacdo do numero
meédio de ciclos até a fratura por fadiga (Nf), e outro grupo (n=10) foi submetido a um
carregamento ciclico torcional de 20 ciclos continuos de 0° a 180°. Apds o
carregamento, os instrumentos foram ensaiados até a ruptura por fadiga flexural nas
mesmas condi¢cdes que o controle. As superficies longitudinais, bem como as
superficies de fratura por fadiga foram examinadas em microscopio eletrbnico de
varredura. Os resultados foram analisados pelo teste ANOVA (a = .05). Os
instrumentos HF novos mostraram-se mais resistentes a fratura por fadiga (P < .05)
seguidos por VB e TYP. Durante a ciclagem em tor¢cdo, o0s instrumentos
apresentaram reducdo no torque apd6s o primeiro ciclo, com tendéncia a
estabilizacdo nos ciclos subsequentes. A maior queda nos valores médios de torque
foi observada nos instrumentos TYP. Apés o carregamento em tor¢cdo, houve
reducédo de 20%, 39% e 45% nos valores médios de Nf dos instrumentos HF, VB e
TYP, respectivamente. Trincas longitudinais, decorrentes da ciclagem torcional n&o
foram visualizadas em instrumentos CM (HF e TYP), apenas em VB. A superficie de
fratura dos instrumentos HF mostrou maiores areas de nucleacdo e crescimento
lento de trincas. Os instrumentos avaliados, que envolvem tratamentos térmicos em
sua fabricacdo, apresentaram comportamentos e possivelmente microestruturas
distintas. Houve uma reducéo da resisténcia a fadiga apos a deformacéo ciclica em

todos os instrumentos avaliados.



Palavras-chave: Tor¢cdo Mecanica. Fadiga, Ligas, Instrumentacdo, Instrumentos
CM, Tratamento Termomecénico, Carregamento Ciclico.



ABSTRACT

“The influence of cyclic torcional straining on the flexural fatigue resistance of

Hyflex CM, Typhoon CM , and Vortex Blue rotary NiTi instruments”

The NiTi rotary instruments undergo simultaneous flexural and torcional stresses
during the root canal shaping. The mechanical properties of these instruments are
influenced by many factors such as geometry, microstructure, chemical composition
of the alloy and thermomechanical treatments. In this study, the influence of cyclic
torsional straining on the fatigue resistance of different thermal treated instruments
was assessed. Hyflex CM (HF; Coltene/ Whaladent Inc.), Typhoon CM, (TYP;
Clinician’sChoice Dental Products,) e Vortex Blue (VB; Dentsply Tulsa Dental), size
and taper 30/.06 were the instruments chosen, based on their geometry and specific
characteristics of their manufacturing process. Ten new instruments for each system
were tested in a bench test device to determine the mean value of the number of
cycles to failure (Nf) of new instruments (GC, Control Group); another group (of 10
instruments was submitted to 20 cycles of torsional straining between 0° and 180°.
After the cyclic straining, the instruments (EG, Experimental Group) were submitted
to fatigue until rupture under the same conditions of the control group. The
longitudinal area and the fatigue fracture surfaces were examined by scanning
electron microscopy (SEM). The results were analyzed by one-way analysis of
variance ANOVA (a = .05). The new HF instruments displayed a higher resistance to
fatigue (P < .05), followed by VB and TYP. During the torsional preloads, the
instruments exhibited a decrease in the torque values after the first cycle, with a
tendency of stabilization in the following cycles. The lowest mean torque value was
observed for the TYP instruments. After the torsional preloads, there was reduction
of 20%, 39% and 45% of the mean Nf values for the instruments HF, VB and TYP,
respectively. Longitudinal cracks, generated during the torsional preload were not
observed in the CM instruments (HF and TYP), but were present in VB files. The
instruments evaluated that involve a thermal treatment during its manufacturing,
presented different mechanical behavior and possible distinct microstructure. There
was a reduction in fatigue resistance after cyclic deformation in all instruments

evaluated.



Key words: Mechanical Torsion, Fatigue, Alloy, Instrumentation, CM instruments,
Thermomechanical Treatment, Cyclic Loading.
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1. INTRODUCAO

O sucesso da terapia endodéntica é determinado pelo controle microbiano resultado
de um criterioso processo de limpeza e formatacdo do sistema de canais radiculares
(SCR), seguido por uma obturacdo adequada que preencha o espaco anteriormente
ocupado pelos tecidos pulpares. Seu objetivo € manter e/ou restabelecer o reparo

tecidual e consequentemente a fungcédo do elemento dentario.

