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Abstract
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Aim To investigate the mode of failure of a brand of
nickel-titanium instruments separated during clinical
use, by detailed examination of the fracture surface.

Methodology A total of 122 ProTaper S1 instru-
ments were discarded from an endodontic clinic at a
stomatological school in China over a period of
17 months; 28 had fractured. These fractured instru-
ments were ultrasonically cleaned, autoclaved and then
examined under a scanning electron microscope. From
the lateral view the fracture was classified into ‘tor-
sional’ or ‘flexural’. The specimens were then
re-mounted and the presence of characteristics of shear
failure and fatigue striations was recorded under high-
power view of the fracture surface. The difference in the
mean lengths of fractured segment between the shear
and fatigue groups was compared using Student’s t-test.
Results Twenty-seven separated instruments were
available for analysis. Under low-power magnifica-
tion, only two fell into the category of ‘torsional’

failure when examined laterally; the others appeared
to be ‘flexural’. Close examination of the fracture
surface revealed the presence of fatigue striations in
18 specimens. Nine instruments (including the two
putative ‘torsional’ failures above) fell into the shear
fracture group, in which fatigue striations were
absent or characteristics of shear failure of the
material were found. The mean length of fractured
segments resulting from fatigue failure (4.3 +
1.9 mm) was significantly greater than that for shear
failure (2.5 £ 0.8 mm) (P < 0.001, two-sample
t-test).

Conclusions Examination of the fracture surface at
high magnification is essential to reveal features that
may indicate the possible origin of cracks and the mode
of material failure. Macroscopic or lateral examination
of separated instruments would fail to reveal the true
mechanism of failure. Fatigue seems to be an important
reason for the separation of rotary instruments during
clinical use.
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Introduction

The introduction of nickel-titanium (NiTi) endodontic
instruments has transformed root canal preparation.
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The use of NiTi rotary instruments generally can
minimize undesirable complications often encountered
during hand instrumentation of curved root canals
(Glosson et al. 1995). Instruments made of this alloy
not only have a high resistance to corrosion and
excellent biocompatibility, but also a special mechan-
ical property known as ‘superelasticity’ (Otsuka &
Wayman 1998). Superelasticity is associated with the
occurrence of a phase transformation of the alloy upon
application of stress above a critical level, which takes
place when the ambient temperature is above the
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so-called austenite-finish temperature of the material.
This stress-induced martensitic transformation reverses
spontaneously upon release of the stress; the material
then returns to its original shape and size (Saburi
1998). This special property manifests as an enhanced
elasticity of the NiTi alloy, allowing the material to
recover after large strains (or distortion). Thus, NiTi
instruments appear highly flexible and elastic, hence
the possibility of use in a continuous rotary fashion,
even in a curved canal. On the other hand, separation
(fracture) of NiTi instruments can still occur as a result
of: (i) rotational bending, i.e. due to fatigue or (ii) shear
fracture, usually when the instrument tip is stalled
(jammed) but the handpiece continues to rotate.
Numerous factors have been implicated in the
separation of NiTi endodontic instruments, amongst
which are operator proficiency (Yared & Kulkarni
2002, Sonntag et al. 2003, Parashos et al. 2004),
method of use (Blum et al. 1999, Regan et al. 2000),
rotational speed (or better rotation rate) (Daugherty
et al. 2001, Martin et al. 2003), anatomic configur-
ation of the canals (Martin et al. 2003, Peters et al.
2003), design of the instrument (Berutti et al. 2003),
and number of sterilization cycles (Silvaggio & Hicks
1997). Whilst these studies have investigated the
influence of such factors on the chance of instrument
separation, an evaluation of the true mode of failure
seems to be lacking. Some studies have examined the
fracture characteristics under controlled laboratory
conditions (Pruett et al. 1997, Haikel et al. 1999, Li
et al. 2002), but that probably did not reproduce the
complex clinical situation affecting the stresses and
strains imposed on the instrument and hence the true
reason for its fracture. Whilst some authors have
indicated that both torsional and cyclic flexural loads
are important in causing instrument separation in use

(Gambarini 2001, Ullmann & Peters 2005), the
mechanism of failure has not been determined. The
purpose of this study, therefore, was to determine the
mode of material failure of one brand of NiTi rotary
instrument separated during clinical use with a view to
identifying the fracture mechanism.

