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Abstract

The aim of the present study was to evaluate static
fracture loads of ProTaper Nickel-Titanium instruments
that had been subjected to various degrees of cyclic
fatigue. Torque and angle at failure of new instruments
and instruments that had been stressed to 30, 60, or
90% of their cyclic fatigue rotations in a simulated
canal (90° and 5 mm radius) were tested according to
ISO 3630-1. With unused ProTaper instruments, resis-
tance to cyclic fatigue decreased with diameter increase
and ranged from 158 to 450 rotations. Torque at failure
ranged from 0.5 to 2.1 Ncm and showed a strong linear
relationship to instrument diameter (# = 0.9) while
angle at failure was weakly related to diameter (? =
0.46). Cyclic prestressing significantly reduced torsional
resistance in finishing files, while shaping files were
largely unaffected. In conclusion, build-up of tension
within NiTi rotary instruments depends on instrument
diameter. Clinically, larger instruments that have been
subjected to some cyclic fatigue should be used with
great care or discarded.
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hile it is generally agreed that Nickel-Titanium (NiTi) rotary instruments help to

prepare root canals with few or no procedural errors, there is also an increased
likelihood of instrument separation compared to hand instruments (1-3), which may
ultimately lower healing probabilities (4).

Two distinct separation mechanisms were described by Sattapan et al. (5) in
routinely discarded Quantec (Analytic Endodontics, Glendora, CA) rotary files: tor-
sional (ductile) and fatigue (brittle) fracture. Instruments fractured because of tor-
sional loads often carried specific signs such as plastic deformation, while instruments
separated because of fatigue exhibited no specific patterns in light microscopic obser-
vations (5). Similar results were obtained by Luebke et al. (6) regarding stainless steel
Gates Glidden drills.

Instruments used clinically will be subjected to both fatigue and torsional load
simultaneously, possibly resulting in instrument separation because of hybrid forces
(7). The actual contribution of torsional load and cyclic fatigue to potential instrument
separation may be dependent on cross-sectional instrument design and the distribution
of forces within the instruments (8).

Gambarini (7) found that the use of a torque-controlled motor, and consequently
less torque during instrumentation, significantly reduced cyclic fatigue for selected
ProFile.04 and .06 instruments. However, Yared et al. (9) reported that clinical use by
a trained endodontist did not decrease the numbers of rotations of ProFile .06 files
resulting in breakage. Moreover, recent reports indicated that K3 instruments
(SybronEndo, West Collins, CA) had lower torsional resistance after they were used to
shape canals in plastic blocks (10, 11). Hence, an impact of torsional loads on cyclic
fatigue lifespans and vice versa is controversial.

Therefore, the aim of the present in vitro study was to evaluate static fracture loads
of NiTi rotary instruments that had been stressed to various degrees of cyclic fatigue.

New sets of ProTaper rotary instruments (Fig. 1, Dentsply-Maillefer, Ballaigues,
Switzerland) were used in this study, consisting of six individual rotaries (Shaper X,
shaping files 1 and 2, finishing files 1, 2, and 3).

Instrument prestressing and determination of fracture loads according to 1SO
3630-1 (12) were done using a special torque testing platform that is described in detail
elsewhere (2). Briefly, for the determination of resistance to cyclic fatigue, unused
instruments (z = 8 in each group) were placed in a stainless steel root canal phantom
with 5 mm radius and 90° curve (2, 13); the instruments were then rotated at 250 rpm
until fracture occurred to determine baseline scores (see Table 1). Time to fracture was
noted to the nearest 0.1 s and numbers of rotations to fracture calculated. Pilot exper-
iments had indicated that lubrication with various agents did not result in different cyclic
fatigue scores but helped to reduce heat generated in the steel phantom. Consequently,
a silicone-based lubricant was used (Motorex 622, Bucher, Langenthal, Switzerland).

Further groups of instruments were then prestressed to 30, 60, and 90%, respec-
tively, of the numbers of rotations previously determined as cyclic fatigue scores.