A etapa de limpeza e formatacdo fica a cargo dos mais diversos tipos de
instrumentos, complementados pela irrigacdo quimica. Nas ultimas décadas, devido
as propriedades do Niquel-Titanio (NiTi), que conferem aos instrumentos uma alta
flexibilidade e resisténcia mecénica, varios sistemas rotatérios com diferentes
configuracbes tém sido desenvolvidos. Estes sistemas tém ainda como vantagens
reduzir o tempo de preparo, simplificar o procedimento e, principalmente, reduzir os
erros associados ao processo de formatacdo do SCR (WALIA et al.,, 1988;
PETTIETTE et al.,, 2001; PETERS, 2004; BAHIA E BUONO, 2005; BAHIA et al.,
2005).

As ligas NiTi possuem propriedades particulares, denominadas superelasticidade
(SE) e efeito de memoaria de forma (EMF). Ambas estdo associadas a uma mudanca
de fase no estado solido da liga, que pode ser induzida por aplicacdo de tenséo ou
reducdo de temperatura, denominada transformacédo martensitica (TM) (OTSUKA &
WAYMAN, 1998; THOMPSON, 2000).

A TM ocorre entre uma fase de estrutura cristalina cubica de corpo centrado do tipo
B2, denominada austenita (Fase B ou Fase Parente) e uma fase de mais baixa
simetria, de estrutura monoclinica denominada martensita (B19' ou Fase Produto).
Uma fase intermediaria, denominada Fase R, pode estar presente em ligas NiTi ricas
em niquel ou que foram submetidas a tratamentos térmicos. O mecanismo dessa
transformacdo se da por cisalhamento, onde cooperativamente o0s atomos se
movem sem alterar a composi¢cdo quimica da matriz, e sdo rearranjados em uma

nova estrutura cristalina mais estavel. Retirando a tensdo ou aumentando a
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temperatura, a transformacgéo reversa (TR) de martensita para austenita ocorre
(OTSUKA & WAYMAN, 1998; THOMPSON, 2000).

Em instrumentos endodonticos de NiTi convencionais superelasticos, a tensao
imposta pela curvatura do canal é que desencadeia a TM. A tensdo cessa quando o
instrumento € retirado do interior do canal e ocorre a transformacao reversa (TR),
restaurando a forma original do mesmo (THOMPSON, 2000; BAHIA et al., 2005).

Melhorias nas ligas NiTi podem ser obtidas por meio de tratamentos térmicos e
variacdo da sua composi¢cdo quimica. Por meio do aumento do teor de niquel e do
recozimento da liga, havera a tendéncia da formacéo de precipitados, dentre eles, o
precipitado TisNi; demonstra ser o mais benéfico, provocando o aumento das
temperaturas de Af e um efeito conhecido como endurecimento da matriz por
precipitacdo de material, melhorando a capacidade de recuperacdo do EMF e SE
(SABURI et al., 1982; ALLAFI et al., 2002; BRAGA et al., 2014).

Outra caracteristica do precipitado TisNi;, € a sua atuacdo como centros de
nucleacédo para a formacéo de Fase R durante a TM. Tal comportamento se d& pelo
fato de os precipitados induzirem campos de tensdo na matriz circundante, gerando
forte resisténcia a grandes transformacdes associadas com a formacdo de B19’,
levando a formacao da Fase R (ALLAFI et al., 2002).

Durante a formatagao do canal radicular, os instrumentos de NiTi sdo submetidos a
cargas ciclicas flexurais e torcionais simultaneamente. Estas tensdes, variando com
o tempo, podem levar a fadiga e a fratura do instrumento (PRUETT, 1997). Dois
mecanismos distintos de fratura foram descritos por SATTAPAN et al., 2000: fratura
por torcdo e fadiga por flexdo, ambas dependendo da geometria e diametros, do

canal radicular e dos instrumentos.

A utilizagao de instrumentos em canais curvos requer a flexdo do mesmo durante
cada rotacao, resultando em ciclos de compressédo e tracdo que poderdo levar a
fadiga flexural do material (PRUETT et al., 1997; BAHIA & BUONO, 2005). Por sua

vez, a sobrecarga e ruptura torcional ocorre quando alguma parte do instrumento se
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prende as paredes do canal enquanto a haste continua girando, assim o limite
elastico do metal é excedido fazendo que o instrumento sofra uma deformacédo
plastica seguida de fratura (GAMBARINI, 2000).

