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Abstract: Protaper Universal (PTU), Protaper Gold (PTG) (Maillefer, Ballaigues, CH), EdgeTaper (ET),
and EdgeTaper Platinum (ETP) (Albuquerque, NM, USA) were tested for both torsional and flexural
resistance. The aim of the present study was to evaluate the influence of proprietary heat treatment
on the metallurgical properties of the aforementioned instruments. Four groups of 30 different
instruments (size 20.07) were tested, then divided into two subgroups of 15 instruments—one for the
cyclic fatigue test in a curved canal (90◦—2 mm radius) at 300 rpm and 2.5 Ncm. The time to fracture
(TtF) and fragment length (FL) were recorded. The other subgroup was subjected to the torsional test
(300 rpm, 5.5 Ncm). The torque to fracture and TtF were recorded. All the instruments underwent
a SEM analysis. The heat-treated instruments showed a significantly higher fatigue resistance than
the non-heat-treated instruments (p < 0.05). No significant differences were found in the torsional
resistance between the ET and PTU, and the ETP and PTG. However, when comparing all the groups,
the heat-treated instruments showed less torsional resistance. The improvement from heat treatment
was mainly found in the cyclic fatigue resistance.
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1. Introduction

The intracanal fracture of nickel–titanium (NiTi) rotary files is still one of the main concerns during
root canal therapy. It has been demonstrated by many authors that rotary NiTi files essentially fail for
two main reasons: flexural (cyclic) fatigue and torsional failure [1,2].

The cyclic fatigue failure of the file occurs because of the repeated compressive and tensile stresses
that accumulate at the file’s point of maximum-stress, which is located at the maximum curvature
point inside the root canal’s anatomy [3].

Torsional failure occurs when the tip (or some part of the file) binds (or is blocked inside) the
root canal, while the motor continues to rotate until the torsional limits are overcome and a fracture
occurs [4].

The mechanical resistance of NiTi rotary files has been tested in two different ways: cyclic fatigue
tests and the torsional test. When investigating cyclic fatigue, instruments are usually rotated inside
an artificial curved canal until a fracture occurs at the recommended rotation speed. When investigating
the torsional resistance, based on the ADA testing recommendations for stainless steel manual files,
the tip is usually locked at 2 mm and its rotation speed is 2 rpm. Unfortunately, there is no ADA
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standard that describes how to test nickel–titanium rotary files; therefore, studies and their results may
differ significantly due to the different testing devices and different methodologies [5–7].

Over the past several years, improvements in design, alloys and manufacturing processes have
been proposed to increase the mechanical resistance of NiTi rotary files. Several proprietary heat
treatment applications have been developed. Studies have shown that thermal treatments (for files
with the same geometry and design) enhance the cyclic fatigue lifespan while, at the same time,
reducing the torsional resistance of a file [8–10]. Some studies have also compared heat-treated files and
non-heat-treated files with different cross-sectional designs in cyclic fatigue tests, which demonstrate
that heat treatment may not be the most influential parameter for flexural resistance [11]. Therefore,
many other factors can influence mechanical resistance. Data have shown that different cross-sectional
designs, tip and taper dimensions, pitch lengths, and operative motions could affect the resistance to
both the flexural and torsional stresses [12–14]. Additional mass increases the torsional resistance and
decreases the fatigue resistance [15].

However, very few studies have compared instruments of the same design (and different
heat treatments) for both torsional and fatigue resistance [16,17]. Therefore, in the present study,
four commercial instruments, with a similar design and tip and taper dimensions, were tested and
compared, in order to assess if and how different heat treatments may affect both the torsional and
flexural resistance.

2. Materials and Methods

In the current study, four different NiTi rotary files systems were used: EdgeTaper (ET) (EdgeEndo,
Albuquerque, New Mexico, NM, USA) and ProTaper Universal (PTU) (Dentsply Tulsa Dental, Tulsa,
OK, USA) for the non-heat treated files, and EdgeTaper Platinum (ETP) (EdgeEndo, Albuquerque,
New Mexico, NM, USA) and ProTaper Gold (PTG) (Dentsply Tulsa Dental, Tulsa, OK, USA) for the
heat-treated files. Each group consisted of 30 brand new files. F1 instruments with a #20 tip size and
0.07 variable taper were used in this study. All the files were inspected for deformities or visible signs
of macroscopical defects. The ETP is made of an annealed heat treated (AHT) nickel–titanium alloy
brand, named Fire-wire. The PTG is made of a proprietary heat-treated nickel titanium alloy called
Gold-wire; the characteristics of this heat treatment are not disclosed by the manufacturer.

