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bstract
he resistance of ProTaper (Dentsply Maillefer, Bal-
aigues, Switzerland) nickel-titanium rotary instruments
o cyclic fatigue was examined after their initial use in
traight or curved canals in vivo. These instruments
ere rotated freely inside a steel phantom until sepa-

ation. The number of rotations before failure and the
engths of the separated fragments were compared
ith data derived from new instruments under the

ame experimental setup (n � 20). With the exception
f F1 and F3, instruments previously used in curved
anals were more susceptible to cyclic fatigue than
hose previously used in straight canals (p � 0.05).
eparation occurred predominantly at the D10 to D12
evel. For the F series, a negative correlation (p � 0.05)
as observed between the number of rotations before

ailure and the file diameters at their separation levels.
roTaper F3 instruments are highly susceptible to cyclic
atigue failure and should be reused with caution irre-
pective of whether they are initially used for shaping
traight or curved canals. (J Endod 2007;33:737–741)
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ickel-titanium rotary instruments have been developed to simplify and improve the
efficacy of endodontic shaping procedures. However, instrument separation may

ccur insidiously during root canal shaping (1– 4). Retrieval or bypassing of the sep-
rated fragments is unpredictable (5–7). The prognosis of leaving separated rotary
nstruments inside incompletely cleaned root canals remains a concern for the profes-
ion (8 –13). Surgical endodontics may be subsequently required as an alternative
reatment strategy.

Separation of endodontic rotary instruments may be caused by torsional or flex-
ral (fatigue) fracture (4). Torsional fracture occurs when the elastic limit of the
ickel-titanium alloy is exceeded during binding of the rotary instrument to root canal
alls. This is usually accompanied by visibly discernible evidence of plastic deformation
f the instrument. Conversely, cyclic fatigue failure is caused by the continuous rotation
f an instrument in a curved canal space in the absence of binding, wherein the oppos-

ng sides of the instrument are subjected to alternating cycles of tensile and compressive
tresses. Fatigue fracture occurs via the initiation and propagation of cracks at stress
evels that are below the ultimate strength of the material under a static load (4, 5).

Clinically, instruments are subjected to composite stresses created by torsion and
lexure (6 – 8). The risk of rotary nickel-titanium instruments to torsional fracture has
een substantially reduced with the introduction of low-speed/low-torque motors that
perate below the elastic limit of the nickel-titanium alloy (9) and the creation of glide
aths manually with hand instruments before taking the rotary instruments to working

ength (10). Conversely, the susceptibility of these instruments to cyclic fatigue is af-
ected by the angle and radius of canal curvature and the size and taper of the instru-

ent (11, 12). Previous uses of an instrument also affect its resistance to fatigue
racture (8, 13, 14). Although torsional stresses may cause plastic deformation of
he nickel-titanium rotary instruments (15, 16), instrument separation often occurs
linically without plastic deformation (17, 18) when they are subjected to prolonged
yclic fatigue stresses (19 –22).

The aim of this study was to compare the resistance of ProTaper (Dentsply
aillefer, Ballaigues, Switzerland) nickel-titanium rotary instruments to cyclic fatigue

fter they have been used in two different clinical situations that differ in the suscepti-
ility of the instruments to cyclic fatigue and torsional stresses. The null hypothesis

ested was that there are no differences in the separation characteristics of new instru-
ents and those that have been prestressed clinically in straight or curved canals.