E sabido que cargas flexurais desenvolvidas durante a formatagdo de canais
radiculares curvos podem diminuir a resisténcia torcional dos instrumentos (ULMAN
e PETERS, 2005; SHEN, 2013; CAMPBELL, 2014). Porém, a influéncia das cargas
torcionais sobre a resisténcia a fadiga flexural € pouco pesquisada. A influéncia de
um carregamento ciclico torcional no comportamento em fadiga flexural em
instrumentos K3 25/.06 foi avaliado por BARBOSA et al., em 2007. Esses autores
observaram gue, mesmo com cargas torcionais abaixo do limite elastico do material,
a resisténcia a fadiga flexural foi reduzida. Em um estudo de Bahia et al. (2008)
avaliando instrumentos endodénticos de NiTi K3, os autores concluiram que o
carregamento ciclico em torgdo diminuiu a resisténcia a fadiga flexural, embora néo
tenha afetado a sua resisténcia a torcdo. Este comportamento estd associado a
geracdo de trincas longitudinais durante os ciclos de carregamento torcional, pois

essas trincas podem agir como sitios de nucleacédo para as trincas de fadiga flexural.

Recentemente, PEDULLA et al. (2014) avaliaram o efeito de diferentes cargas
torcionais sobre a resisténcia a fadiga de trés instrumentos endododnticos (MTwo,
Protaper Next e Hyflex). Concluiram que, em geral, a resisténcia a fadiga dos
instrumentos analisados foi reduzida apds terem sofrido carregamento torcional

prévio.

Nos ultimos anos, varias tecnologias foram desenvolvidas para aperfeicoar a
microestrutura do NiTi, numa tentativa dos fabricantes em melhorar as propriedades
mecanicas e resisténcia a fratura dos mesmos. Modifica¢des induzidas através de
tratamentos térmicos e/ou termomecanicos sdo as mais utilizadas para melhorar as
propriedades dos instrumentos fabricados a partir desta liga, levando ao

desenvolvimento dos atuais instrumentos endodénticos (SHEN et al., 2013).

A tecnologia M-Wire (Dentsply Tulsa Dental Specialties) foi introduzida no mercado

em 2007; esta liga é produzida por meio da aplicacdo de um tratamento
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termomecanico que resulta na presenca simultanea de austenita e martensita e os
instrumentos com ela fabricados possuem maior flexibilidade e resisténcia a fadiga.
A composicdo do M-Wire € de Nitinol 508 submetido a tensGes especificas e
tratamentos térmicos de banhos frios (entre 0°C e 10°C) e de banhos quentes (entre
100°C e 180°C). Os instrumentos fabricados a partir do M-Wire incluem os sistemas
ProFile GT-X, ProFileVortex, Reciproc e WaveOne (BERENDT, 2007; JOHNSON et
al., 2008; ALAPATI et al., 2009; PEIXOTO et al., 2010; PEREIRA et al., 2012; SHEN
et al., 2013).

JOHNSON et al. (2008) compararam instrumentos endodénticos com a mesma
geometria, mas produzidos por diferentes tipos de liga NiTi. Foi constatado que
instrumentos fabricados a partir do M-Wire apresentaram maior resisténcia a fadiga,
enquanto a resisténcia a torcdo foi mantida semelhante entre os grupos ProFile e
ProFileVortex. Posteriormente, estudos adicionais verificaram maior resisténcia a
fadiga em instrumentos GT X, fabricados com M-Wire, comparados aos instrumentos
GT, fabricados a partir de fios de NiTi convencional (GAO et al., 2010; PEIXOTO et
al., 2010).

Vortex Blue (Dentsply Tulsa Dental Specialties, Tulsa, OK) é um sistema fabricado
por um método Unico de processamento. Apds serem usinados, estes instrumentos
passam por um tratamento térmico resultando em uma cor azul singular, devido a
formagdo de uma camada de 6xido de titnio, ndo comumente vista em outros

instrumentos de NiTi superelasticos convencionais.

Em 2012, GAO et al., fabricaram prototipos de instrumentos ProFile Vortex (PV), de
taper 25/.06 com diferentes matérias-primas, de forma a avaliar suas propriedades
mecanicas e resisténcia a fadiga. Os resultados mostraram uma resisténcia a fadiga
e flexibilidade significativamente superiores para os prototipos Vortex Blue em
comparacao aos outros instrumentos fabricados a partir de NiTi convencional e aco
inoxidavel. Outro estudo avaliando a resisténcia a fadiga entre trés instrumentos
endodonticos, Vortex Blue apresentou uma superioridade em relacdo aos demais.

Diferencas significativas demonstraram que os instrumentos Vortex Blue eram mais



Pagina |19

resistentes a fadiga seguido dos instrumentos ProTaper Next e ProTaper Universal
(NGUYEN et al., 2014).

Uma maior resisténcia a fadiga também foi demonstrada por PLOTINO et al., 2014
para os instrumentos Vortex Blue em comparagcdo aos instrumentos Profile Vortex,
de mesmo diametro e conicidade. Recentemente, SHEN et al., 2015 analisaram um
total de 1136 instrumentos Vortex Blue apds serem submetidos ao uso clinico,
verificando que esses instrumentos apresentam uma maior resisténcia a fraturas,
permitindo uma melhora no desempenho clinico e uma maior seguranca no

tratamento.