Static fracture loads were determined for new and prestressed rotary instruments
according to ISO 3630-1 (12): 3 mm of the file tips were secured firmly in a specifically
designed soft brass holder. The instruments’ shank was then rotated at 2 rpm until
fractures occurred. Care was taken to adjust instruments into the holder so that no
tension or deflection was present before testing.
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Figure 1. Schematic diagram of ProTaper instruments (Sx: Shaper X; S1 and S2:
shaping files 1 and 2; F 1-3: finishing fines 1-3). Bar at bottom illustrates
measurements along working section of the instruments. Diameters at respec-
tive points are termed D1, D3, D4, to D16.

Torque and angle of rotation were continuously measured with a
memocouple (MTTRA 2, with amplifier Microtest, both Microtec Sys-
tems, Villingen, Germany), digitized at 100 Hz (PCI-MIO-16XE, National
Instruments, Austin, TX) and fed into a computer (G3 Power Mac,
Apple, Cupertino, CA). Torque and angle at failure were calculated
offline from the original records and tabulated.

Instrument fragments were prepared for scanning electron mi-
croscopy and photographed at magnifications between 50 and 1000
(Amray 1810, Cambridge, MA).

Data were normally distributed and consequently, statistical anal-
ysis was done by parametric procedures. Torque and angle at failure for
unused instruments were compared to shaft diameters with Pearson
correlation coefficients. One-way analysis of variance and Scheffe
posthoc tests at @ = 0.05 (StatView 4.5, Abacus Concepts, Berkeley,
CA) were used to evaluate the effect of prestressing. Torque and angle at
fracture were dependent variables while instrument type and prestress
levels were independent measures.

Table 1 lists baseline torque and angle at failure for unused Pro-
Taper instruments subjected to torsional loads according to ISO
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Fgure 2. Torque (4) and angle (B) at failure for new (@) and prestressed
ProTaper instruments. Stressing was done in a stainless steel root canal phan-
tom with 30% (CJ), 60% (A), and 90% (O) of the numbers of rotations
required for fatigue failure (p < 0.001; # = 8 in each group).

3630-1. Finishing instruments (F1-3) were significantly more resistant
to torque than shaping instruments (Sx, S1, S2). Torque at failure in-
creased from F1 to F2 and F3, while Sx and S2 were more resistant to
torque than S1. When torque at failure was correlated to instrument
diameter at D3, a significant relationship was found (p < 0.001, #* =
0.90).

Angle at failure was statistically similar among unused ProTaper
instruments. An exception to this pattern was F3 that fractured at a
significantly greater angle (p << 0.05; Table 1). Rotations to fracture
because of cyclic fatigue decreased with increasing instrument size (Ta-
ble 1) with F3 separation occurring significantly earlier than with the
other files (p < 0.01). When angle at failure was correlated to instru-
ment diameter at D3, a significant but weak relationship was found
(p < 0.01,7* = 0.46).

During prestressing with cyclic fatigue loads of 30, 60, and 90% a
total of 12 out of 156 instruments separated before the designated

TABLE 1. Baseline scores for unused ProTaper instruments: torque and angle at failure as well as fatigue lifespan. Diameters* at D3 in mm are shown in

parentheses

Torque o Rotations

[Ncm] Angle [°] [n]
Shaper X (0.325) 0.67 = 0.04 256 + 28 158 £ 35
Shaping file 1 (0.275) 0.51 = 0.13 416 = 65 450 + 83
Shaping file 2 (0.335) 0.76 = 0.08 412 = 43 398 + 64
Finishing file 1 (0.410) 1.38 £ 0.11 451 £ 51 385 + 38
Finishing file 2 (0.490) 2.11 = 0.15 384 =72 346 *= 40
Finishing file 3 (0.570) 2.09 = 0.11 701 = 90 166 * 44

* Data according to the manufacturer.
N = 8 in each group.

Differences in torque, angle and rotation at failure between files were overall significant (ANOVA, p < 0.001).
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Figure 3. Scanning electron micrographs of ProTaper F1 instruments after separation. (4, ¢) Deformation and separation because of torsional loading (original
magpnifications 50 X and 150X). (B, D) Separation because of cyclic fatigue with typical signs of crack initiation (white area in B and shown in D, orig. magnifications

150X and 1000, respectively).

numbers of rotations were reached. Figure 2 shows the effect of pre-
stressing on instrument behavior under torsional load. ANOVAs indi-
cated significant effects of instrument size and stress levels on torque
and angle at failure (p < 0.001, Fig. 2). However, various instruments
reacted differently to prestressing. While torsional resistance for both
S1 and S2 was unaltered, torques to failure decreased significantly for
F1,F2, and F3. Angles at failure for finishing instruments 1 and 2 did not
change significantly because of cyclic prestressing; however, F3 had
reduced angles at failure already after presstressing with 30% cyclic
fatigue load.

