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This study aimed to evaluate the effect from usage and autoclaving on torsional
fracture resistance of heat-treated nickel-titanium rotary instruments. ProTaper
Gold F2 (PG) and TruNatomy Prime (TN) were selected. For group-N, new files
were tested to make a baseline torsional resistance. For group-U, files underwent
instrumentation in a J-shaped canal block, and files were tested. For group-S, files
underwent instrumentation as in the group-U and followed by autoclave
sterilization then were tested. Maximum torsional strength and distortion angel
until fracture were measured using a customized device and toughness was
calculated. Statistical analysis was conducted at the significance level of 95%.
The topographic appearances of torsional fracture fragments were examined
under scanning electron microscopy. PG showed significantly higher torsional
strength after usage and sterilization; however, TN had reduced torsional strength
(p < 0.05). PG showed significantly higher torsional strength in group-S than
subgroup-N, while TN showed significantly lower torsional strength in group-U
than group-N (p < 0.05). Regardless of the test conditions, PG showed significantly
higher torsional strength and toughness than TN while TN had bigger distortion
angle than PG (p < 0.05). The mechanical loads from usage and heat application
during sterilization may result in alteration of torsional resistances according to
geometry and alloy characteristics.
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1 Introduction

Around 3 decades ago, nickel-titanium (NiTi) technology was first applied to clinical
endodontics (Walia et al, 1988; Sattapan et al, 2000; Peters, 2004). Rotary NiTi alloy exhibits
super elastic properties and shape memory capabilities compared with stainless-steel (SS)
hand files, thereby increasing success rates and reducing the likelihood of procedural errors
(Sonntag et al, 2003; Peters, 2004; Cheung and Liu, 2009). Despite these benefits, the NiTi file
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is susceptible to sudden fractures, a problem that adversely impacts
the prognosis (McGuigan et al, 2013).

Torsional fracture is one of the primary cause of instrument
fracture in clinical practice. Although operators usually use the
endodontic motors which control the maximum torque generation,
the torsional failure may occur when the tip of an instrument, or some
other part, gets locked in the canal walls while its shank continues to
rotate until the force surpasses the plastic limit of the alloy, ending up
with breakage (Sattapan et al, 2000). Various manufacturing strategies
have been developed to optimize mechanical properties and reduce the
incidence of file fractures (Shen et al, 2013). The strategies include
geometric changes for the cross section and longitudinal aspects,
kinematics, surface treatment and alloy alteration by heat-treatment
(Kim et al, 2010; Yum et al, 2011; Goo et al, 2017). It has been reported
that alterations in the transition temperatures of NiTi through heat
treatment (thermal processing) had favorable effects on the mechanical
and physical properties of NiTi files (Yahata et al, 2009; Pereira et al,
2012; Shen et al, 2013). There are various kinds of heat-treatments
technology for the purpose of NiTi file manufacturing, such as M-wire,
Gold-wire, Blue-wire, CM-wire, T-wire, and so on (Goo et al, 2017).

Endodontic files should be sterilized before use, according to the
manufacturers. If practitioners move files from one case to another,
regardless of whether they were used or not, additional sterilization
procedure is necessarily required. The sterilization procedures
basically require heat application in various range of temperature
and for various extent of time. Previous researches investigated that
the potential impacts of heat sterilizing on fracture resistance of NiTi
instruments. Silvaggio and Hicks (1997) reported an increase in the
torsional strength of NiTi files after sterilization, while other
investigators have reported increased susceptibility to cyclic
fatigue and decreased torsional moments (Canalda-Sahli et al,
1998; Viana et al, 2006). A study confirmed that the irregularities
present on the file surface became more prominent after having
autoclave cycles for reuse (Nair et al, 2015). Although it was reported
that sterilization procedures did not cause significant surface
deteriorations, Can Sağlam and Görgül (2015) also recommended
to consider a fracture tendency of reuse file.