Materials and Methods
The protocol used for the study was approved by the ethical board and research

ommittee of Saint-Joseph University, Lebanon. Sixty sets of new ProTaper nickel-
itanium rotary instruments (25 mm) were used and divided into three groups. Twenty
ets were each used two times for shaping straight canals in either maxillary central
ncisors or canines. Another 20 sets were each used twice for shaping curved canals in
he mesiobuccal canal of maxillary first or second molars. Because this initial clinical
hase was performed in vivo, assessment of canal curvatures was achieved by using an
-ray angulator (XCP; Dentsply-Rinn, Elgin, IL) and a radiographic template (FKG
entaire, La Chaux de Fonds, Switzerland). Teeth in the same group were checked for
imilar radii (5–7 mm) and angles of curvature (�5°). The canal curvature in the
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traight canal group was 3.3° � 1.7° and that in the curved canal group
as 23.6° � 2.6°. The remaining 20 sets were not used for clinical root
anal shaping and served as the control.

linical Prestressing
For the clinical phase, negotiation of the designated root canal was

erformed with #10 K-Flexofiles (Dentsply Maillefer) by using RC Prep
Premier Dental Products, Philadelphia, PA) as a lubricant. Working
ength was determined with an apex locater (Root ZX; J Morita Corp,
yoto, Japan). Canal instrumentation was initially performed with #10
nd #15 K-Flexofiles (Dentsply Maillefer) to the working length. By
sing a crown-down technique, the ProTaper rotary instruments were
hen used with light pressure at 240 RPM generated by a TCM Endo III

otor (Nouvag AG, Goldach, Switzerland) with a torque setting of “3.”
hese instruments were used in the sequence recommended by the
anufacturer. Preshaping was performed with SX for straight canals

nd S1-SX for curved canals. Care was taken to ensure that the rotary
nstruments were not forced apically. To standardize the degree of pre-
tressing in the in vivo phase of the experiment, each instrument was
otated in the canal for no more than 2 seconds, according to the
anufacturer’s instructions. Size #20 K-Flexofiles were used to create
anual glide paths before the introduction of the ProTaper instruments

o the working length. Canal irrigation was achieved by using 5.25%
odium hypochlorite (Clorox; The Clorox Co, Oakland, CA). Canal pa-
ency was reconfirmed after the use of each ProTaper instrument. All
anals were instrumented to size F3 apically. The instruments were
hecked under a surgical microscope for signs of plastic deformation.
nstruments that exhibited visibly discernible deformation were ex-
luded from the study. After the first use, the rotary instruments were
leaned for 15 seconds in an ultrasonic disinfecting bath (All Pro1400;
tomes, Thimens Ville Saint Laurent, Canada) and subsequently auto-
laved (Statim; SciCan, Toronto, Canada) before their second clinical
se in the same type of canals designated for that particular group. After
he second clinical use, the instruments were further ultrasonically
leaned and autoclaved before in vitro testing.

n Vitro Cyclic Fatigue Evaluation
The experimental setup consisted of a custom-designed stainless

teel phantom mimicking a 2 mm wide artificial canal space with an
ngle of curvature of 80° and a radius of curvature of 5 mm. The
hantom was composed of two parts that were held together by bolts,
orming a cavity that simulated a curved canal. The use of the steel
hantom ensured reproducibility of the testing conditions in which each
nstrument could rotate freely without binding. Because the SX instru-

ent differed in length and was designed to be used in a manner that
as different from the other five rotary instruments, it was excluded

rom cyclic fatigue evaluation.
The new ProTaper instruments were used as received. Both the

linically used and new ProTaper instruments were placed in a contra-
ngle hand piece equipped with a 20:1 reduction head (WH 975AE;
entalWorks, Burmoos, Austria). They were inserted into the artificial
anal to a length of 22 mm. Water was used as a universal lubricant and
oolant without the use of additional chemical lubricants. Each instru-
ent was allowed to rotate freely without binding in the water-filled

rtificial canal at 240 RPM by using the TCM Endo III motor until
nstrument separation occurred. The contra-angle hand piece and the
teel phantom were attached to devices that held them in position.
otation was performed with a torque setting of “3” and under constant
ir cooling to prevent the nickel-titanium instruments from overheating.
ecause the tip of the instrument was visible, separation was assessed by
irect observation with the use of surgical loupes (Keeler Ltd, Windsor,

erkshire, UK) at 2.5� magnification. c

38 Ounsi et al.
The time required for fracture to occur was recorded for every
nstrument and used to calculate the number of rotations to fracture
RTF � 240 � time required for fracture/60). The level at which the
eparation occurred (L) was measured from the tip of the instrument.