Materials and methods

The collection of clinically-used NiTi instruments
(ProTaper; Dentsply Maillefer, Ballaigues, Switzerland)
has been described earlier (Peng et al. 2005). In short,
all instruments of the one brand discarded from an
endodontic clinic over a 17-month period from January
2003 to May 2004 were collected. In that clinic, each
such instrument was limited to a maximum number of
uses according to the tooth being treated: four molars,
20 premolars, or 50 incisors and canines. Instruments
would also be discarded after a single use in very
complex, severely curved or calcified canals. Of the 325
ProTaper instruments collected, 122 were S1 instru-
ments; 28 of them (23%) had fractured (Table 1). They
were autoclaved and then ultrasonically cleaned in
absolute alcohol for approximately 90 s prior to exam-
ination under the scanning electron microscope (SEM)
(Sirion-FEG; Philips, Eindhoven, the Netherlands). At
%x25 magnification, in lateral view, each fractured file
was classified by one examiner (YS) into -either
‘torsional’ (associated with unwinding deformation)
or ‘flexural’ failure according to the description by
Sattapan et al. (2000). The specimens were then
re-mounted and secondary SEM images of the fracture
surface were obtained at high magnifications at an
accelerating voltage of 25 kV and 100 nA beam
current. Two examiners (GC, YS) jointly examined
the fractographic images. The presence of ‘fatigue

Table 1 Summary statistics of the
sample

Teeth in  which separation

. occurred
Location from
No. tip? (mm) Anterior Premolar Molar

All separated S1 files 28 37+18 1 10 17
Longitudinal view (x25)

Torsional 2 3.5,4.0 0 1

Flexural 25 37+19 1 9 15
Fractographic examination (x1000 or above)®

Shear failure 9 25+0.8 0 3 6

With fatigue striations 18 43+19 1 7 10

®0One specimen was lost during processing and the average length was calculated from
the remaining 27 specimens. Mean values (+SD) were given for groups with n > 3.
bSignificant difference in the mean length of fractured segment between the shear and
fatigue groups (two-sample t-test, t = 6.5185, P < 0.001).
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striations’ or ‘beach marks’, which are characteristic of
fatigue failure of all metallic materials (ASM Interna-
tional 1987), was noted. The mode of failure was then
categorized as either ‘fatigue’ or ‘shear’. The latter
showed concentric rubbing or abrasion marks (from
contact of the fracture surfaces), absence of fatigue
striations and areas of skewed dimples on the fracture
surface (Kocanda 1978). The distance between the
broken end and the handle was measured to calculate
the length of the fractured segment for each instru-
ment. The difference in the mean length of fractured
segment between the shear and fatigue groups was
compared using Student’s t-test.

Results

Of the 28 fractured S1 instruments collected, one
instrument was lost during processing, leaving 27
available for analysis. Two (7%) fell into the category of
‘torsional’ failure under low-power examination; the
others appeared to be ‘flexural’ (Table 1). At high
magnification of the fracture surface, both ‘torsional
failure’ cases above and a further seven (i.e. nine, 33%)
showed features of shear failure (Fig. 1). Fatigue
striations (Fig. 2) were found on 18 specimens, indica-
ting that true fatigue failure had occurred (Fig. 3).
High-power photomicrographs near the centre of the
fracture surface showed the presence of irregular or
skewed dimples in areas that were not affected by
fatigue striations or abrasion marks (Fig. 4). The
number of discrepancies between the lateral and
fractographic deductions was high; 26% of observa-
tions (n = 7) did not agree, all falling in the macro-
scopic ‘flexural’ group (Table 2).

Few specimens showed the presence of cracks that
did not communicate with the periphery, i.e. the
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Figure 1 (Left) Fracture surface of a
separated S1 file showing shear failure of
the material; note presence of circular
abrasion marks and absence of fatigue
striations on high-power view (right).

Figure 2 Clusters of fatigue striations on fracture surface of
instrument (arrows).

exterior surface of the instrument; this was classified
as fatigue failure because of the presence of fatigue
striations near the centre of the cross section (Fig. 5).
The mean length of the fractured segments due to shear
failure was 2.5 = 0.8 mm, whilst that for fatigue
failure was 4.3 £ 1.9 mm (Table 1). The difference
was statistically significant (two-sample t-test,
P < 0.001).

Discussion

There are four recognized modes of fracture in solid
metal: (i) cleavage, (ii) dimple rupture, (iii) fatigue and
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Figure 3 Fracture surface showing crack initiation at the
periphery of the instrument (arrow).

Figure 4 Central portion of specimen in Fig. 3 showing
skewed dimples (A) on the fracture surface at areas not
involved in fatigue-crack propagation (cf. upper right corner of
the field, B).