2.1. Cyclic Fatigue Resistance Test

Fifteen files from each of the four groups were used. In the present study, a custom-made
cyclic fatigue testing device used in many previous studies by the authors [18–20], which allowed
a reproducible simulation of an instrument confined in a curved canal, was adopted. The device
was composed of two main pieces: a mobile device with a holder connected to the handpiece and
a stainless steel artificial canal (Figure 1). The mobile holder ensured a precise and repeatable insertion
of the instrument inside the canal at the same length. The artificial canal exhibited a 90◦ curvature
with a 2 mm radius. Each file was inserted to 16 mm and rotated at 300 rpm with a torque of 2.5 Ncm
until fracture occurred, according to the manufacturer’s instructions. For each instrument, the time
was stopped as soon as the fracture was visible or audible and registered with a 1/100 s chronometer.
The fragments were collected and their length measured using a digital caliber.

2.2. Torsional Resistance Test

Fifteen files from each of the four groups were selected for this test. A repetitive torsional test was
performed using an experimental torque-controlled endodontic motor, which allowed the recording of
the torque values (sensitivity of 0.01 Ncm) during the instrumentation (Kavo Mastersurg, Biberach,
Germany) (Figure 2). The accuracy and reliability of the device was validated in a previous study [21].
Each file was firmly secured at 3mm from the tip using a vise. The rotational speed was set to 300 rpm,
and rotation was performed in a clockwise motion until a fracture occurred; the torque limit was set at
5.5 Ncm to ensure recording measurements that ranged from 0.1 to 5.5 Ncm. The torque values at the
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point of fracture were recorded using integrated software in the motor and analyzed using spreadsheet
software. The time to fracture in seconds and the length of the fractured segments in millimeters were
also recorded.Appl. Sci. 2020, 10, x FOR PEER REVIEW 3 of 8 
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2.3. Scanning Electron Microscopy

After the cyclic fatigue and torsional tests, the fractured rotary files underwent a scanning electron
microscopy (SEM) (Hitachi High-Technologies Corporation, Tokyo, Japan) evaluation [22]. Before the
microscopic observation, all the files were treated with absolute alcohol and immersed in an ultrasonic
bath for 180 s, in order to remove debris. After that, the rotary files were dried at room temperature
and then mounted on metal stubs, using double-sided adhesive tape. The mounted samples were
placed inside the SEM. Finally, all of the fractured fragments were observed under the SEM using
a secondary electron detector, in order to evaluate the topographic features of the surface.

2.4. Statistical Analysis

The means and standard deviations were calculated and the data analyzed, using Student’s
t-test, for the time to fracture and torque limit comparison between the PTU and ET, the PTG and
ETP, and the non-treated and heat-treated files. The fragment length and the time to fracture were
analyzed using the 1-way ANOVA and the Bonferroni test for multiple comparisons across the groups.
The significance was set at the 95% confidence level for both tests.

3. Results

Table 1 shows the results of the cyclic fatigue and torsional resistance data (mean values and
Standard Deviation) for the four tested NiTi file systems. In the cyclic fatigue test, the ETP files
showed significantly higher resistance than the PTG (files p < 0.05). The ET files showed significantly
higher cyclic fatigue resistance than the PTU files. When comparing the files produced by the same
manufacturers, both the heat-treated files (the ETP and PTG) showed a significantly longer lifespan
than the non-heat-treated files. The fractured lengths were found to be comparable, respectively
(p > 0.5).
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Table 1. Mean and standard deviation of time to fracture (TtF) and length of the fractured fragments (FL).

TtF (s) (SD) FL (mm) (SD)

EdgeTaper 19.50 (±2.45) 3.15 (±0.71)
Protaper Universal 10.905 (±2.87) 3.05 (±0.93)

EdgeTaper Platinum 88.43 (±2.53) 2.95 (±0.37)
ProTaper Gold 43.99 (±1.81) 3 (±0.35)

As shown in Table 2, in terms of the torsional resistance, the ETP files demonstrated no significant
differences, in terms of resistance, when compared to the PTG (files p < 0.05). Similarly, no significant
differences were found between the ET and PTU files. For both manufacturers, the non-heat-treated
files showed significantly superior torsional resistance to the heat-treated ones (the ET vs. the ETP,
and the PTU vs. the PTG). When the torsional stress was applied, no statistically significant differences
were found regarding the time to fracture amongst the four groups; the mean values are reported
in Table 2.

Table 2. Mean and standard deviation of torque to fracture and time to fracture.

Torque Limit (Ncm) (SD) Time to Fracture (s) (SD)

EdgeTaper 1.08 (±0.04) 0.24 (±0.06)
Protaper Universal 1.01 (±0.02) 0.20 (±0.04)

EdgeTaper Platinum 0.93 (±0.09) 0.30 (±0.08)
ProTaper Gold 0.97 (±0.01) 0.22 (±0.06)

The fractographic analysis of the separated surface is needed to understand the pattern of the
leaks that caused the material’s failure and the mechanisms involved in the fracture process [23,24].
The surfaces of the fractured files, caused by the torsional failure, present the typical circular abrasion
marks (Figure 3), while the cyclic fatigue failure is characterized by the presence of fatigue striations
on the fractured surfaces (Figure 4). In the current study, the SEM evaluation of the files exhibited the
typical fractographic features of flexural and torsional fatigue behavior.