Scanning electron micrographs revealed two distinct fracture pat-
terns shown in Fig. 3: torsional fracture and fatigue fracture. Torsional
fracture was characterized by plastic deformation (Fig. 34) and a pat-
tern of lines near the center of rotation (Fig. 3C) while fatigue fracture
had a more homogenous appearance with striations (Fig. 3B) and areas
of crack initiation (Fig. 3D). Prestressing did not alter torsional fracture
patterns compared to unstressed files for any of the tested instruments.

Discussion

Fracture mechanisms of rotary NiTi instruments are of interest
clinically not only because instrument separation may theoretically im-
pair clinical outcomes (14), but also because clinicians are apprehen-
sive of procedural mishaps (15).

Engine-driven instruments can and will fracture clinically when
subjected to suprathreshold torque (1, 2, 5, 16). However, work hard-
ening from repetitive loading has been also cited as a reason for instru-

JOE — Volume 31, Number 3, March 2005

ment separation, in particular for instruments with greater diameter
(5). Cyclic loading with tension and compression zones leads to crack
propagation originating from manufacturing flaws that function as ini-
tial crack nuclei (17). A build-up of stresses, torsional and flexural,
might occur clinically, specifically for re-used instruments. The relative
contribution of torsional and flexural stress as well as the overall effect
on torsional resistance of NiTi instruments is unclear. Hence, the design
of the present study attempted to simulate the effect of flexural stress on
torsional resistance.

When torques at failure of unused ProTaper instruments are com-
pared, it is necessary to group instruments according to their diameter
at D3 (see Fig. 1), where testing according to IS0 3630-1 is done (12).
This is because ProTaper instruments differ from other NiTi rotary
instruments in that they have variable tapers along their shafts and
consequently no linear increase in diameters at D3 (Table 1). In accor-
dance with previous findings (2, 10, 11), torque at failure was linearly
related to instrument diameter at D3.

Separation in a cyclic fatigue testing system is believed to occur
with the greatest likelihood at the crescent of the curve (18). In the
system used in the present study, this point was measured to be at D4
(Fig. 1). However, there was a wide distribution of separated fragment
lengths (data not shown). This observation would suggest that manu-
facturing flaws in some distance to the point of greatest deformation
would undergo crack propagation sufficient to ultimately cause instru-
ment separation (17, 19). Moreover, the nonlinear diameter increase
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for ProTaper instruments may lead to nonlinear effects of prestressing
on torsional resistance.

We found that larger instruments, in particular F3, were not only
less resistant to cyclic fatigue but were affected most by prestressing.
Clinically this would suggest using F3 carefully in curved canals not only
to minimize canal transportation but also to reduce the risk of fatigue
failure.

It proved difficult to demonstrate a significant effect of prestressing
on angle at failure, other than in F3 instruments. Indeed, the Shaper X
instrument seemed to have greater angles at failure after being stressed
to 90% of the fatigue limit. It is unclear what the reasons for this effect
are. Yared et al. reported no change in angle at failure for ProFile
instruments (11) and a significant reduction of angle at failure for K3
instruments (10), suggesting an impact of cross-sectional design on the
stress distribution (8).

The cyclic fatigne model used in this study resulted in minimal
torsional loads (<0.08 Ncm) within the stressed instruments. Conse-
quently, the effects on torsional resistance should mainly result from
cyclic prestressing.

Scanning electronic micrographs indicated no differences in ap-
pearance of instruments after torsional fracture, when new and un-
stressed instruments were compared. However, fracture surfaces after
fatigue failure were different.

In conclusion, build-up of tension within NiTi rotary instruments
depends on instrument diameter. Clinically, larger instruments that
have been subjected to some cyclic fatigue should be used with great
care or discarded.
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