ProTaper Gold (Dentsply Sirona, Ballaigues, Switzerland) rotary
files are made of a heat-treated alloy (Gold-wire) that has the same
design as the ProTaper Universal, which includes a convex
triangular cross-section and variable taper of 0.08v with a few
millimeters of 8% (Elnaghy and Elsaka, 2016; Elnaghy and
Elsaka, 2017). The advanced metallurgy showed superior
flexibility and exhibited 2-stage transformation behavior and a
high Af (austenite-finishing) temperature that is similar to
controlled memory wires (Hieawy et al, 2015; Goo et al, 2017).

TruNatomy rotary instruments (Denstply Sirona) has been
developed as a novel type of heat-treated NiTi instrument with a
special design. It is constructed from a 0.8 mm NiTi wire instead of
up to 1.2 mm NiTi shaft wire and it has an off-centered
parallelogram cross-section (Bürklein et al, 2021). The
TruNatomy shaping instruments are provided in three different
sizes which are small (size #20/.04 taper), prime (size #26/.04 taper)
and medium (size #36/.03 taper). Due to the advanced technology, it
had been reported that the TruNatomy instruments preserve the
structural dentine, tooth integrity, and improved performance and
efficacy as well (Silva et al, 2022).

It is not easy to find proper studies about the torsional fracture
resistances of heat-treated ProTaper Gold and TruNatomy rotary
file systems with controlled conditions considering mechanical
loading during usage and heat application during autoclaving
sterilization. Therefore, this study purposed to evaluate the
torsional fracture resistances of heat-treated NiTi files after usage
and/or autoclaving sterilization.

2 Materials and methods

2.1 Group designation and specimen
preparation

ProTaper Gold size F2 (PG) and TruNatomy size Prime (TN)
were chosen as the two heat-treated NiTi rotary endodontic files.
The tip sizes for PG and TN files are #25/.08v and #26/.04v,
respectively, and both have a variable taper. Under a dental
operating microscope (Leica M320; Leica Microsystems, Wetzlar,
Germany), the files were examined under 16X magnification, and
any defective instruments were discarded.

The sample size for the tests was calculated using G*Power v3.1
(Heinrich Heine, University of Düsseldorf, Düsseldorf, Germany)
setting a significance level of 5% and a test power of 0.80. Total of
30 files for each file systems were randomly subdivided into three
testing subgroups (n = 10). The subgroup designation and specimen
preparation were performed as described by El Abed et al (2022).

New files were tested as group-N to establish baseline torsional
resistance. In group-U, files were activated in J-shape simulated
canals modeled in resin blocks (Dentsply Sirona) with 16.5 mm
length and a 35-degree curvature using an X-smart Plus endodontic
motor (Dentsply Sirona). PG files were operated in a speed of
350 rpm and 2.5 Ncm and TN files were operated in a speed of
500 rpm and 1.5 Ncm, according to the manufacturer instructions.
One endodontic specialist instrumented the simulated canals for
pre-enlargement with SS files #10K and #15K (Mani, Tochigi, Japan)
with manual balanced force and turn-and-pull techniques. The PG
and TN files in group-U were used for shaping the pre-instrumented
canals and then tested for torsional failure. During the manual
shaping and rotary NiTi instrumentation procedures, normal saline
was used for canal irrigation using a 27-gauge needle (Endo-Eze;
Ultradent, South Jordan, UT, United States).

The files of PG and TN in group-S after shaping the resin canals
were sterilized using an autoclave (Steris Amsco Century autoclave:
Steris Co., Mentor, OH, United States) at 132°C for 30 min and then
they were tested for torsional failure.

2.2 Experimental test of torsional resistance

According to the modified method by Ha et al (2013), the
torsional resistance test was carried out using a customized device
(AEndoS; DMJ Systems, Busan, Korea) (Figure 1). The 3 mm of the
instrument tip was secured between two brass plates. To simulate
body temperature as 37°C, a heat control element (TK4N/S/SP
Autonics, Busan, Korea) was added to transfer heat three-
dimensionally to the testing plate (Figures 1B, C).
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The files were kept straight throughout the experiments, and the
clockwise rotation was applied at a constant speed of 2 rpm until the
file fractures. Using a customized software, the ultimate strength
(Ncm) and distortion angle (degree or) were measured at a rate of
50 Hz while the files were rotating.