tatistical Analysis
Because the normality (Kolmogorow-Smirnoff test) and homosce-

asticity assumptions (Levene test) of the data were violated, nonpara-
etric statistical methods were used for data analyses. For each file type,

ruskal-Wallis analysis of variance on ranks and Dunn’s multiple com-
arison test were used to examine if differences were present among the

hree subgroups (new files, files prestressed in straight canals, and files
restressed in curved canals), with � � 0.05.

ractographic Analysis
Two separated coronal portions of each file type derived from the

hree subgroups were mounted on aluminum stubs. The characteristics
f the fractured surfaces were examined by using a scanning electron
icroscope (JSM-6360LV; JEOL, Tokyo, Japan) at 15 KeV.

Results
No instrument experienced intracanal failure during clinical use.

owever, two S1 and one S2 instruments exhibited plastic deformation
ue to torsional fatigue during prestressing in the curved canals. They
ere replaced with three new sets of instruments that were re-subjected

o the entire prestressing cycle.
The RTFs (means � standard deviations) of the new S1, S2, F1,

2, and F3 ProTaper instruments were 183.5 � 25.3, 123.8 � 13.8,
87.7 � 31.1, 313.6 � 23.9, and 71.2 � 6.7, respectively. The
TFs of the S1, S2, F1, F2, and F3 instruments that had been pre-
tressed in curved canals were 97.3 � 18.7, 71.6 � 13.7, 179.6 �
0.9, 127.6 � 16.2, and 49.7 � 5.9, respectively. The RTFs of the S1,
2, F1, F2, and F3 instruments that had been prestressed in straight
anals were 115.2 � 29.5, 94.1 � 25.2, 190.0 � 39.7, 158.8 � 38.9,
nd 50.3 � 11.3, respectively. These results are graphically repre-
ented in Figure 1. For all file types, the RTFs of new instruments were
ignificantly higher than the used instruments (p � 0.05). The S1, S2,

igure 1. A histogram comparing the number of rotations required for fatigue
ailure of the different ProTaper instruments after they were prestressed in vivo
n straight or curved root canals. New instruments were used as the control. For
ach of the five instrument types examined, columns labeled with the same
etters are not statistically significant (p � 0.05). F3 was the most susceptible to
yclic fatigue failure irrespective of whether it was prestressed in a straight or

urved root canal.

JOE — Volume 33, Number 6, June 2007
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nd F2 instruments that were prestressed in straight canals exhibited
igher RTFs than those that were prestressed in curved canals (Fig. 1).
here were no differences between instruments that were prestressed in
traight or curved canals in the F1 and F3 instruments (p � 0.05). For
he length of the separated fragment, there was no difference be-
ween the two prestressing modes for each type of instrument (p �
.05). Separations occurred predominantly at the D10 to D12 level.
y using file diameter data supplied by the manufacturer, a negative
orrelation (p � 0.05) was observed in the F series between the
TFs and the corresponding file diameters at their separation levels
Fig. 2).

Fractographic analysis revealed features that are characteristic of
atigue failure (23). These features are schematically represented in
igure 3A. They included a relatively flat and smooth “fatigue zone”
here fatigue crack propagation occurred in response to cyclic
tresses and a rougher “overload or instantaneous zone” represent-
ng the site of the final catastrophic failure. Progression marks were
vident at low magnification along the “fatigue zone” that depicted
oad variations during the advancement of the crack front as well as
he direction of crack propagation. New instruments that have not
een used clinically exhibited smaller “overload zones” that were
ither close to or affiliated with one edge of the triangle (Fig. 3B).
nstruments that have been prestressed clinically in curved canals
xhibited large, centrally located “overload zones (Fig. 3C). A high
agnification of the “overzone zone” revealed evidence of dimpled

upture and the presence of multiple microvoids within the frac-
ured alloy (Fig. 3D).