O tratamento térmico e mecanico das ligas de NiTi também deu origem a uma outra
tecnologia para fabricacdo de limas endodonticas, os instrumentos com Memdria
Controlada (CM). Os instrumentos fabricados com a tecnologia CM, apds serem
usinados, passam por um tratamento térmico especial que os tornam ainda mais
flexiveis e mais resistentes a fadiga, devido a presenca de uma maior quantidade da
fase martensita presente a temperatura ambiente (TESTARELLI et al., 2011; SHEN,
2011; BRAGA, 2013; CAMPBELL, 2014). Os sistemas Hyflex CM (HF;
Coltene/Whaledent, Inc, Cuyahoga Falls, OH) e Typhoon CM (TYP; Clinician’s

Choice Dental Products, New Milford, CT) sdo fabricados com a tecnologia CM.

Em 2011, SHEN et al., ensaiaram em fadiga instrumentos dos sistemas ProFile,
Typhoon, Typhoon CM, NEYY e NEYY CM, todos do mesmo calibre e conicidade
(25/.04). Os instrumentos CM apresentaram uma melhora no desempenho de 3 a 8
vezes, quando comparados aos confeccionados a partir do fio de NiTi convencional.
NINAN et al., 2013 avaliaram a flexibilidade de instrumentos CM, M-Wire, e NiTi
superelastico. Os instrumentos CM apresentaram elevada flexibilidade quando

comparados com os demais tipos de instrumentos.

BRAGA et al., 2014 mostraram que os instrumentos HF e TYP (CM), quando
testados em bancada de fadiga flexural até a ruptura, apresentaram uma vida em
fadiga significativamente superior aos instrumentos Profile Vortex (PV), fabricados
com M-Wire, e estes foram significativamente superiores aos sistemas ProTaper
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Universal (PTU) e EndoWave (EW), fabricados com liga NiTi convencional. Entre os
instrumentos CM, observou-se que o sistema HF foi significativamente superior ao
TYP.

E de grande importdncia o conhecimento das caracteristicas geométricas,
dimensionais e das propriedades mecanicas dos instrumentos endoddnticos
recentemente introduzidos no mercado. Uma vez que o0s tratamentos térmicos e
termomecanicos sdo capazes de alterar a microestrutura, e consequentemente o
comportamento mecanico dos instrumentos endodénticos de NiTi. Este trabalho
pretende avaliar a influéncia de um carregamento ciclico torcional sobre a
resisténcia a fratura por fadiga flexural dos instrumentos rotatorios Hyflex CM,
Typhoon CM e Vortex Blue.



OBJETIVOS
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2. OBJETIVOS

2.1. Objetivo Geral

Avaliar o comportamento mecéanico de instrumentos Hyflex CM, Typhoon CM e
Vortex Blue calibre e taper 30/.06, verificando a influéncia de um carregamento

ciclico torcional sobre a resisténcia a fratura por fadiga flexural.

2.2. Objetivos Especificos

Caracterizar as temperaturas de transformacdo martensitica e reversa dos

instrumentos de NiTi Hyflex CM, Typhoon CM e Vortex Blue calibre e taper 30/.06.

Avaliar as caracteristicas geométricas e dimensionais dos instrumentos de NiTi com
Memoria Controlada Hyflex CM, Typhoon CM e Vortex Blue a partir das medidas do
diametro a cada milimetro da parte ativa e da area da secao transversal a 3mm da

ponta;

Avaliar a resisténcia a fadiga dos instrumentos Hyflex CM, Typhoon CM e Vortex

Blue, através de ensaios de fadiga flexural;

Avaliar a resisténcia a fratura dos instrumentos pesquisados apds serem submetidos
a carregamento ciclico em torcdo e em seguida ensaiado em fadiga flexural até a

ruptura.
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Abstract

The NiTi rotary instruments undergo simultaneoesdlal and torsional stresses during the
root canal shaping. The mechanical properties eéghnstruments are influenced by many
factors such as geometry, microstructure, chemicaiposition of the alloy and
thermomechanical treatments. In this study, thieiemice of cyclic torsional straining on the
fatigue resistance of different thermal treatedruments was assessed. Hyflex CM (HF;
Coltene/ Whaladent Inc.), Typhoon CM, (TYP; ClimicisChoice Dental Products,) e Vortex
Blue (VB; Dentsply Tulsa Dental), size and tapet.CB® were the instruments chosen, based
on their geometry and specific characteristics hadirt manufacturing process. Ten new
instruments for each system were tested in a bsthlevice to determine the mean value of
the number of cycles to failure (Nf) of new instremts (GC, Control Group); another group
(of 10 instruments was submitted to 20 cycles ofitmal straining between 0° and 180°.
After the cyclic straining, the instruments (EG,pExmental Group) were submitted to
fatigue until rupture under the same conditionthefcontrol group. The longitudinal area and
the fatigue fracture surfaces were examined byrsognelectron microscopy (SEM). The
results were analyzed by one-way analysis of vaeaANOVA (@ = .05). The new HF
instruments displayed a higher resistance to fatiu< .05), followed by VB and TYP.
During the torsional preloads, the instruments leikdwl a decrease in the torque values after
the first cycle, with a tendency of stabilizatiam the following cycles. The lowest mean
torque value was observed for the TYP instrumehtter the torsional preloads, there was
reduction of 20%, 39% and 45% of the mean Nf vafaeshe instruments HF, VB and TYP,
respectively. Longitudinal cracks, generated dutiregtorsional preload were not observed in
the CM instruments (HF and TYP), but were preseri{B files. The instruments evaluated
that involve a thermal treatment during its mantufaog, presented different mechanical