Using Origin v6.0 Professional (Microcal Software Inc.,
Northampton, MA, United States), the toughness until fracture
was determined by calculating from the area under the plot
presenting distortion angle (X-axis) and torsional load (Y-axis).

2.3 Statistical analysis

To evaluate the data and compare the file systems and
subgroups, SPSS (version 25.0; SPSS Inc., Chicago, IL,
United States) was used. The Kolmogorov–Smirnov test was used
to evaluate the normality of the continuous results. The maximum
torsional strength had normal distribution and was evaluated using
two-way ANOVA of file systems and test groups. One-way ANOVA
and post hoc comparison were applied to compare the three groups
for each file system. The distortion angle and toughness do not have
normal distribution and the data was analyzed using a
nonparametric Kruskal–Wallis test. In all experiments, a p-value
of less than 0.05 was considered significant.

2.4 Scanning electron microscopy (SEM)
evaluation

Scanning electron microscopy (SU8220; Hitachi High
Technologies, Tokyo, Japan) was used to examine the

topographic characteristics of the fractured fragments after the
torsional fracture tests. From each group, 4 specimens of fracture
fragments were examined. Apical fragments were examined for
cross-sectional evaluation and the longer fragments were
examined for lateral aspects.

3 Results

For both NiTi file systems with three test groups, the maximum
torsional strength (Ncm), distortion angle (°) and toughness (Ncm·°)
are shown in Table 1.

In this test, under the body temperature conditions, PG showed
significantly higher torsional strength after usage (group-U) and
sterilization (group-S); however, TN had reduced torsional strength
in groups-U and -S than group-N (p < 0.05). The distortion angle
and toughness do not have normal distribution and they showed
significant differences by Kruskal–Wallis nonparametric test (p <
0.05). Regardless of the tested groups, PG showed significantly
higher torsional strength and toughness than TN, while TN had
bigger distortion angle than PG, regardless of the test conditions
(p < 0.05).

The SEM topography examination revealed the typical
appearances of torsional failure modes. On the cross-sectional
views, specimens from the torsional resistance tests had typical
appearances such as circular abrasion marks and skewed dimples
near the center of rotation (Figure 2). On the longitudinal aspects of
the fractured specimens (Figure 3), TN shows the longer unwound
helix than the PG. Both systems showed irregular and curved
machining grooves around the fracture area while linear and
straight machining grooves were found on the area with normal

FIGURE 1
Customized device (AEndoS; DMJ Systems, Busan, Korea) used in this study. (A) File holding part connected to torsion sensor, (B) Heat pad and (C)
Heat control element (TK4N/S/SP Autonics, Busan, Korea).
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helix winding. The test conditions of the three subgroups in terms of
usage and sterilization did not show any significant differences from
the SEM evaluations.

4 Discussion

NiTi endodontic instruments offer excellent flexibility and
improved cutting efficiency (Sonntag et al, 2003; Peters, 2004).
The superelastic characteristics of NiTi instruments allows
preservation of the root canal anatomy, while preserving root
dentin structure and integrity (Sonntag et al, 2003; Cheung and
Liu, 2009). In spite of the advantages, NiTi instruments seem to be

vulnerable to fracture (Sattapan et al, 2000; Parashos et al, 2006;
Shen et al, 2013). File fracture is a main concern for the clinician
because when it happens the treatment prognosis would be poorer
than the cases without file fracture (Sattapan et al, 2000; Cheung and
Liu, 2009). Therefore, there have been various trials and research to
develop a new instrument with a better property of fracture
resistance (Yahata et al, 2009; Kim et al, 2010; Yum et al, 2011;
Shen et al, 2013).