(iv) decohesion (Collins 1993). Cleavage refers to the
cracking of a crystalline solid along slip planes. Dimple
rupture is the typical fractographic appearance of

© 2005 International Endodontic Journal

Table 2 Fracture modes of ProTaper S1 instrument as deter-
mined by lateral and fractographic examinations

Lateral view Fractographic

‘Torsional’ or shear 2 9?
‘Flexural’ or fatigue 25 18

2Seven shear failures were initially classified as ‘flexural’ in
lateral view.

ductile failure; under (tensile or shear) load internal
voids (due to inclusions, microporosities, precipitates or
other microstructural heterogeneities) grow in size
until the remaining material in between these ‘holes’
fails because of overload (ASM International 1987).
Fatigue is a form of transgranular fracture where the
grain boundaries have little effect on the direction of
crack propagation (Schijve 2001). Decohesion is the
rupture of a material along grain boundaries, usually
under the influence of environmental factors, such as
hydrogen embrittlement or attack by corrosive agents
(ASM International 1987). Once a crack is formed, its
propagation is related to the stress field at the crack tip:
tension tends to pull the material apart, compression
pushes the structure of the material together, and shear
causes one part of the material to slide over another
(Ewalds & Wanhill 1989). In the case of fatigue,
microcracks are first formed on the surface of a
material, especially where there are surface flaws or
irregularities that will serve as stress-raisers, i.e. where
stress concentration occurs (Schijve 2001). The ma-
chining grooves (scratches) left on the surface of
instrument after the manufacturing process are such
‘initiators’ of microcracks. Once initiated, fatigue-
cracks propagate in each and every load cycle until
the remaining intact material is unable to sustain the
same load and thus fails. Various microscopic marks
left by the propagating crack front are observable on
the fracture surfaces. In the case of rotational bending,
the direction of maximum tension at any one point
on the skin of the material changes in a sine function-
like manner. Thus, the orientation of fatigue striations
often is neither regular nor uniformly oriented (see also
Figs 3 and 4 in Li et al. 2002). Clusters of striations
may be found, instead of regular markings seen on
specimens subjected to uniform, cyclic tensile loads
(Kocanda 1978).

In the endodontic context, many studies of the
mode of separation have been carried out on the
‘longitudinal’ or, more accurately, lateral view of
the instrument under magnifying loupes (Gabel et al.
1999, Daugherty et al. 2001), under an operating

International Endodontic Journal, 38, 802-809, 2005

805



806

Failure mode of fractured files Cheung et al.

microscope (Tygesen et al. 2001, Arens et al. 2003),
or at low power under SEM (Sattapan et al. 2000).
Using this method of evaluation, the great majority
(93%) of instruments in the current study appeared to
have failed because of ‘flexural fatigue’. In compar-
ison, Sattapan et al. (2000) reported some 56% of
‘torsional’ and 44% of ‘flexural’ failures for Quantec
instruments, whilst Arens et al. (2003) reported that
some 15% of ProFile 0.04 taper instruments were
either distorted without failure or had fractured after a
single clinical use. However, whilst such examination
in lateral view allows the detection of plastic defor-
mation in the separated instrument, it fails to indicate
the actual mechanism involved in the fracture process.
Fractographic examination aims to identify features on
the fracture surface that would indicate the origin and
(direction of) propagation of the crack(s) leading to
material failure (ASM International 1987). For in-
stance, fatigue striations on the fracture surface left by
the incremental progression of a crack are unique to
fatigue, and these can only be observed on the
fracture surface of a material, not in lateral view. In
the present study, two-thirds of the separated instru-
ments were determined to have failed because of
fatigue because fatigue striations could be identified on
the fracture surface; no macroscopic deformation was
discernible. However, the converse was not always
true. Seven of the 25 files that were initially categor-
ized as suffering ‘flexural’ failure from low-power
examination carried features of shear fracture. This
underlines the importance of detailed examination of
the fracture surface in the analysis of instrument
separation.

Fatigue failure often occurs at the point of maximum
curvature (Pruett et al. 1997), where the strain is
highest. The surface strain may be estimated as the
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Figure 5 (Left) Fracture surface showing
cracks in the central portion that did not
extend to the surface of the instrument.
(Right) Presence of fatigue striations

(arrow) under high-power examination.

ratio of the radius of the instrument (assuming it to be
of circular cross section) to the radius of curvature.
Thus, sections of a larger diameter, i.e. farther from the
instrument tip, are more susceptible to fatigue fracture
than smaller sections when rotating with the same
curvature. This may explain the general difference in
the lengths of the fractured segments for shear and
fatigue failures.

In the fatigue process, progression of a crack
effectively reduces the area of intact material at that
cross section. When the stress acting on the remaining
material exceeds its ultimate strength (as the engineer-
ing stress is inversely proportional to the cross-sectional
area in the case of monotonic load) at the next load
cycle, the alloy fails in a ductile manner, producing a
dimple configuration. The dimples observed in the
present study were skewed and not equiaxed (the latter
being typical of tensile overload) because of the
presence of a torsional (shear) load. The ductile failure
applies to the last stage of the fatigue phenomenon —
areas involved in crack propagation generally do not
reveal the dimple appearance. There are times where
features left by the propagating fatigue-cracks may be
modified, or even masked, by one or a combination of
two mechanisms. First, during rotational bending
under a simultaneous compressive load (e.g. pushing
on a rotating instrument in a curved root canal),
surfaces on either side of a crack may contact and slide
over each other during the compressive part of the
cycle, leading to abrasion and abolition of the surface
topography (ASM International 1987). Thus, depend-
ing on the method of use by individual operators, the
present study might have underestimated the fre-
quency of fatigue failure. Another possibility is the
influence of a corrosive agent such as hypochlorite used
in root canal treatment. Surface features could become
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masked by corrosion products, which might worsen
after autoclaving. Further work is necessary to deter-
mine whether corrosive agents might play a role in the
separation of NiTi rotary instruments in the clinical
environment. Electropolishing and ion implantation
have been reported to result in a surface more
‘resistant’ to wear (Rapisarda et al. 2001) and corrosive
attack (Cissé et al. 2002). Some commercially available
NiTi rotary instruments are electropolished (FKG Den-
taire 2005).