behavior and possible distinct microstructure.

Key words: Mechanical Torsion, Fatigue, Alloy, InstrumentatioCM instruments,

Thermomechanical Treatment, Cyclic Loading.
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Introduction

Thermomechanical manufacturing technologies haven bdeveloped to improve the
mechanical properties of NiTi endodontic instrunsenthis approach allows adjusting
transition temperatures of the NiTi alloy, with tbkjective of controlling its microstructure
and thus influencing the mechanical behavior ofitlseuments (1).

“Controlled Memory” (CM) instruments such as Hyfl&M (HF; Coltene/ Whaladent Inc.
Cuyahoga Falls, OH) and Typhoon CM, (TYP; Clinicgahoice Dental Products, New
Milford, CT) represent the latest generation ofirgtshape memory NiTi files. According to
the manufacturers, because of the chemical comgositand specific manufacturing
processes employed, CM instruments do not reboundheir original shape as do
conventional NiTi instruments (2, 3, 4, 5). Anotlesiample that suffers a proprietary method
of processing of NiTi wire is the Vortex Blue rotafile (VB, Dentsply Tulsa Dental
Specialties, Tulsa, OK). These VB instruments presesingular blue color, not commonly
seen in the traditional superelastic NiTi filescéese of a visible titanium oxide layer formed
during the treatment (1, 4, 6, 7). The final gohltteese thermal treatments is to produce
instruments with greater flexibility and increagedistance to flexural fatigue (4, 8).

Many studies have assessed the fracture behaviNrToffiles, yet the flexural fatigue and
torsional failure have been assessed separateliOf9,with just a few studies considering

these two mechanisms together (11, 12, 13, 14).

Nevertheless, it has been demonstrated (11) tlmaiot@l cycling decreases the flexural
fatigue resistance of superelastic NiTi files, @bly because of the generation of longitudinal
cracks during the loading, which act as nucleasites for flexural fatigue cracks (12). It is
not very clear yet how thermal-treated NiTi instents would behave when submitted to this
kind of complex multiaxial loading.In fact, loweatfgue crack propagation rates are observed
in martensitic NiTi alloys (15, 16). This behavioas be attributed to the large number of
interfaces that exist in martensite, which are sgpd to dissipate the energy required for
crack propagation (15). Therefore, the aim of ghisly was to evaluate the influence of cyclic
torsional loading on the flexural fatigue resis&ainf the heat-treated HF, TYP, and VB NiTi

instruments.
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Materials and Methods

A total of 60 new Hyflex, Typhoon and Vortex Blue/36 files were used in this project.
These instruments were chosen because of the ispewdracteristics of their manufacturing
process: HF and TYP are CM files, and VB is madthefmal-treated M-Wire. Besides that,
TYP and VB files present similar geometric desigith a convex triangular cross section,

whereas HF instruments display a triangular crestia.

The files were divided into 2 groups: (i) a Cont@xoup (CG), comprising 10 instruments of
each system, which were tested in fatigue to deterthe average number of cycles to failure
(Nf) of new instruments; and a (ii) ExperimentaloGp (EG), where 10 instruments of each
system were cycled in torsion from 0° to 180 ° @@es and then submitted to fatigue tests

until fracture (12).

Ten new instruments of each system were photogdapiseng a high resolution digital
camera (20D; Canon; Tokyo; Japan), to evaluate thigiensional characteristics based on
the American National Standards Institute/Ameri¢zantal Association Specification No.
101. The software Image J 1.49 V (National Institof Health NIH, Bethesda, MD) was
employed for the measurements. The cross-sectayeal of instruments sectioned at 3 mm
from the tip (A3) was also evaluated by means @nsmg electron microscopy (SEM)

images (FEI, Inspect F50, Hillsboro, OR) usingthme software.