Mechanical fracture test and fractographic evaluation are most
combined for fracture resistance tests of the NiTi instruments as
they represent the instruments’ basic properties (Kim et al, 2010;
Yum et al, 2011; El Abed et al, 2022). Other metallurgical tests such
as differential scanning calorimetry (DSC), X-ray diffraction (XRD),

TABLE 1 Torsional fracture resistance of the tested NiTi files under the three conditions.

Group Maximum strength (Ncm) Distortion angle(°) Toughness (Ncm. °)

PG* TN PG TN* PG* TN

Group-N 1.45 ± 0.11a 0.58 ± 0.04b 525 ± 31c 863 ± 44b 563 ± 71b 360 ± 38b

Group-U 1.53 ± 0.11b 0.52 ± 0.06a 472 ± 52a 619 ± 122a 514 ± 96a 228 ± 57a

Group-S 1.61 ± 0.09c 0.53 ± 0.08a 498 ± 50b 666 ± 53a 563 ± 87b 236 ± 39a

PG; ProTaper Gold F2, TN; TruNatomy Primary. Group-N, new files; Group-U, files underwent canal instrumentation in a simulated J-shaped endodontic block; and Group-S, files underwent

canal instrumentation and followed by autoclave sterilization. *; PG, showed significantly higher torsional strength and toughness while TN, had bigger distortion angle, regardless of the test

conditions (p < 0.05). a,b,c; Values with different superscripts letters are significantly different among the groups-N, U and S (p < 0.05). The distortion angle and toughness do not have normal

distribution and the data was analyzed using a nonparametric Kruskal-Wallis test.

FIGURE 2
Cross-sectional scanning electronmicrographs of the fracture fragments after torsional fracture tests. Specimens of (A, C) ProTaper Gold and (B, D)
TruNatomy fromGroup-S after usage and sterilization. Circular arrows (A, B) show circular abrasionmark andmultiple fibrous dimples (C, D) at the center
of rotation.
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atomic force microscopy (AFM), energy-dispersive X-ray
spectroscopy (EDS) could be used for the evaluation of
instruments’ characteristics and potential effects from the
sterilization procedure and usage (Zanza et al, 2022 methods). In
the present study, the SEM evaluation as a topographic analysis was
done along with the mechanical tests of torsional fracture resistance.

NiTi files have to be machined during manufacturing and it
usually causes surface irregularities (milling or machining grooves),
which can lead to crack initiation and propagated to fracture (Kim
et al, 2010; Ha et al, 2013). During manufacturing procedures, the
heat-treatment and/or surface treatment make different surface
textures which result in different fracture resistances (Yum et al,
2011; Ha et al, 2013; Goo et al, 2017).

Pre-sterilization cleaning, drying, packaging, heat
sterilization, and storage are the common steps for the
instrument sterilization process (Bagg et al, 2007). These
procedures usually generate high level of temperatures. It was
reported that the surface concentrations of nickel, titanium,
oxygen, and carbon in NiTi alloys altered because of repeated
autoclaving conditions (Pun and Berzins, 2008). It was observed
that titanium oxides increased, and nickel surface
concentrations decreased when exposed to autoclave
sterilization, indicating that surface oxidation may be
occurring (Shabalovskaya and Anderegg, 1995; Rapisarda
et al, 1999). Corrosion of NiTi alloys has been identified with
increased temperature in which repeated autoclaving conditions

altered the surface concentrations of nickel, titanium, oxygen
and carbon in NiTi alloys (Pun and Berzins, 2008).

Therefore, the mechanical properties and fracture resistances of
endodontic instruments can be affected by heat sterilizing processes
(Silvaggio and Hicks, 1997). Cyclic flexural fatigue of the instrument
occurs by repeated tensile and compressive stresses when an
instrument rotates in a curved root canal. However, torsional
failure may occur in a straight root canal because it may happen
when the file tip binds in the canal while the motor continues to
rotate (Cheung and Liu, 2009; Kim et al, 2010). Cyclic loading by
usage and heat-treatment during sterilization may result in different
cyclic fatigue resistance according to the geometry and alloy
characteristics (El Abed et al, 2022). This study evaluated the
effects from same conditions on the torsional fracture resistance
of the heat-treated instruments.