Discussion
The clinical use of nickel-titanium rotary instruments is advanta-

eous because large reversible strains may be achieved via stress-in-
uced austenite-martensite phase transformation of the alloy. However,
hese instruments suffer from the limitation of having relatively short
orking lives. The use of these instruments in severely curved canals is
articularly taxing because the prevailing conditions predispose them to
ow-cycle, high-amplitude fatigue (3). A recent cohort clinical study
ndicated that the incidence of file separation for the ProTaper rotary
nstruments is 2.4% and that these instruments may be safely reused
linically for at least four times (24). This provides the rationale for

igure 2. Linear regression analysis of the ProTaper F series of finishing instru-
ents showing a significant negative correlation between the number of rota-

ions to fatigue failure and the corresponding file diameters (data obtained from
he manufacturer) at their separation levels.
xamining the fatigue resistance of ProTaper instruments that have been s

OE — Volume 33, Number 6, June 2007
sed only twice clinically. This is because there is a tendency for clini-
ians to reuse these instruments even after they have been subjected to
combination of torsional and flexural stresses of unknown magnitude
6 – 8) and with the possible introduction of additional corrosion
tresses by the use of sodium hypochlorite (25) and autoclaving (26).
n the present study, we had to compare clinically used instruments with
ew as-received instruments as the control because we did not have

n-house data on the S-N curves (i.e., plots of stress loads vs. logarithmic
tress cycles) or fatigue half-lives of the new instruments. For a more
ragmatic appraisal of cyclic fatigue resistance of used instruments in

he future, they should be compared with new instruments that have
een prestressed to their fatigue half-lives in the absence of torsional
tresses. Although it has been shown that work hardening (27) or heat
reatment (28) has negligible influence on the fatigue resistance of these
nstruments, it would be more realistic if the new instruments are also
ubjected to simulated episodes of corrosion stresses as anticipated for
he used instruments.

It has been shown that prolonged clinical use of the ProTaper
otary instruments (12–16 canals) significantly reduced their cyclic
atigue resistance (29). The results of the present study indicate that the
atigue resistances of new instruments (i.e., among the five file types S1,
2, F1, F2, and F3) are not uniform (statistics not shown) and that their
atigue resistance significantly declined after two episodes of clinical
pplication in either straight or curved canals. It is logical to assume that
he fatigue resistance of instruments that have been used in straight
anal is higher than those that were previously used in curved canals.
ndeed, the S1, S2, and F2 instruments exhibited higher fatigue resis-
ance in straight canals compared with curved canals, which corre-
ponded well with what has been reported in the literature (11, 12).
owever, similar fatigue resistance were found in the F1 and F3 instru-
ents irrespective of whether they were previously used in straight or

urved root canals (Fig. 1). For the F3 instrument, this may be attributed
o its wider diameter at the site of fracture (Fig. 2) (6, 22) or a differ-
nce in cross-sectional design from the other instruments. For the F1
nstrument, we speculate that such a tendency may be caused by abrupt
hanges in taper between the S2 and F1 instruments. It would be in-
eresting, thus, to examine the fatigue resistance of the recently
ntroduced ProTaper Universal series in which the modified S2 in-
trument is claimed to provide a smoother transition between shap-
ng and finishing of the root canal walls. Because the current F3
nstrument showed the lowest resistance to cyclic fatigue, it is pru-
ent also to examine the fatigue resistance of the F3-F5 instruments

n the new ProTaper Universal series. Although these instruments
re designed for use in canals with wider apices and are unlikely to
e used in severely curved canals, their cross-sectional design have
een substantially modified by introducing deeper grooves along the

lute perimeter to improve flexibility.
Fractographic analysis is an integral part of cyclic fatigue testing