Transformation temperatures were determined byemifftial scanning calorimetry (DSC;
Shimatzu DSC 60, Kyoto, Japan). Three tests weafenpeed using different samples of each
system; in each test, the sample was heated taC180d then cooled to -100°C at a rate of
10°C/min.

The fatigue tests were performed at room tempegatura bench device with an artificial

canal made of AISI H13 quenched tool steel, coimgjsif an arch with an angle of curvature
of 45° and a radius of curvature of 5 mm. The setbgeometry placed the maximum
curvature at 3 mm from the tip (17). The files tethfreely inside of the canal until rupture
and the Nf was calculated by multiplying the raiatspeed (300 rpm) by the time registered
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using a digital chronometer. The point of fractureelation to the tip was measured with an

endodontic ruler.

The torsion tests were performed in an apparatudd bhased on the International
Organization for Standardization 1SO 3630-1 (AN80BMaldgica, Belo Horizonte, MG,
Brazil). The rotation speed was set clockwise tp. The handle was clamped into an
appropriate holder and three millimeters of theérumaent tip were clipped to a brass jaw to
prevent sliding. Continuous recording of torque amdjular deflection were provided by
specific designed computer program. The machineprsagramed to repeatedly perform 20
cycles of torsional loading from 0° angular defiestto 180° and then rotate back to zero
applied torque. Each rotation was defined as oméecyen new files of each system were
subjected to 20 cycles of torsional preloads asrides]. Subsequently, these instruments

were tested in flexural fatigue until rupture, unttee same conditions aforementioned.

Cycled instruments before and after failure ingiaé were observed by SEM. Results of the
tests performed were analyzed using one-way asgabfsvariance ANOVA, and post hoc

tukey’s test at a significance level oP05.

Results

The mean values of the diameter at three millinsefesm the tip (D3) of the analyzed
instruments (HF, TYP and VB) were equal to 0.48t0n@m, with no statistical significant
differences among instrumen®>.05). Theinstruments with triangular convex cross-section
(VB and TYP) showed larger average values of csessional area A3 in comparison with
the HF instruments, with triangular cross-sectiomeda. The average values of the cross-
sectionalarea were, respectively, 0.128 @104 mm and 0.089 mm2, for VB, TYP and
HF instruments. The average values of A3 for theetnstruments were statistically different
(P =.000).

The transformation temperatures determined by D8Csahown inTable 1L TYP files
exhibited the highest value of Af (69.7°C), folladvby VB (48.3°C) and HF (40.4°C). The

Af temperature is an indication of the amount dftanite present in the metal and the higher
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this temperature is, the larger is the amount stemite in the microstructure. Superelastic

NiTi contains a fully or almost fully austenitic anostructure.

The results of the fatigue test of the new instmim€CG) are summarized Figure 1. The
HF instruments exhibited the highest Nf va(d889+149), followed by VB (1129+69) and
TYP (858£154) instruments. Statistically signifitalifferences were observed among all of
the instruments Nf value® & .001).

The mean Nf values of the instruments previoushnstied to 20 cycles of torsion between
0° to 180° (EG) are also shown kgure 1. Statistical analysis comparing each type of
instrument in CG and (EG) showed significant stiaé differences for all the file$(< .05),
indicating that cyclic torsional straining diminesththe fatigue resistance of the instruments.
There were average reductions of 20%, 39% and 46%eo fatigue resistance for the
instruments HF, VB and TYP, respectively. The larabf the fracture was about 3 mm (x

.02) for all instruments analyzed, with no statatisignificant differences among them.

Typical cyclic torsional loading curves are illegd inFigure 2. It can be observed that
there is a tendency towards stabilization of tleianload behavior after the second cycle.
The lowest mean torque value at 180° was obsemethé HF instruments (0.562 N.cm)
followed by TYP (0.667 N.cm) and VB (0.980 N.cm)he lower is the mean torque value,

the more flexible is the instrument.

Deserves attention the fact that there is a remgideformation present in all instruments
after loading. This unrecovered strain can be nredshy means of the angular deflection
values when the torque reaches zero after unloa&imgboth CM instruments, this angular
deflection is similar, reaching 124° and 130° fdf Bind TYP instruments. The behavior of
VB instruments is different, the lower angular defion after unloading reaching only 90°.
This indicates that VB instruments have a partigbeselastic behavior. This result is in
agreement with the apparently higher slope of tige Idading curves irFigure 2, which

should reflect a larger amount of austenite in ¥iBtiuments, since this phase has a higher
Young Modulus than the R-phase and B19’ martensite.
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Figure 3 presents a set of scanning electron microscopgeséaken from the lateral surface
of cyclic strained instruments and also from fragtsurfaces after the fatigue test. The lateral
images of the CM instruments show that there wésnsive fragmentation of the oxide layer
during straining. This was not observed in the kimimage of a VB instrument, which
nevertheless shows the presence of longitudinaksravhich in turn were not observed in
CM instruments. The typical features of flexuraidae failure can be seen in the fracture
surfaces of the instruments: the smooth regionsratk nucleation and slow propagation
(marked in the images), and the areas of final idudtacture. Larger areas of crack
nucleation and slow propagation were found in tieikstruments in comparison with TYP

and VB ones.