Studies on torsional stress resistance have linked the number of
sterilization cycles to torsional characteristics, indicating differences
in the resistance to torsional resistance (Hilt et al, 2000; Casper et al,
2011; King et al, 2012; Ha et al, 2013). Viana et al (2006) reported
that 5 autoclave cycles did not affect the fatigue resistance of the
ProFile files which coincide with earlier study of Hilt et al (2000) that
no influence on the torsional properties of both SS and NiTi
instruments. Additionally, it was found that multiple autoclave
sterilization cycles do not significantly affect the torsional
properties of Profile Vortex made from M-Wire, Twisted Files,
and 10 Series files made from CM-Wire (Casper et al, 2011). On the

FIGURE 3
Longitudinal scanning electron micrographs of the fracture fragments after torsional fracture tests. Specimens of (A, C) ProTaper Gold and (B, D)
TruNatomy from Group-U after usage. Vacant double-sided arrows indicate the unwound helix of the flute and TruNatomy shows the longer unwinding
than the ProTaper Gold. Linear and straight machining grooves (*) were found on the surfaces but irregular and curved machining grooves (C, D) were
found around the fracture area. White arrows indicate microcracks along with the machining grooves near the fracture area.
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other hand, Canalda-Sahili et al (1998) found that 10 autoclave
cycles resulted in an overall decreasing trend of torque resistance of
files.

Clinical knowledge of the maximal torque (torsional strength)
and distortion angle at fracture is crucial given that torsional failure
may result in file separation (Yum et al, 2011). Another parameter
such as toughness may help better understand the torsional
properties of NiTi files, which means the total energy to break
the files (Yum et al, 2011). TN files in the current study showed
lower toughness after usage and sterilization while no effect
observed for PG files. Manufacturer instruction state that TN
instruments intended for single patient use therefore such
guidance seems reasonable given the low toughness properties
result in this study. Currently tested PG files showed favorable
torsional resistance behavior than TN files which could be related to
the fact that torsional stress is influenced by tip and taper of the
instrument and canal size, an increase in instrument diameter and
corresponding increase in cross-sectional area may contribute to
increased resistance to torsional failure (Parashos andMesser, 2006).
Besides, both tested files are innovative NiTi heat treated files with
reports of superior properties compared with standard or
conventional NiTi files (Hieawy et al, 2015; Goo et al, 2017).
Since heat-treatment played an important role in determining the
fracture resistance of the NiTi file, heat generation during autoclave
sterilization may affect them (Zhao et al, 2016; Zupanc et al, 2018).

SEM study of thermally treated NiTi endodontic files suggested
that multiple autoclaving sterilization cycles enhance the surface
topography, an increased surface roughness has been observed
(Alexandrou et al, 2006). However, the SEM findings in this
study did not show specific differences from the autoclaving or
usage. A currently published study reported surface roughness by
autoclave sterilization could be increased or decreased depending on
their original surface roughness (Almohareb et al, 2022). They found
that the surface roughness of conventional NiTi Race (FKG
Dentaire, La Chaux-de-Fonds, Switzerland) was decreased while
in Race Evo (FKG Dentaire) surface roughness increased following
the first autoclaving cycle.

Autoclave sterilization can influence the physical and
mechanical characteristics of NiTi files, but decision about
whether the effect is favorable or unfavorable for clinical use are
not always consistent between studies. Further, testing files after
multiple autoclave cycles may have different outcome. Thus, future
studies using different file systems made of various alloys would be
required under various conditions of heat applications and repetitive
usage.

5 Conclusion

All This in vitro study showed that loading from usage and heat
treatment during sterilization may result in variable torsional
fracture resistances according to the geometry and alloy
characteristics.
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