Fatigue failure accounted for the majority of broken
instruments in the present study, which might be
explained as follows. First, fatigue-crack growth rates in
NiTi alloys have been reported to be significantly
greater than in other metals of similar strength
(Dauskardt et al. 1989). Thus, once a microcrack is
initiated, it can quickly propagate to cause catastrophic
failure. This seems to agree with the general impression
that ProTaper instruments fail without much warning
during clinical use (Ankrum et al. 2004). Secondly,
increasing the strain rate (i.e. rotation rate in the case
of rotational bending) generates increased crystallo-
graphic slip because there is little time for stress
relaxation and stress-induced martensitic transforma-
tion to occur (Lin et al. 1996). Thus, compared with
using an instrument by hand, there is a greater chance
for failure in an apparently ‘brittle’ manner for engine-
driven instruments. The machining scratches on the
instrument surface would act as stress raisers or even
crack-like features that may become origins of fatigue-
cracks; a smooth surface is less prone to fatigue failure
(Schijve 2001).

It appears peculiar that in a minority of specimens
some cracks seemed to have originated near the centre
and extended towards the periphery of the instrument
(Fig. 5). This is contrary to the classic fatigue phenom-
enon where microcracks begin on the surface and
propagate inwards (Ewalds & Wanbhill 1989, Schijve
2001). Commercial NiTi alloy is polycrystalline; the
first grain to undergo the stress-induced martensitic
transformation is the one subject to the highest
resolved tensile stress (Hosogi et al. 2002). The adja-
cent grain boundary, therefore, may become an area of
high stress concentration. This earliest-transformed
martensite grain (being subjected to the greatest stress)
and its adjoining grain boundaries have been proposed
as possible initial sites of crack formation, giving rise to
‘microscopic cracks penetrating axially around some
columnar blocks of material’ (Hosogi et al. 2002).
Further studies are required to determine the source
and site of crack initiation in NiTi instruments.
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NiTi instruments tested by means of rotational
bending have generally been reported to have a
fatigue life of only hundreds to thousands of revolu-
tions (Pruett et al. 1997, Gambarini 2001, Li et al
2002, Ullmann & Peters 2005). Such limited number
of rotations is not typical of high-cycle fatigue failure
(that is of the order of 10*~107 cycles or more, with
the peak stress below the yield point) (Collins 1993).
Hence, most NiTi instruments have failed as a result
of low-cycle fatigue (LCF) where the material is
subject to a high service load (exceeding the yield
point) and hence only able to survive a relatively
small number of cycles. Local plastic deformation is a
prominent feature in LCF (although it escapes low-
power examination) and, fractographically, fatigue
striations become less prominent and irregular com-
pared with those found in high-cycle fatigue (Kocanda
1978, Schijve 2001). This may explain the patchy,
irregularly oriented striations observed in this study.
To date, whilst torque-limited electric motors seem to
have provided an effective means to reduce the
chance of shear failure (Gambarini 2000 & 2001),
there is no good measure yet to limit the influence of
fatigue-crack propagation in rotary NiTi instruments.
It seems that the best recommendation is to discard
them after a certain period of use, but the exact time
cannot be estimated from the data of this study. The
usage period would be expected to vary widely
depending on the design, size, magnitude of the stress
and strain on the instrument, and clinical factors
such as the dimension and curvature of the canal,
and accessibility. The radius of curvature, which
determines the stress field, is a more important factor
in work hardening, and hence susceptibility of the
instrument to fracture, than the number of root
canals treated (Kuhn & Jordan 2002). Thus, correct
assessment of root canal curvature cannot be over-
emphasized. In the case of an abruptly curved canal,
discarding the instrument after a single use may be
the safest advice.

Conclusions

Macroscopic or lateral view examination of a separated
instrument fails to indicate accurately the mode of
material failure. Detailed examination of the fracture
surface is essential to reveal the topographic features
that may suggest the underlying mechanism of failure.
Material fatigue appears to be an important reason for
the separation of rotary instruments during clinical
use.
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