Discussion

During the last two decades, the use of NiTi allogs contributed to improve the quality and
the properties of endodontic files. Thermal, medataror a combination of both treatments
have been proposed and applied to the NiTi wirdarehdodontic instrument, considerably
enhancing their flexibility and fatigue resistamedront of instruments made of conventional
alloy (2, 1). The need to further understand théabmr of these thermally treated

instruments has significantly risen, together wthregular usage in the clinical practice.

Our results showed that the instruments Af tempesatanged between 40° to 69°,
suggesting that all three instruments exhibitedtemaite structures at room temperature. The
literature supports the finding that CM instrumeotsitains a great amount of B19™ and R-
phase during the clinical usage (1, 16). Althoudhikstruments are not commonly said to be
produced with the CM technology, they also exhdnitAf in the same range as the HF and
TYP and shown the shape memory effect. The instntsneontaining large amounts of
martensite can be easily deformed yet they wilbvec their shape on heating above Af. In
addition, NiTi alloys are known to present rematkatatigue resistance in the martensitic
state (18, 15, 19).

The flexural fatigue resistance of an instrumerdatermined by its Nf values. As mentioned
before, instrument diameter (D) and radius of cumea of the root canal, R, have been

identified as the most important factors contrgjlifiatigue resistance of endodontic
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instruments (20, 21, 17, 2®)e critical parameter is the maximum tensile steanplitudegr,
which is given by the expressi@n = D/(2R — D), when the canal radius is measurethet
outer canal wall, as was done in the present stDdgsidering that the mean diameters at 3
mm from the tip (D3) of the instruments were thensaas the artificial canal geometric
standards, the differences in fatigue resistanc¢éhefinstruments cannot be attributed to
geometry alone, the particularities in the manufacy process being probably the most
important factor. According to the literature (10,16), CM instruments exhibited a superior
performance than instruments conventionally produéenong the thermal treated ones, HF
instruments presented a statistical higher flexiat&ue resistance, in comparison to TYP, as
observed in other studies (16) and to VB (5).

Each time the continually rotating NiTi instrumentets resistance, it undergoes torsional
loading. The load is higher whenever the dentinbasd and the canal diameter is small.
Acting on the instrument surface, this torsionadaan prevent its rotation to a greater or
lesser extent. Although this is the principle byiskthdentine can be removed, in extreme
cases, when the resistance is so high that it @nstthe instrument, it may fracture (23).
Fatigue and torsional resistance of NiTi files hdeen extensively evaluated as isolated
processes (9, 10, 24, 16). Some studies had dewaethese two mechanisms together for

superelastic files (25, 11, 12, 13). However, anfew reports are available (14, 26).

In this study, a specific torsional loading cyclasapreviously applied to rotary instruments
before their final rupture trough flexural fatigtesting. The number of cycles employed in
the load-unload tests was assumed to be roughiyagnt to the instrument’s use in half of
the recommended number of uses for rotary instrisn@). Torsional loading significantly

diminished the fatigue resistance of all the insieats, but in different degrees.

The SEM characteristics of the files fractured raftesional preloading and fatigued until
rupture exhibited typical features of flexural ¢ate mode. Larger smooth areas and smaller
dimple regions could be observed in the CM instmisién comparison to VB, agreeing with

previous studies (1, 16, 14).

The images of the longitudinal view of the instruntseafter exposure to torsional loads

displayed interesting characteristics. CM instruteemowed fragmentation of the oxide layer
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developed under heat treating, while VB instrumeossented a significant amount of
longitudinal cracks, which reflect the orientatminthe stress on the surface of the instruments
under torsional load. These cracks have been ai@meviously for superelastic instruments
(27, 12), but not in VB instruments. It is worthtimg that these longitudinal cracks did not
appear to interfere with the fatigue resistanc®Bfinstruments, because the decrease in Nf
recorded for them (39%) is smaller than that ofngetwically similar TYP instruments (45%),
which did not develop longitudinal cracks. On thiben hand, VB instruments showed a
shape recover larger than the CM instruments aftesional loading, indicating that these

instruments still conserve the particular charasties of the conventional superelastic NiTi.

In summary, the results of this study showed thitidnal loading decreases the resistance to
flexural fatigue of thermal treated instrumentspasch as it does for conventional NiTi. In
addition, Vortex Blue instruments behave like a ttalled Memory instrument and present
intermediary characteristics among CM instrumeMsreover, HF and TYP instruments,
although having the same denomination as CM ingtnig) could have undergone different

thermal treatments, because their properties drdhasame.
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Table legend

Table 1. Mean Values of Martensitic and Reverse Transfaonalemperatures (standard

deviations < 3°C) of the Instruments Studied.