ecause it reveals the history of the fractured interfaces that enables one
o distinguish cyclic fatigue failures from those precipitated by quasi-
tatic loads. Although all the in vitro separated instruments exhibited
vidence of cyclic fatigue fracture (Fig. 3A), differences in how the
nstruments were handled before separation could be conjectured from
he fracture histories of new and used instruments. For the new instru-

ents, the smaller overload zones that were usually affiliated with one
dge of the separated instrument (Fig. 3B) are indicative of a localized
rigin of crack initiation, a longer period of comparatively slower crack
ropagation, and a lower stress magnitude during the instant of rupture
23). Crack initiation could have been initiated by a surface flaw pro-
uced during the machining of these instruments. Conversely, the

arger, more centrally located overload zones seen particularly in in-

truments used previously in curved canals (Fig. 3C) are indicative of

ProTaper Rotary Instruments 739
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ultiple origins of crack initiation, and these instruments were heavily
tressed at the time of final fracture. The multiple stress concentration
ites could have been precipitated by slip planes or microcracks that
ere generated along the instrument surface during clinical use (30).
hese crack-initiation stresses were probably magnified by dentin chip
mbedding and wedging (31) because debris remained on the instru-
ent surface even after sonication cleaning (Fig. 3C). The relatively

mall fatigue zones that accompanied large overload zones suggest that
ost of the fatigue lives of the used instruments were spent in the crack

nitiation phase. However, once cracks were initiated, they propagated
apidly, creating heavy stress concentrations that rapidly spread
nward and quickly led to failure along the center of the instrument
hafts. For both the new and used instruments, the eccentricity
etween the ”fatigue zones“ and ”overload zones“ inferred a history

igure 3. (A) A schematic representation of predominant surface features fou
btained from a new instrument (S2 ProTaper) that has been subjected solely
robably initiated by a defect along the machined instrument surface (open arr
he component stresses as the crack propagated in the direction indicated by
rrow) and the bisector (dotted arrow) of the overload zone (O) is indicative o
ractured surface obtained from a clinically used instrument (F1 ProTaper) th

achined instrument surface (pointers) after clinical root canal shaping. The
he fatigue life of the instrument was spent in the original crack formation, crea
ocated overload zone indicated that the failure was initiated at multiple locati
igh-magnification view of a typical overload zone revealed evidence of dimpled
large population of microvoids (open arrowheads) could be seen within the
f rotational bending instead of plain bending before fatigue frac- c

40 Ounsi et al.
ure (27). The presence of extensive microvoids and the evidence of
impled rupture within the overload zones (Fig. 3D) are character-

stic of ductile fracture (32). The latter occurred by coalescence of
icrovoids (33) and resulted in plastic deformation of the remain-

ng overloaded part of the ProTaper instruments (16, 34) as the
ropagating cracks attained critical sizes (35).

Within the limitations imposed by this study design, the null hy-
othesis that there is no difference between the separation character-

stics of new instruments and those that have been prestressed clinically
n straight or curved canals has to be rejected. The S series of ProTaper
nstruments are in general less tolerant to cyclic fatigue stresses when
ompared with the F1 and F2 instruments. ProTaper F3 instruments are
ighly susceptible to cyclic fatigue and should be reused with caution

rrespective of whether they are initially used for shaping straight or

fatigue failure. (B) A scanning electron micrograph of the fractured surface
vitro cyclic fatigue stresses. The large, relatively smooth fatigue zone (F) was
rogression marks along the surface of the fatigue zone represent variations in

lid arrow. The eccentricity between the direction of slow crack growth (solid
ckwise rotational bending failure. (C) A scanning electron micrograph of the
further subjected to in vitro cyclic fatigue failure. Debris was found along the
ely small fatigue zone (F) and a large overload zone (O) suggests that most of
heavy stress concentration that quickly led to instrument failure. The centrally
pen arrows) around the perimeter of the shaft and then grew inward. (D) A

re that is characteristic of the ductile nature of the ultimate catastrophic failure.
l-titanium material.
nd in
to in
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