4. Discussion

Despite both flexural and torsional stress occurring simultaneously, very few studies have
compared these aspects using both tests [25,26]. It has been demonstrated that cyclic flexural loading
significantly decreased the torsional resistance of heat-treated rotary files; previous studies also showed
that adding torsional loads can move the location of the flexural fracture in the direction of the
additionally applied torsional stress [27,28].

The torsional resistance was assessed by adopting a technique that is derived from previous
studies [28]. The main difference from the traditional ISO standardized test is that the speed in the
present study was the clinical one (300 rpm), while ISO tests are conducted at 2 rpm. This protocol
allowed for a more clinically relevant analysis of the time needed to reach the fracture limit of the NiTi
rotary files. For the cyclic fatigue test, a static method was used because, in the dynamic fatigue tests,
the amplitude of the motions could affect the results. When measuring the torsional resistance, files
were tested under very stressful conditions, and the instrument was locked close to the tip. Thus,
for the bending tests, the choice was made to subject the files to a similar stressful simulation, using
both a severe curvature and a static test [29].
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As shown in the results, the heat treatment processes significantly increased the cyclic fatigue
resistance of the NiTi rotary files, while slightly decreasing the torsional resistance. These findings
are in accordance with many previously published articles. Such a big improvement in the cyclic
fatigue resistance (more than 100%) may have a clinical relevance, even if endodontic rotary files are
usually used in vivo for a shorter amount of time and a lower number of cycles. Another advantage
of the heat treatment—the increase in the instruments’ flexibility—surely adds more clinical benefits
by making the instrumentation easier and reducing the risk of iatrogenic errors. On the other hand,
the torsional resistance was decreased by the heat treatment. These findings are in accordance with
other studies that have locked the instruments at 3 mm from the tip [30]. Nevertheless, for all the tested
instruments, the mean values of the torque at the point of failure were significantly lower (ranging from
0.93 to 1.08 Ncm) than the torque values recommended by the manufacturers (usually 2–2.5 Ncm).
As a consequence, if an instrument is locked inside the canal, the motor will, in any case, provide
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enough torque to break the file. Interestingly, this could happen in a few seconds, as recorded in this
study, for all the instruments. No statistically significant difference in the time to fracture was found
between the four tested instruments, showing that the influence of the heat treatment on torsional
resistance is probably less relevant. The differences in the torque values and time were minimal,
both in terms of the time and force, and probably impossible to be clinically detected. In a cyclic
fatigue test, the fracture occurs at the maximum-stress concentration point, which is usually located in
the middle of the curvature. In a torsional test, the instrument usually breaks at the point where it
is locked. In tapered instruments, the resistance to the bending stress decreases when the diameter
increases (more coronally), while the resistance to the torsional stress decreases when the diameter
decreases (more apically). For both tests, the stress was applied to a similar portion of the rotary file,
in order to minimize the differences that could invalidate the results. In terms of the clinical relevance,
and without considering the different stressful conditions related to the specific canal anatomies,
the NiTi rotary files have a safer range, in terms of the resistance to bending, when compared to the
resistance to the torsional stress. The torsional failure may happen more rapidly and unexpectedly.

The SEM images showed no differences between the heat-treated and non-heat treated files for
both manufacturers. All the instruments tested for torsional resistance exhibited the same fractographic
patterns, showing shear failure, with concentric abrasion marks and microscopic dimples at the center
of the rotation. Similarly, all the four different types of NiTi rotary files tested for cyclic fatigue showed
the presence of crack initiation areas and overload. These findings are in accordance with many
previously published studies [31].

Comparing the non-heat-treated NiTi rotary files, the ET and PT showed similar torsional
resistance, while the ET showed significantly higher resistance to cyclic fatigue. Since the two tested
instruments are very similar, in terms of design and dimensions, such differences may be related to the
different alloys or the manufacturing processes (grinding). Comparing the heat-treated NiTi rotary
files, the ETP and PTG showed similar torsional resistance, while the ETP showed significantly higher
resistance to cyclic fatigue. Since the two tested instruments are very similar, in terms of the design
and dimensions, such differences may be related to the different manufacturing processes (the heat
treatment and alloy).

5. Conclusions

In conclusion, for both manufacturers, heat treatment revealed a significant impact on increasing
the resistance to cyclic fatigue. In contrast, the torsional resistance was not improved by the heat
treatments. Moreover, torsional failure may happen rapidly if the files become taper locked, since the
recorded torque values at the point of failure were significantly lower than the operative torque values
recommended by the manufacturers.
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