Figure Legends

Figure 1. The mean values of Niheasured in the flexural fatigue test for HF, VRI arvP
instrumentsNew and torsional cycled instruments. Standardaden (SD) is shown as an
error barsDifferently labeled columns represent statisticalynificant differencesq < .05).

Figure 2. Typical cyclic torsional loading curves of instrants HF, VB and TYP submitted
to 20 loading cicles.

Figure 3. Secondary electron images of typical fracture sagaof CM instruments and VB
file. Outlined areas correspond to the region aigfee crack nucleation and propagation

(smooth areas).
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Table 1.
Transformation Temperatures (°C)
Instrument As Af Rs Rf Ms Mf
HF 26.4 40.4 22.3 13.9 -11.8 -33.0
VB 18.7 48.3 37.1 23.6 -48.4 -84.5
TYP 49.7 69.7 43.7 - - -19.9

Af, austenite finishing temperature; As austenitartstemperature; HF, Hyflex; Mf, martesite finisbi

temperature; Ms, martesite start temperature; TyBhoon; VB, Vortex Blue.
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Figure 2.
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Figure 3.




CONSIDERACOES FINAIIS
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4. CONSIDERACOES FINAIS

Os resultados obtidos neste trabalho ddo suporte as seguintes consideracdes:

Em relacdo a analise dimensional, os instrumentos ndo apresentaram variacao entre
o D3 nominal e o real, com valores de didametro a 3 mm da ponta semelhantes para

todos os instrumentos, assim como a conicidade de 6%.

A andlise das imagens dos instrumentos mostrou secdes transversais de forma
triangular para os instrumentos HF e triangular convexa para os instrumentos TYP,
VB. Observou-se que os instrumentos, apesar de possuirem diametros similares,

apresentaram diferentes areas a 3 mm da ponta.

As temperaturas de transformac¢ao dos instrumentos HF e TYP sugerem a presenca
das fases R e B19’ coexistindo com a fase austenitica a temperatura ambiente.
Desta forma, esses instrumentos apresentam um EMF reduzido e com isso néo
tendem a voltar completamente a sua forma original ap6s a remocdo da tenséo

aplicada.

Por outro lado, os instrumentos VB mostram uma recuperacdo de forma maior do
que os instrumentos CM ap0s o carregamento de tor¢cdo, o que indica que estes
instrumentos ainda conservam caracteristicas particulares do NiTi superelastico
convencional. Além disso, os instrumentos VB apresentaram uma quantidade
significativa de trincas longitudinais verificadas através de microscopia, que refletem
a orientacao da tensdo sobre a superficie dos instrumentos sob carga de tor¢ao.

Os ensaios de fadiga indicaram que os instrumentos HF e VB apresentaram vida em
fadiga significativamente superior aos instrumentos TYP. Levando-se em
consideracdo a geometria, seria de se esperar que o0s instrumentos VB
apresentassem numero de ciclos até a fratura inferiores aos dos instrumentos TYP,
devido a maiores valores da area a 3mm da ponta, o que néao foi confirmado pelo
ensaio de fadiga. Pode ser sugerido que 0s processos térmicos empregados na

fabricacdo dos instrumentos TYP, possam ter influenciado negativamente seu
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comportamento mecanico, diminuindo a sua resisténcia a fadiga. Houve prevaléncia
do efeito do tratamento térmico a que foram submetidos os instrumentos TYP em

relacdo as caracteristicas geométricas.

Os instrumentos HF, TYP e VB previamente carregados em tor¢cdo apresentaram
menores valores de Nf quando testados em bancada de fadiga até a ruptura. Assim
como observado nos instrumentos de NiTi convencional, tensdes torcionais s&o
capazes de reduzir a resisténcia a fadiga flexural dos instrumentos submetidos a

tratamentos térmicos.

Instrumentos VB apresentam caracteristicas intermediarias entre os instrumentos
CM. Além disso, os instrumentos HF e TYP, apesar de terem a mesma designacéo
como instrumentos CM, parecem ter sido submetidos a diferentes tratamentos

térmicos, uma vez que as suas propriedades ndo sdo as mesmas.

Pode ser concluido que as novas tecnologias, com abordagens metallrgicas nas
ligas NiTi, sdo capazes de causar diferente mudancas no comportamento mecanico
e resisténcia dos instrumentos. Esses resultados permitem ao clinico aumentar sua
compreensao quanto as propriedades estruturais e mecéanicas de cada sistema, de

forma a escolher a opgéo mais segura e previsivel em cada situacao clinica.
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